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Objective: Based on our previous research, chronic paradoxical sleep deprivation (PSD)
can cause depression-like behaviors and microbial changes in gut microbiota. Coffee, as
the world’s most popular drink for the lack of sleep, is beneficial to health and attention
and can eliminate the cognitive sequelae caused by poor sleep. The purpose of this
study is to investigate the effects of coffee and decaffeinated coffee on PSD rats.

Research Design and Methods: A total of 32 rats were divided into four groups:
control group, PSD model group, conventional coffee group, and decaffeinated
coffee group. Behavioral tests, including sucrose preference test, open field test,
forced swimming test, and tail suspension test, as well as biochemical detection
for inflammatory and antioxidant indexes were performed. The effects of coffee and
decaffeinated coffee on the gut microbiota of PSD rats were investigated by 16S rRNA
gene sequencing.

Results: Coffee and decaffeinated coffee significantly improved the depression-like
behaviors. Moreover, the serum levels of interleukin-6 and tumor necrosis factor alpha
were decreased in both coffee and decaffeinated coffee groups, as well as the levels
of superoxide dismutase and GSH-Px were increased. Gut microbiota analysis revealed
that the abundance of S24-7, Lachnospiraceae, Oscillospira, and Parabacteroides were
significantly increased in PSD rats, while the abundance of Akkermansia and Klebsiella
were significantly decreased. After the treatment of coffee and decaffeinated coffee, the
abundance of the above gut microbiota was all restored in different degrees. Coffee had
relatively more significant effects on PSD-induced depressive-like behaviors, while the
difference between coffee and decaffeinated coffee was not obvious in correcting the
disorder of gut microbiota.

Conclusions: These findings have shown that both coffee and decaffeinated coffee are
effective for sleep deprivation-induced depression-like behaviors and the dysbiosis of
gut microbiota and indicated that caffeine may be not the only key substance of coffee
for regulating gut microbiota.

Keywords: coffee, decaffeinated coffee, sleep deprivation, depression, gut microbiota
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INTRODUCTION

As the most consumed drink in the world, coffee is second
only to water (Butt and Sultan, 2011). In European countries,
most adults drink coffee every day (Lopez Garcia et al., 2014).
Evidence has been found in recent years that coffee has benefit
to the health. People who drink three or four cups of coffee
a day have a lower risk of developing type 2 diabetes, which
may be due to the presence of green folic acid and caffeine in
coffee (George et al., 2008). Moreover, a large amount research
reveals that caffeine in the coffee with moderate consumption
(three-to-five cups, volume not identified) has the effect of
anti-Alzheimer’s disease (Mahshad and Mazen, 2017). Caffeine
and coffee with a dose of 600 ml/day are helpful to reduce
the risk of depression (Grosso et al., 2016). It is said that
caffeine and modafinil could improve neuroinflammation and
anxiety during sleep deprivation in rats by inhibiting microglial
activation (Meetu et al., 2018), while an excessive dose of caffeine
(70 mg/kg) showed anxiogenic effect (Kayir and Uzbay, 2006).
Drinking coffee also can enhance cognitive function, in which
it is believed that coffee has the benefit for attention and can
eliminate cognitive sequelae caused by poor sleep (Franke et al.,
2014). However, excessive intake of coffee or caffeine can lead to
the development of physiological tolerance, and when a habitual
caffeine consumer suddenly reduces or ceases taking caffeine, he
or she may experience withdrawal symptoms (Hughes et al., 1998;
Stachyshyn et al., 2021).

Coffee contains more than 1,000 different compounds
including phenolics, diterpenes, and melanoidins (Renouf et al.,
2014), of which about 1% is caffeine (Hoelzl et al., 2010; Kim
et al., 2017). Studies have proven that caffeine can improve
attention measurement and alertness (Haskell et al., 2005;
Childs and Wit, 2006). However, excessive caffeine intake can
lead to negative health consequences, such as psychomotor
agitation, insomnia, headaches, and gastrointestinal discomfort
(Wierzejska, 2012). Caffeine and its metabolites pass freely
across the placenta into a fetus. Studies have shown that it
may bring damage to the fetus by affecting the expression of
genes related to cell damage (Abdelkader et al., 2013). Some
recent systematic reviews have shown that moderate intake
(three cups a day) of various types of coffee can reduce all-
cause mortality in healthy people. These benefits may be due to
some biologically active compounds instead of caffeine, mainly
phenolic acids and diterpenoids, like cafestol and kahweol (Ding
et al., 2015; Tsujimoto et al., 2017; Li et al., 2019). Thus,
decaffeinated coffee appeared on the market. Decaffeinated
coffee contains only a small amount of caffeine, and the
International Coffee Organization defines that the content of
caffeine is less than 0.3% in decaffeinated coffee. Chlorogenic
acid, a kind of phenolic phytochemicals, can represent the
principal non-caffeine components in coffee. Decaffeinated coffee
with high chlorogenic acid content improves alertness and
reduces negative emotions (Camfield et al., 2013). However,

Abbreviations: FST, forced swimming test; GSH-Px, glutathione peroxidase; IL-
6, interleukin-6; OFT, open field test; PSD, paradoxical sleep deprivation; SOD,
superoxide dismutase; SPT, sucrose preference test; TNF-α, tumor necrosis factor
alfa; TST, tail suspension test.

these effects of using chlorogenic acid alone are not obvious,
considering that it may be the synergistic effect of non-caffeine
compounds in coffee (Camfield et al., 2013). To study the
effects of coffee on humans, Bunker and McWilliams proposed
a criteria in 1979 to define decaffeinated coffee and coffee, using
commercial-branded coffee and espresso (caffeine-containing
coffee and caffeine-containing coffee 5 mg per cup) (Adan
et al., 2008). Studying the impact of coffee or decaffeinated
coffee on cognition can better understand daily habits in life
and further clarify the benefits of coffee or decaffeinated coffee
(Ho and Chung, 2013).

Sleep deprivation has become a health problem in the
modern society (Malinalli et al., 2018). Sleep deprivation
can be acute or chronic (Jamie et al., 2019). By definition,
24 h without sleep is acute sleep loss, and less than 6 h
of sleep per night for 6 nights or more in a row is
considered chronic sleep deprivation (Krishnan et al., 2016).
The consequences of sleep deprivation are enormous, especially
in mental illness (World Health Organization, 2017). Evidence
suggests that rapid eye movement sleep changes occur in
most patients with mental illness, such as depression (Benca
et al., 1992). Furthermore, sleep deprivation may also occur
in the same symptoms (Dieter et al., 2019). A study found
that the cytokine secretion induced by low-level exposure of
immune cells to bacterial cell wall components contributes
to normal sleep patterns, while excessive cytokine levels are
associated with disrupted sleep (Galland, 2014). At the same
time, recent investigations indicated that the alteration of gut
microbiome patterns was evident in people with depression
(Barandouzi et al., 2020).

Our previous study found that chronic paradoxical sleep
deprivation (PSD) could lead to depression-like behaviors, as
well as dysbiosis in the host’s gut microbiota (Ma et al.,
2019). PSD could alter monoamine neurotransmitters such
as norepinephrine and serotonin, as well as increase neuro-
inflammatory cytokines including IL-1β and TNF-α, microglial
activation, and neuronal apoptosis in the brain (Daniele et al.,
2017; Mengmei et al., 2017). Sleep deprivation also leads to an
accumulation of reactive oxygen species and oxidative stress,
specifically in the gut (Alexandra et al., 2020). In addition,
some preclinical studies have shown that gut microbiota can
affect behaviors and brain conditions through neuroimmunity,
neuroendocrine, neural, and humoral pathways (Dinan and
Cryan, 2013; Kelly et al., 2016). Coffee has been proven to regulate
the gut microbiota (González et al., 2020), which depends more
on polyphenols and other non-digestible constituents of coffee
like polysaccharides and melanoidins (Kolb et al., 2020). Coffee
is the most common beverage used to combat fatigue and
fatigue caused by sleep deprivation, while decaffeinated coffee is
considered as a healthier alternative to traditional coffee. For the
purpose of better understanding the effects of these two beverages
on sleep deprivation, we first observed the intervention effect of
coffee and decaffeinated coffee on the PSD rat model induced by
multi-platform technology, mainly related to depression-related
behavioral changes and serum inflammation and oxidative
stress indicators. Then, we investigated their impacts on the
corresponding alterations in the gut microbiota.
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MATERIALS AND METHODS

Materials
Commercial instant coffee powder (200 mg/kg; Nestlé, La
Tour-de-Peilz, Switzerland) and decaffeinated coffee powder
(200 mg/kg; Nestlé, La Tour-de-Peilz, Switzerland) were
dissolved in pure water as previously described (Shin et al., 2010;
Turner et al., 2012). Each group was administered by gavage in
the same volume (0.5 ml/100 g) once a day. Rats in the control
and the model group were given saline.

Animals
A total of 32 inbred-strain male Wistar rats [240 ± 10g, license:
SCXK (Hu) 2008-0016] were purchased from Shanghai Sippr-BK
Laboratory Animal Co., Ltd. The rats of the same group were
housed in animal cages at a density of 4 per cage under standard
experimental conditions (room temperature for 24 ± 1◦C,
relative humidity for 55 ± 15% and 12 h dark/light cycle [07:00–
19:00 at 40 w light condition)]. The rats had free access to food
and water. Animal welfare and experimental protocols strictly
referred to the guide of the care and use of laboratory animals and
the ethics and regulations of Shanghai University of Traditional
Chinese Medicine. After the rats have been adaptively fed for
1 week, they were randomly divided into four groups as follows:
control group (CON), PSD model group (SD), conventional
coffee group (CC), and decaffeinated coffee group (DC). Coffee
and pure water were administrated on 9:30 a.m. of each day
of PSD processing.

Paradoxical Sleep Deprivation Procedure
The modified multi-platform method was used for PSD
processing as described (Cheng et al., 2016). The method was
based on the loss of muscle tone that characterizes the rapid
eye movement sleep condition or paradoxical sleep. Animals
would experience a sudden loss of the sleep cycle when falling
into the water, and the method is proved to be feasible in the
previous study (Machado et al., 2004). The rats were given free
access to water and food in a climate-controlled room (24± 1◦C,
55± 15%) on a 12 h light/dark schedule (light on at 07:00–19:00).
The box for PSD was sterilized with 75% alcohol every day. The
PSD procedure lasted for 7 days.

Behavioral Testing
When the PSD was finished on the morning of the eighth day,
the behavioral tests of each group were performed under the
conditions of dim light and low noise in the following order. Each
test started 30 min after the daily administration of coffee.

Open Field Test
The open field test (OFT) was performed as previously
described (Zhai et al., 2015). The test was performed in a
quiet room. The apparatus is a self-made rectangular arena
(80 cm × 80 cm × 40 cm), with the floor being divided into 25
equal-size squares, and the side walls were black. After the PSD
procedure, the rats were set in the center of the arena one by
one to explore for 5 min. The following behaviors were recorded:
the number of crossing (grid lines crossed with at least three
paws) and the total number of grooming and rearing (defined as

standing upright with hind legs). Every grooming or rearing was
counted as one point alone, every grid crossed was counted as one
point, and the behavioral score was the total number of points.
The open-field arena was thoroughly cleaned with 70% ethanol
at the interval of each test.

Sucrose Preference Test
The sucrose preference test (SPT) was performed as previously
described (Zhai et al., 2015). All rats were reared in a single
cage during the experiment. The rats were trained to adapt by
exposing them to two bottles (one containing 1% sucrose solution
and the other containing tap water) for 24 h. Then, the test
was performed after 4 h of water deprivation. Two bottles (one
with 1% sucrose solution and the other with tap water) were
weighed and presented to each rat for 1 h. The position of the two
bottles was randomly determined. Sucrose solution and tap water
consumption (g) were measured, and the sucrose preference
was calculated using the equation: sucrose solution (g)/[sucrose
solution (g)+ water (g)]× 100%.

Forced Swimming Test
After administration, each rat was placed in a transparent
container (50 cm in height, 18 cm in diameter) with water in
30 cm depth (25± 1◦C). The test lasted 6 min, and the immobility
time during the final 4 min was recorded by the person blinded to
the purpose of the experiment. The immobility state was defined
as the state of rats floating in the water and only keeping the
head above the water without struggling or any motions. The
test time was from 14:00 to 18:00, and the water was changed
after each test.

Tail Suspension Test
Each rat was individually suspended 50 cm above the floor by the
tail, using a tape. The test lasted 6 min, and the immobility time
during the final 4 min was recorded by the person blinded to the
purpose of the experiment. The immobility state was defined as
the state only when rats remain completely motionless. The test
time was from 14:00 to 18:00.

Sample Collection
After the last sleep deprivation and administration were
performed, the rats were individually housed in a metabolic
cage, which could separate and collect urine and feces. Fresh
feces were collected continuously with sterile operation (Eriksson
et al., 2004; Ward and Hubscher, 2012), and stored at −80◦C
for subsequent analysis. Then rats were sacrificed, and blood was
collected from the abdominal aorta. Blood was centrifuged at 4◦C
at 3,000 r/min for 15 min (Centrifuge 5702R, Eppendorf), and the
supernatants were stored at−80◦C prior to use.

Biochemical Parameters in Serum
Serum samples were thawed on ice. The levels of interleukin-
6 (IL-6), tumor necrosis factor alpha (TNF-α), superoxide
dismutase (SOD), and glutathione peroxidase (GSH-Px)
in serum samples were detected by commercial enzyme
linked immunosorbent assay (ELISA) kits, referring to the
instructions provided by the manufacturer (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China).
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Microbial Community Profiling
The E.Z.N.A. R© soil DNA Kit (Omega Bio-Tek, Norcross, GA,
United States) was used to extract the microbial community
genomic DNA from fecal samples. The microbial DNA regions
V3–V4 of the bacterial 16S rRNA gene were amplified with
primer pairs 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and
806R (5′-TACHVGGGTWTCTAAT-3′) (Sinha et al., 2017).
The PCR product was extracted from 2% agarose gel and
purified using the AxyPrep DNA Gel Extraction Kit (Axygen
Biosciences, Union City, CA, United States). Purified amplicons
were pooled in equimolar and paired-end sequences on
an Illumina MiSeq PE300 platform/NovaSeq PE250 platform
(Illumina, San Diego, CA, United States) according to the
standard protocols by Majorbio Bio-Pharm Technology Co.,
Ltd. (Shanghai, China). The raw reads were deposited into the
NCBI Sequence Read Archive database (Accession Number:
SRP337042; PRJNA762663).

Fastp software (1version 0.20.0) and FLASH software
(2version 1.2.7) were used for the quality control of the original
sequencing sequence and splicing (Magoč and Salzberg, 2011;
Shifu et al., 2018). UPARSE software (3version 7.1) was used
to perform an operational taxonomic unit (OTU) clustering
of sequences based on 97% similarity, as well as to eliminate
chimeras (Stackebrandt and Goebel, 1994; Edgar, 2013). The
Venny 2.14 was employed to map the Venn diagram of OTUs
among four groups. Alpha diversity index (Chao1 index, Ace
index, Simpson index, and Shannon index) was based on Mothur
9 (version 1.30.25), and beta diversity was performed based on
partial least squares discriminant analysis (PLS-DA) for assessing
the clustering patterns on the weighted UniFrac matrices and the
ANOSIM function of QIIME 11 (version 1.9.16).

Data Statistical Analysis
All the data were presented as mean ± standard deviation. The
statistical analyses were carried out using IBM statistical product
and service solutions (SPSS) Statistic Version 21.0 (SPSS; IBM,
Armonk, NY, United States). One-way ANOVA test and two
tailed Student’s t-test were used to analyze significant differences
between the two groups. A p-value of less than 0.05 or 0.01 was
considered statistical significance.

RESULTS

Coffee and Decaffeinated Coffee
Improved the Depressive-Like Behaviors
in PSD Rats
After 7 days of sleep deprivation procedure, as showed in
Figure 1A, the total behavioral score in the PSD model group
was significantly lower than the control group (P < 0.001).

1https://github.com/OpenGene/fastp
2http://www.cbcb.umd.edu/software/flash
3http://drive5.com/uparse/
4http://bioinfogp.cnb.csic.es/tools/venny/index.html
5https://www.mothur.org/wiki/Download_mothur
6http://qiime.org/install/index.html

Conventional coffee significantly increased the total behavioral
score (P < 0.05), while decaffeinated coffee also increased the
score (P > 0.05).

The results of SPT showed the effects of coffee and
decaffeinated coffee on the changes of sucrose consumption
(Figure 1B). Compared to the control group, sucrose
consumption was significantly reduced in the PSD model
group (P < 0.05). However, the sucrose consumption was
significantly higher after the treatment of conventional coffee
and decaffeinated coffee than in the model group (P < 0.01,
P < 0.05).

Chronic PSD remarkably increased immobility time in
forced swimming test (FST) and tail suspension test (TST)
(Figures 1C,D) (P < 0.05). The immobility time in the
conventional coffee and decaffeinated coffee group was
significantly lower than the PSD model group (P < 0.01,
P < 0.05).

Coffee and Decaffeinated Coffee
Ameliorate the Level of Inflammatory
and Antioxidant Factors in PSD Rats
The effects of conventional coffee and decaffeinated coffee on
inflammatory factors and antioxidant factors in the serum of
PSD rats were investigated (Table 1). Compared with the control
group, the levels of IL-6 and TNF-α in PSD rats were significantly
increased (P < 0.001, P < 0.01). IL-6 and TNF-α levels were
remarkably decreased after the treatment of conventional coffee
(P < 0.01, P < 0.05), and the level of TNF-α was significantly
decreased with the treatment of decaffeinated coffee (P < 0.05).
Furthermore, the levels of SOD and GSH-Px in the model group
were much lower than in the control group (P < 0.01, P < 0.001).
The levels of SOD and GSH-Px were significantly increased with
the treatment of conventional coffee (P < 0.05, P < 0.01), and the
level of GSH-Px was significantly increased after the treatment of
decaffeinated coffee (P < 0.05).

Effects of Coffee and Decaffeinated
Coffee on the Gut Microbiota
Composition
OTU Classification Statistics
The number of OTUs of each sample, as well as common and
unique OTUs, was shown by the Venn diagram (Supplementary
Figure 1), which could describe sample similarity and overlap
intuitively (Cheng et al., 2016). The OTUs alone in each group
were as follows: CON group 479; SD group 663; CC group 494;
and DC group 465. The total number of OTU in each group was
3,359 (CON), 3.814 (SD), 3,458 (CC), and 3,430 (DC). Therefore,
the ratio of the OTU alone in each group to the total OTU was
3.41, 4.72, 3.51, and 3.31%, respectively. A total of 1,343 OTUs
were shared among the four groups. The results showed that the
out number of the PSD model group increased, while both coffee
and decaffeinated coffee treatments could reduce it.

The Diversity of the Gut Microbiota
The Chao1 index, Ace index, Simpson index, and Shannon index
were selected to analyze the alpha diversity (Figure 2). The
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FIGURE 1 | Effects of coffee and decaffeinated coffee on different behaviors in the PSD model. Total behavior score (A), sucrose consumption (B), immobility time of
FST (C), immobility time of TST (D). Values were expressed as means ± SEM (n = 8). *P < 0.05, ***P < 0.001 significant differences compared to the control group;
#P < 0.05, ##P < 0.01 significant differences compared to the SD group. CON, control group; SD, PSD model group; CC, conventional coffee group; DC,
decaffeinated coffee group.

TABLE 1 | Inflammatory and antioxidant factors in the serum.

Parameter n CON SD CC DC

IL-6 (pg/ml) 8 4.19 ± 1.04 17.58 ± 3.71*** 10.25 ± 3.01## 14.03 ± 2.42

TNF-α (pg/ml) 8 5.07 ± 0.79 12.57 ± 2.67** 8.34 ± 3.16# 9.22 ± 2.66#

SOD (U/ml) 8 156.32 ± 11.61 104.57 ± 13.45** 140.35 ± 15.26# 137.88 ± 16.39

GSH-Px (U/ml) 8 319.23 ± 22.70 167.53 ± 17.13*** 217.53 ± 27.35## 193.50 ± 23.62#

Values were expressed as means ± SEM.
**P < 0.01, ***P < 0.001 significant differences compared to the control group; #P < 0.05, ##P < 0.01 significant differences compared to the SD group.
CON, control group; SD, PSD model group; CC, conventional coffee group; DC, decaffeinated coffee group.

value of Simpson was significantly decreased, and the value of
Shannon was significantly increased in the PSD model group
compared with the control group (P < 0.01, P < 0.01). After
the administration of conventional coffee, the value of Simpson
was significantly increased and the value of Shannon was
significantly lower than that in the PSD model group (P < 0.05,
P < 0.05), while those values had no significantly changes with
the administration of decaffeinated coffee.

PLS-DA analysis was performed to analyze the beta diversity
among the four groups. As shown in Figure 3, the composition
of the gut microbiota of the control group and the PSD model
group was significantly separated and changed. In addition,
the composition of the gut microbiota of the conventional
coffee group and the decaffeinated coffee group was similar, and
both tended to be closer to the control group than the model

group. These results indicated that PSD caused disturbances in
the gut microbiota. The treatment of conventional coffee and
decaffeinated coffee could improve the PSD-induced changes in
the gut microbiota, and both had similar therapeutic effects.

Analysis of the Gut Microbiota Composition
At the phylum level, gut microbiota was mainly composed of
Firmicutes, Verrucomicrobia, Proteobacteria, and Bacteroidetes
(Figure 4A). Compared with the control group, the abundance
of Firmicutes and Bacteroidetes was remarkably elevated in
the model group (P < 0.05, P < 0.001). After the treatment
of conventional coffee, the abundance of Firmicutes and
Bacteroidetes was significantly reduced (P < 0.05, P < 0.001),
and after the treatment of decaffeinated coffee, only the
abundance of Bacteroidetes had a significant decrease (P < 0.001).
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FIGURE 2 | Alpha diversity in each group. Chao1 diversity (A); Ace diversity (B); Simpson diversity (C); Shannon diversity (D). Values were expressed as
means ± SEM (n = 6 or 7). **P < 0.01 significant differences between the SD group and the control group; #P < 0.05 significant differences of the CC group or DC
group as compared to the SD group. CON, control group; SD, PSD model group; CC, conventional coffee group; DC, decaffeinated coffee group.

Moreover, compared with the control group, the abundance
of Verrucomicrobia was remarkably decreased in the model
group (P < 0.001). With the treatment of conventional coffee
and decaffeinated coffee, the abundance of Verrucomicrobia was
significantly reversed (P < 0.001, P < 0.01). After decaffeinated
coffee treatment, the abundance was still much lower than the
control group (P < 0.05). For the abundance of Proteobacteria,
there was no significant difference between the model group and
the control group, and after the administration of conventional
coffee and decaffeinated coffee, the abundance was much higher
than the model group (P < 0.05, P < 0.05) and the control group
(P < 0.05, no statistical significance) (Figure 4B).

At the family level, the abundance of Verrucomicrobiaceae
(P < 0.001), S24-7 (P < 0.001), Ruminococcaceaea (P < 0.01),
Enterobacteriaceae (P < 0.001), Porphyromonadaceae (P < 0.05),
and Lachnospiraceae (P < 0.01) showed a significant difference
between the PSD and normal group (Figures 5A,B). Compared
with the PSD model group, those relatively abundance except
Porphyromonadaceae were significantly reversed after the
treatment of conventional coffee, and those relatively abundance
except Ruminococcaceae were significantly reversed after the
treatment of decaffeinated coffee (Figure 5B).

At the genus level, Akkermansia (P < 0.001), S24-7_norank
(P < 0.001), Lachnospiraceae_unclassified (P < 0.01), Oscillospira

(P < 0.01), Parabacteroides (P < 0.05), and Klebsiella (P < 0.05)
were the differential microbiota of the top six highest contents,
between the PSD and normal group (Figures 6A,B). After
the treatment of conventional coffee, the abundance of
Akkermansia (P < 0.001), S24-7_norank (P < 0.001),
Lachnospiraceae_unclassified (P < 0.01), Oscillospira (P < 0.05),
and Klebsiella (P < 0.01) significantly reversed, while the
abundance of Akkermansia (P < 0.01), S24-7_norank (P < 0.01),
Lachnospiraceae_unclassified (P < 0.001), Parabacteroides
(P < 0.05), and Klebsiella (P < 0.01) significantly reversed after
the treatment of decaffeinated coffee (Figure 6B).

DISCUSSION

Chronic sleep deprivation is a stressor that impairs the brain
function and causes cognitive impairment, as well as increases
oxidative stress and the risk for Alzheimer’s disease or depression
(McEwen, 2006; Ma et al., 2019). The results of the behavior
tests in our study showed the similar depression-like behaviors
after PSD induced, and the symptom could be improved in
a different extent with the treatment of conventional coffee
and decaffeinated coffee (Figure 1). It has been reported that
caffeinated coffee and caffeine were beneficial to depression-like
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FIGURE 3 | PLS-DA score plots for beta diversity of the microbial community
among each group (n = 6 or 7). CON, control group; SD, PSD model group;
CC, conventional coffee group; DC, decaffeinated coffee group.

behaviors, while the effect of decaffeinated coffee was not obvious
(Paz-Graniel et al., 2020; Xue et al., 2020).

Elevated levels of IL-6 and TNF-α, as well as a negative
feedback of SOD and GSH-Px levels in the PSD group (Table 1)
confirmed that sleep deprivation induced inflammation and
oxidative stress. Both IL-6 and TNF-α are the multifunctional
cytokines involved in the regulation of the immune response
and inflammation, and the production of these pro-inflammatory
cytokines could be increased by different stimuli (Akira
et al., 1990; Schindler et al., 1990). As one of the stimuli,
sleep disturbance was associated with disorders related to
inflammation, such as cardiovascular disease, arthritis, diabetes
mellitus, and certain cancers (Michael et al., 2015). In addition,
evidence suggested that sleep deprivation would promote
oxidative stress (Villafuerte et al., 2016). In our study, the levels
of IL-6, TNF-α, SOD, and GSH-Px were all reversed after the
treatment of conventional coffee and decaffeinated coffee, while
the effect of coffee was relatively more significant than that of
decaffeinated coffee (Table 1). The anti-inflammatory effect of
coffee has been widely reported (Yamashita et al., 2012; Erikka
et al., 2015). In our study, both in the caffeinated coffee group
and the decaffeinated coffee group, a decrease in the levels
of pro-inflammatory factors was observed, and the therapeutic
effect of caffeinated coffee was more obvious, which indicated
that not only caffeine but also the other ingredients in coffee
played a role in promoting anti-inflammatory effect, such as
chlorogenic acid (Dong et al., 2019). Chlorogenic acid can
inhibit protein tyrosine phosphatase 1B to reduce the expression
of pro-inflammatory cytokine genes (Giuseppe et al., 2017).
Research on the effect of coffee and its biologically active
substances such as caffeine, phenolic compounds, diterpenoids.

and soluble fiber on oxidative stress is increasing these years
(Martini et al., 2016). It has been reported that chronic coffee
and caffeine ingestion would increase the activity of SOD, as
well as protect the antioxidant system in the brain (Abreu
et al., 2011). Light-dark roasted coffee (rich in chlorogenic
acid) showed a more significant effect in increasing the level
of SOD (Kotyczka et al., 2011). Evidence showed that some
diterpenoids (kafestol and kahweol) in coffee could increase
the concentration of GSH (Scharf et al., 2001). Furthermore,
caffeine also has the exact effect of antioxidant and anti-
inflammatory (Daniela et al., 2017; Soohan et al., 2017;
Haroon et al., 2019).

Coffee has been confirmed to confer various health benefits,
and drinking coffee can alter a host’s gut microbiota (Chong
et al., 2020). Coffee may partly depend on the modulation of
gut microbiota to influence health (González et al., 2020). It
has been proven that polyphenols in coffee can change the
environment, or they can be catabolized by gut microbiota
(Aura, 2008; Couteau et al., 2010). In the microbial community
profiling, both caffeinated coffee and decaffeinated coffee could
reduce the number of OTUs that increased after PSD induction.
Only the Simpson index and Shannon index in alpha diversity
index were restored significantly after coffee treatment. In
the beta diversity analysis, there was a significant separation
between the control group and the model group. With the
treatment of coffee and decaffeinated coffee, the composition
of the gut microbiota tended to approach the control group,
which indicated that both coffee and decaffeinated coffee restored
the composition of the gut microbiota of PSD rats. In our
results, the levels of Akkermansia (Phylum Verrucomicrobia) and
Klebsiella (Phylum Proteobacteria) were significantly decreased
in the rats with sleep deprivation (Figure 6B). As a Gram-
negative pathogen, Klebsiella could cause a variety of infectious
diseases (Guoying et al., 2020) and has the effect of inducing
the inflammatory response (Atarashi et al., 2017; Marjolaine
et al., 2019). It has been reported that when the Proteobacteria
increases, intestinal mucus would decrease, resulting in damage
to the intestinal barrier and low-grade inflammation (Shin et al.,
2015). In our results, sleep deprivation caused an increase in
the expression of inflammatory factors, while a decrease in the
pro-inflammatory bacteria Proteobacteria. This indicated that the
inflammation caused by sleep deprivation might be not through
the gut microbiota pathway. The decrease of Akkermansia
is commonly observed in the symptom of sleep deprivation
(Heintz-Buschart et al., 2018; Ting et al., 2019). Akkermansia
is known as a beneficial microbe that is inversely associated
with obesity, diabetes, cardiometabolic diseases, and low-grade
inflammation (Plovier et al., 2016; Patrice and Willem, 2017).
With treatment of conventional coffee and decaffeinated coffee,
both levels of Akkermansia were increased significantly, and the
effect of coffee was more obvious (Figure 6B). A study has
found that coffee has antibacterial effects and prebiotic function
(Nakayama and Oishi, 2013). Compared to caffeine, which is
rapidly absorbed and degraded in the upper digestive tract,
polyphenols are difficult to be absorbed in the gastrointestinal
tract. This caused most of the polyphenols to enter the intestine
and affect the gut microbiota and mucosal cells and increase of
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FIGURE 4 | Relative abundances profiling at the phylum level of gut microbiota. (A) Pie chart of the relative abundances of gut microbiota in each group; (B) the
relative abundances of Firmicutes, Verrucomicrobia, Proteobacteria, and Bacteroidetes. Values were expressed as means ± SEM (n = 8). ∗P < 0.05, ∗∗∗P < 0.001
significant differences compared to the control group; #P < 0.05, ##P < 0.01, ###P < 0.001 significant differences compared to the SD group. CON, control group;
SD, PSD model group; CC, conventional coffee group; DC, decaffeinated coffee group.

FIGURE 5 | Bacterial taxonomic profiling at the family level of gut microbiota. (A) The relative abundance of Verrucomicrobiaceae, S24-7, Ruminococcaceaea,
Enterobacteriaceae, Porphyromonadaceae, and Lachnospiraceae; (B) values were expressed as means ± SEM (n = 8). *P < 0.05, **P < 0.01, ***P < 0.001
significant differences compared to the control group; #P < 0.05, ##P < 0.01, ###P < 0.001 significant differences compared to the SD group. CON: control group;
SD: PSD model group; CC: conventional coffee group; DC: decaffeinated coffee group.

the abundance of Akkermansia in the intestine (Yuji et al., 2018).
A study has shown that tea is rich in polyphenols and caffeine
plays a key role in remodeling the disturbed gut microbiota
(including Akkermansia), which may be a synergistic effect
(Xiaoyu et al., 2018).

Our results illustrated that the abundance of Parabacteroides
(Phylum Bacteroidetes) in the PSD group was significantly higher
than the normal control. As a kind of Gram-negative bacteria,
Parabacteroides contains lipopolysaccharide, which is a typical
potent endotoxin that can induce strong pro-inflammatory

reactions in the host (Kaisa et al., 2020). Akkermansia and
Klebsiella, also Gram-negative bacteria, had lower levels in the
PSD group, compared to the normal control, and high levels of
inflammatory factors were detected after PSD intervention. These
indicated that the inflammatory response might not necessarily
be caused by Parabacteroides, Akkermansia, and Klebsiella, but
rather be caused by the release of lipopolysaccharide from other
types of Gram-negative bacteria or other stress response in
the host. In addition, a high level of Parabacteroides can be
found in patients with depression (Barandouzi et al., 2020),
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FIGURE 6 | Bacterial taxonomic profiling at the genus level of gut microbiota. (A) The relative abundance of Akkermansia, S24-7_norank,
Lachnospiraceae_unclassified, Oscillospira, Parabacteroides, and Klebsiella; (B) values were expressed as means ± SEM. (n = 8). *P < 0.05, **P < 0.01,
***P < 0.001 significant differences compared to the control group; #P < 0.05, ##P < 0.01, ###P < 0.001 significant differences compared to the SD group. CON,
control group; SD, PSD model group; CC, conventional coffee group; DC, decaffeinated coffee group.

and our results also showed depression-like behaviors after
PSD induced. With the treatment of decaffeinated coffee, the
decrease of the level of Parabacteroides was relatively more
significant than the conventional coffee group. Polyphenols
in the decaffeinated green tea and black tea could regulate
the abundance of Parabacteroides and induced weight loss
(Rothenberg et al., 2018). For example, chlorogenic acid
can protect intestinal integrity and reduce inflammation by
inhibiting the growth of Bacteroides and the accumulation
of Bacteroides-derived lipopolysaccharide (Yan et al., 2020).
In addition, evidence has indicated that both caffeinated and
decaffeinated coffee have a similar anti-inflammatory effect
(Dong et al., 2019), and not only caffeine, but also some
phenols including pyrocatechol, chlorogenic acid, and so on,
can prevent the inflammatory responses (Hwang et al., 2016;
Stefanello et al., 2018; Megumi et al., 2020). Therefore,
caffeine and phenols exert anti-inflammatory effects by affecting
different gut microbiota.

In our study, the relative abundance of Lachnospiraceae
(Phylum Firmicutes), S24-7 (Phylum Bacteroidetes), and
Oscillospira (Phylum Firmicutes) were significantly increased in
the SD group (Figure 6B). Lachnospiraceae and S24-7 impact
their hosts by producing short-chain fatty acids (SCFAs) (Jennifer
et al., 2017; Matthew et al., 2020). In patients with ulcerative
coliti, an increase in the level of Lachnospiraceae could be
observed (Schirmer et al., 2019), which could be explained by
the fact that stress increases the abundance of Lachnospiraceae
(Li et al., 2017). As shown in our study, after the stress of sleep
deprivation, the level of Lachnospiraceae increased significantly.
However, as a butyric acid-producing bacteria, increasing the
content of Lachnospiraceae also has a beneficial effect to the
body (Huws et al., 2011; Dong et al., 2020). Oscillospira can be
seen in the obese animals, which ferments polysaccharide into
SCFAs (Na et al., 2018). In addition, Oscillospira is correlated
with inflammatory disease (Uri et al., 2017). SCFAs are involved
in the regulation of the gut immune system, and the production
of the SCFAs is one of the crucial ways that gut microbiota affect
the hosts (Jost et al., 2020). Besides, SCFAs play an important

role in host defense and immunity, including anti-inflammation
and anti-oxidant activities. The increase of these gut microbiota
related to fatty acid metabolism indicated that sleep deprivation
would lead to metabolism disorders, inflammation, and oxidative
stress. After the administration of conventional coffee and
decaffeinated coffee, the relative abundance of these gut bacteria
decreased in different degrees, and coffee had a relatively more
significant effect. Caffeine consumption could attenuate the
increase in Firmicutes-to-Bacteroidetes ratio in high-fat-fed rats
(Cowan et al., 2014). Interestingly, some recent studies have
now shown that the increase in this ratio has no relation with
the presence of high- fat diet but only related to the content of
dietary fiber (Dalby et al., 2017; Singh et al., 2020). Moreover,
due to lifestyle-associated factors such as diet, physical activity,
food additives, and contaminants, the relative abundance of the
Firmicutes and Bacteroidetes varies greatly among individuals
(Magne et al., 2020). Caffeine intake is linked to weight loss
and the regulation of lipid metabolism, partly through its
inhibition of adipogenesis-related factors (Su et al., 2013).
It has been reported that some phenols and caffeine were
directly associated with Bacteroides group levels (González
et al., 2020). A study has found that caffeine and chlorogenic
acid in coffee have a partially positive effect to the SCFAs in
plasma (Kazuchika et al., 2018). The reaction of polyphenols
in tea with residual carbohydrates and gut microbiota within
the colon produce SCFAs, which enhance lipid metabolism
(Rothenberg et al., 2018).

As shown in the previous studies, the differential gut
microbiota in our study is commonly seen in patients with
depression (Zheng et al., 2016; Cheung et al., 2019). Gut
microbiota influences the emotional behavior by affecting
the interactions of the gut–brain axis (Emeran et al., 2015),
and sleep deprivation would increase the risk of depression
(Robert and Hao, 2014). Chronic PSD could bring about
depression-like performance, which is proven by our study and
previous researches (Ma et al., 2019; Rahmani et al., 2020).
In the behavior tests of our study, the effect of coffee to
improve depression is more significant than the decaffeinated
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coffee. The main difference between the two drinks is the
caffeine content. Caffeine is an alkaloid and modulates the
dopaminergic activity through nonspecific antagonism against
A1/A2 adenosine receptors (Navarro et al., 2018). A moderate
intake of caffeine has a stimulating effect on the central
nervous system and can improve psychomotor activities (Adan
et al., 2008). Furthermore, coffee contains many functional
components other than caffeine, such as chlorogenic acid, ferulic
acid, nicotinic acid, trigonelline, quinolinic acid, tannic acid,
and pyrogallic acid. These compounds have anti-inflammatory
or antioxidative effects. Chlorogenic acid and trigonelline,
which are present in high amounts in coffee, have an anti-
inflammatory effect (Godos et al., 2014), and it has been
found that low-grade inflammation seems to be related to
the pathogenesis of depression (Sanchez Villegas and Martínez
González, 2013). From our results of the treatment with
decaffeinated coffee, we know that polyphenols in coffee also
can improve depression-like behaviors by affecting the gut
microbiota associated with inflammation such as Akkermansia,
Klebsiella, and Parabacteroides. On the other hand, it has been
suggested that patients with depression have increased oxidative
stress and decreased antioxidant defense (Black et al., 2015)
and antioxidant is an important aspect of treating depression
(Vaváková et al., 2015). Coffee is rich in polyphenols, which not
only has an anti-inflammatory effect but also has antioxidant
activity (Godos et al., 2014; Martini et al., 2016). In our
study, the abundance of the gut microbiota related to oxidative
stress such as S24-7, Lachnospiraceae, and Oscillospira, could
be revised by both coffee and decaffeinated coffee. Thus, it
is demonstrated that the anti-inflammatory and antioxidant
effects of polyphenols may be through regulating the gut
microbiota, further playing a role in the treatment of depression
induced by chronic PSD.

Some limitations must be considered when interpreting our
results. The manufacturing procedure of the instant coffee
powder we used in the experiment involves the aqueous
extraction of soluble coffee components followed by drying
to form a soluble powder. Although there are no other
food additives, the loss of volatile aroma compounds during
concentration through evaporation will lower product quality
(Beverly et al., 2020), and at the same time, the results of the
study could not fully represent the activity of coffee. In addition,
the study lacks the analysis of the components of the samples,
although there are other relevant literatures for reference, as well
as the analysis of the metabolites of gut microbiota (such as
SCFAs), these need to be strengthened in future research to better
judge the role of gut microbiota in coffee on sleep deprivation.

CONCLUSION

In this study, 16S rRNA gene sequencing was applied to assess
the effects of conventional coffee and decaffeinated coffee on the
gut microbial community profiling. Our results revealed that the
administration of conventional coffee and decaffeinated coffee
ameliorated depression-like behaviors in rats of PSD induced, as
well as the changed levels of IL-6, TNF-α, SOD, and GSH-Px.

The effect of conventional coffee was relatively obvious than that
of decaffeinated coffee. In microbiome analysis, PSD disturbed
the composition of gut microbiota, including Akkermansia, S24-
7, Lachnospiraceae, Oscillospira, Parabacteroides, and Klebsiella.
Both the treatment of conventional coffee and decaffeinated
coffee could restore the abundance levels of these gut microbiota.
In a word, both coffee and decaffeinated coffee are effective
for sleep deprivation-induced depression-like behaviors and the
dysbiosis of gut microbiota. It implies that caffeine is not the
only key substance of coffee in the regulation of PSD induced gut
microbiota disorder.
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The administration of 
Enterococcus faecium SF68 
counteracts compositional shifts 
in the gut microbiota of 
diet-induced obese mice
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Microorganisms with probiotic properties are eliciting an increasing 

interest as coadjuvants in the prevention and treatment of obesity through 

modulation of the gut microbiota. In this study, a probiotic formulation 

based on Enterococcus faecium SF68 was administered to mice fed with a 

high-fat diet (HFD) to evaluate its efficacy in reducing body mass gain and in 

modulating the intestinal bacterial composition. Both stool and ileum samples 

were collected from untreated and treated mice and absolute abundances 

of specific taxa constituting the gut microbial consortium were evaluated. 

SF68 administration significantly reduced the HFD-induced weight gain. In 

these animals, the microbial gut composition shifted toward an enrichment 

in microbes positively correlated with mucus thickness, lower inflammation, 

lower glycemia levels, and SCFA production (i.e., Bifidobacterium, Akkermansia, 

and Faecalibacterium), as well as a depletion in bacterial phyla having a key 

role in obesity (i.e., Firmicutes, Proteobacteria). Our results demonstrate the 

efficacy of E. faecium SF68  in adjusting the composition of the dysbiotic 

microbiota of HFD-fed animals, thus ameliorating clinical conditions and 

exerting anti-obesity effects.

KEYWORDS

probiotics, gut microbiota, Enterococcus, obesity, high-fat diet, ileum

Introduction

The administration of probiotics, “live microorganisms which, when administered in 
adequate amounts, confer a health benefit on the host” (Food and Agricultural Organization 
of the United Nations and World Health Organization, 2001), is often effective in 
ameliorating the symptoms of a wide variety of clinical disorders in humans. These include 
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antibiotic-associated diarrhea (Mekonnen et al., 2020), infectious 
and Clostridioides difficile-associated diarrhea (Sánchez et  al., 
2017), irritable bowel syndrome (Moayyedi et al., 2010), type 2 
diabetes (Ejtahed et al., 2011), inflammatory bowel diseases [e.g., 
ulcerative colitis (Ganji-Arjenaki and Rafieian-Kopaei, 2018) and 
obesity (Tenorio-Jiménez et  al., 2020)], through countless but 
poorly investigated mechanisms of action.

Exploiting probiotic microorganisms as coadjuvants in the 
treatment or prevention of obesity is of clinical relevance. Obesity 
is a pathological condition that consists of abnormal or excessive 
fat accumulation, which in turn often drives to other chronic 
disorders (Cerdó et  al., 2019), such as metabolic syndrome, 
insulin-resistance, and cardiovascular pathologies (Frasca et al., 
2017). Moreover, this condition is typically associated with several 
other biomarkers. Due to aberrant intestinal permeability and 
mucus thickness, obese patients display high levels of 
lipopolysaccharide in the bloodstream (Green et  al., 2020), a 
condition known as metabolic endotoxemia, which can lead to a 
constant state of systemic low-grade inflammation (Cani et al., 
2007a). This prolonged inflammatory state contributes to insulin-
resistance, triggering the onset of type-2 diabetes and metabolic 
issues (Cani et al., 2007b). Several studies showed how different 
probiotic strains were able to improve obesity-related conditions 
(Yadav et al., 2013; Bagarolli et al., 2017; Ejtahed et al., 2019). By 
restoring mucus thickness and tight junctions’ expression or 
regulating the production of different cytokines, probiotics can 
improve the gut barrier integrity and modulate immune functions 
(Cerdó et al., 2019), as well as stimulate the secretion of satiety-
related hormones through the production of short chain fatty 
acids (SCFAs; Da Silva et  al., 2021). Besides these specific 
mechanisms of action, probiotics can also modulate the gut 
microbiota composition, thus triggering cascading effects that 
affect the entire organism (Azad et al., 2018). Considering the 
severe alteration in the fecal microbiota observed in obese 
patients, with higher levels of Firmicutes (Abenavoli et al., 2019) 
and Actinobacteria (Bibbò et al., 2016) and lower abundances of 
Bifidobacterium and Akkermansia (Gérard, 2016) than normal-
weight subjects, the administration of probiotics may 
be considered a potential therapeutic approach aimed at restoring 
eubiosis of the intestinal flora and counteracting the clinical 
scenario of obesity.

Previous studies demonstrated the efficacy of selected 
Enterococcus strains in a variety of conditions (i.e., intestinal 
dysbiosis, metabolic syndrome, high levels of serum cholesterol 
and triglycerides, and inflammation) due to their recognized 
ability to secrete propionate and butyrate, hydrolyze bile salts, 
inhibit the transcription of pro-inflammatory mediators, and 
modulate the composition of the gut microbiota (Allen et  al., 
2010; Avram-Hananel et al., 2010; Tarasova et al., 2010; Zhang 
et al., 2017; Greuter et al., 2020; Mishra and Ghosh, 2020; Huang 
et al., 2021). Considering the overall positive effects demonstrated 
in these studies, enterococci seem to be promising candidates for 
the prevention and treatment of obesity and amelioration of other 
obesity-related complications.

In this study, Enterococcus faecium SF68 was orally 
administered to mice fed with a high-fat diet (HFD) to evaluate 
its efficacy in reducing body mass gain, modulating the gut 
microbiota composition, and restoring a well-balanced intestinal 
flora. Quantitative analyses were performed to obtain information 
on the bacterial composition found in both fecal and ileal tissue 
samples, thus elucidating the role of E. faecium SF68  in the 
interaction with intestinal residing microorganisms and toward 
amelioration of the obesity condition.

Materials and methods

Experimental design and probiotic 
administration

In this study, C57BL/6 mice were used as an animal model. 
Animals were supplied by ENVIGO s.r.l (Italy). Mice were five-
week-old and weighed 20 g upon reception. For the duration of 
the study, mice were housed in cages on a 12-h light cycle, with a 
room temperature of 22–24°C and 50–60% humidity. Animals 
were allowed free access to food and water ad libitum. They were 
handled and cared following the European Community Council 
Directive 2010/63/UE, transposed by the Italian Government. The 
study was approved by the Italian Ministry of Health 
(authorization 955/2018-PR). Mice were randomly divided in 4 
groups, each constituted of 5 to 10 mice (Figure 1). Two of the four 
groups were fed with a standard diet (SD, TD.2018), which 
provided 58% kcal as carbohydrates, 24% kcal as proteins, and 
18% kcal as fats (3.1 kcal/g), while the remaining groups were fed 
with a high-fat diet (HFD, TD.06414), which provided 21.4% kcal 
as carbohydrates, 18.3% kcal as proteins, and 60.8% kcal as fats 
(5.1 kcal/g). Both dietary regimes were purchased from ENVIGO 
s.r.l. Animals belonging to one of the two SD groups were treated 
with a probiotic formulation based on Enterococcus faecium SF68 
(SD + SF68), and the same procedure was performed for animals 
fed with the HFD (HFD + SF68). E. faecium SF68 (Cerbios-
Pharma SA, Switzerland) is currently available in worldwide 
commercialized probiotic formulations as a drug. To administer 
the probiotic formulation, 109 CFU of E. faecium SF68 were 
resuspended in 0.15 ml of methocel 3%. Animals received the 
product daily via oral gavage for 4 weeks. After this period, 
animals were weighed, then anaesthetized and sacrificed to collect 
feces (withdrawn directly from the sigmoid colon) and ileal 
samples (tissue and mucus layer deprived of luminal content). All 
samples were stored separately at −80°C until use.

Genomic DNA extraction from feces and 
ileal tissue

To perform genomic DNA extraction from fecal and ileal 
samples, QIAmp PowerFecal Pro DNA Kit (QIAGEN, Germany) 
and QIAmp DNA Mini Kit (QIAGEN) were used, respectively. 
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The extraction procedure was performed following the 
manufacturer’s protocol. Fecal and ileal samples to extract 
weighed 15 and 25 mg, respectively. DNA concentration was 
calculated by measuring the optical density at 260 nm (OD260) 
and DNA purity was estimated by determining the OD260/ 
OD280 ratio with Nanodrop Lite Spectrophotometer (Thermo 
Fisher Scientific, United States).

Real-Time quantitative PCR

To assess the absolute abundances of total bacteria, and of 
the main phyla (i.e., Firmicutes, Bacteroidetes, Actinobacteria, 
Proteobacteria) and genera (i.e., Bacteroides, Bifidobacterium, 
Faecalibacterium, Lactobacillus, Prevotella) present in both 
fecal and ileal samples, 16S rRNA gene-based Real-Time 
qPCR reactions were performed. Quantification of 
Akkermansia muciniphila abundance in ileal samples was also 
carried out. Primer pairs used in this study, able to specifically 
anneal to phylum- or genus- specific regions of the gene 
encoding 16S rRNA, are listed in Tables 1, 2. A degenerate 
primer pair, used to determine the total bacteria abundance, 
is also reported (Table  1). PCR reactions were performed 
using the CFX96 Real-Time System (BioRad, United States), 
and absolute quantifications were extrapolated using the CFX 
Manager Software (Biorad). Bacterial quantifications were 
established using calibration curves, obtained with serial 
10-fold dilutions of external standards with known 
concentration ranging from 102 to 108 DNA copies/μl. 
Reactions were carried out in duplicate in a 96-wells plate with 
a final reaction volume of 20 μl, containing 1 μl of 2.5 ng/μl 
DNA template, 10 μl of Luna Universal qPCR Master Mix 
(New England BioLabs, United States), 0.5 μl of each primer 
(0.25 μM), and 8 μl of sterile water. The amplification 

conditions were as follows: an initial denaturation step at 95°C 
for 1 min, followed by 45 cycles of denaturation at 95°C for 
15 s, annealing at primers’ optimal temperature for 30 s 
(Tables 1, 2), and extension at 72°C for 10 s (Biagini et al., 
2020). To check the amplification specificity, a melting curve 
analysis was carried out after PCR reactions by increasing the 
annealing temperature from 65 to 95°C.

Statistical analysis

All data are expressed as mean ± standard deviation. Statistical 
analyses were carried out with GraphPad Prism 8 (GraphPad 
Software Inc., United States). For all comparisons (SD vs. HFD; 
SD vs. SD + SF68; HFD vs. HFD + SF68) statistical significance was 
set at a p-value of 0.05 and assessed using Student t-tests for 
unpaired data.

Results

Weight variations in mice

Mice fed with HFD displayed a significant increase in 
body weight after 3 weeks (29.10 ± 2.56 g, +10.2%, p = 0.0038) 
and 4 weeks (31.60 ± 2.91 g, +20.2%, p < 0.0001) of dietary 
regimen compared to those fed with SD (3 W, 26.40 ± 0.84 g; 
4 W: 26.30 ± 0.95 g), thus confirming the efficacy of the dietary 
regimen in setting up an obesity model (Figure  2). 
Interestingly, while no statistically significant weight 
differences were evidenced between SD and SD + SF68 during 
the entire experimental protocol (p > 0.05), mice receiving the 
probiotic formulation with the concomitant HFD gained less 
weight than the HFD control group at 2, 3, and 4 weeks (2 W, 

FIGURE 1

Schematic representation of the experimental design.
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−12.4%, p = 0.0006; 3 W: −7.0%, p = 0.0376; 4 W: −16.2%, 
p = 0.0017).

Microbiota composition in SD and HFD 
mice

In fecal samples of HFD-fed mice, significant increases were 
observed in the total amount of bacteria (p = 0.0095), Firmicutes 
(p = 0.0162), and Actinobacteria (p = 0.0024), while Bacteroidetes 
abundance resulted lower (p = 0.0395; Figure 3A). At genus level, 
these animals displayed an increase in Bifidobacterium 
(p = 0.0007) and Faecalibacterium (p = 0.0003), while a decrease 
was registered in Bacteroides (p = 0.0037; Figure 3A). The analysis 
of ileal samples provided different results. Firmicutes (p = 0.0397) 
and Proteobacteria (p = 0.0067) amounts were significantly lower 
in mice fed with HFD compared to SD and reductions in the 
absolute abundance of Lactobacillus (p = 0.0363), Bacteroides 
(p = 0.0133), and Faecalibacterium (p = 0.0021) were also evident 
in this group of animals (Figure 3B).

Fecal microbiota composition after 
probiotic treatment in SD- and HFD-fed 
mice

The administration of E. faecium SF68 to SD- and HFD-fed 
mice caused a significant reduction of the fecal bacterial load 
(SD + SF68 vs. SD, p = 0.0275; HFD + SF68 vs. HFD, p = 0.0021), 
Firmicutes (SD + SF68 vs. SD, p = 0.0318; HFD + SF68 vs. HFD, 
p = 0.0063), Bacteroidetes (SD + SF68 vs. SD, p = 0.0199; 
HFD + SF68 vs. HFD, p < 0.0001) and Proteobacteria (SD + SF68 
vs. SD, p = 0.0088; HFD + SF68 vs. HFD, p = 0.0203) compared to 
untreated animals (Figure 4A). An increase in the abundance of 
Actinobacteria was observed in normal weight mice that received 
the formulation (p = 0.0001). Both groups receiving the probiotic 
displayed a significant increase in the amount of bacteria 
belonging to the Bifidobacterium genus (SD + SF68 vs. SD, 
p = 0.0042; HFD + SF68 vs. HFD, p = 0.0364) and a reduction in 
Prevotella (SD + SF68 vs. SD, p = 0.0008; HFD + SF68 vs. HFD, 
p < 0.0001) in comparison with SD and HFD controls. A 
significant reduction was also evidenced in the amount of 

TABLE 1  Primer pairs used in this study for the quantification of total bacterial load and microbial phyla.

Investigated bacterial 
group

Primer name and sequence (5′-3′) Amplicon length 
(bp)

Annealing 
temperature (°C)

References

All bacteria F: ACTCCTACGGGAGGCAGCAG 200 60   Biagini et al. (2020)

R: ATTACCGCGGCTGCTGG

Firmicutes F: ATGTGGTTTAATTCGAAGCA 126 62   Biagini et al. (2020)

R: AGCTGACGACAACCATGCAC

Bacteroidetes F: CATGTGGTTTAATTCGATGAT 126 62   Biagini et al. (2020)

R: AGCTGACGACAACCATGCAG

Actinobacteria F: CGCGGCCTATCAGCTTGTTG 600 65   Stach et al. (2003)

R: CCGTACTCCCCAGGCGGGG

Proteobacteria F: CATGACGTTACCCGCAGAAGAAG 195 63   Biagini et al. (2020)

R: CTCTACGAGACTCAAGCTTGC

TABLE 2  Primer pairs used in this study for the quantification of microbial genera and Akkermansia muciniphila.

Investigated 
bacterial group

Primer name and sequence (5′-3′) Amplicon length 
(bp)

Annealing 
temperature (°C)

References

Akkermansia muciniphila F: CAGCACGTGAAGGTGGGGAC 329 50   Collado et al. (2007)

R: CCTTGCGGTTGGCTTCAGAT

Bacteroides F: GAGAGGAAGGTCCCCCAC 106 60   Kim et al. (2017)

R: CGCTACTTGGCTGGTTCAG

Bifidobacterium F: CTCCTGGAAACGGGTGG 550 55   Matsuki et al. (2002)

R: GGTGTTCTTCCCGATATCTACA

Faecalibacterium F: GGAGGAAGAAGGTCTTCGG 248 50   Kim et al. (2017)

R: AATTCCGCCTACCTCTGCACT

Lactobacillus F: GAGGCAGCAGTAGGGAATCTTC 126 65   Kim et al. (2017)

R: GGCCAGTTACTACCTCTATCCTTCTTC

Prevotella F: GGTTCTGAGAGGAAGGTCCCC 121 60   Kim et al. (2017)

R: TCCTGCACGCTACTTGGCTG
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Bacteroides in SD + SF68 animals compared to SD controls 
(p = 0.0002).

Ileal microbiota composition after probiotic 
treatment in SD- and HFD-fed mice

Absolute quantifications of bacteria in ileal samples revealed 
increased abundance of the phylum Bacteroidetes (p = 0.0092) and 
the genus Faecalibacterium (p = 0.0352) in HFD + SF68 group in 
comparison with HFD controls (Figure  4B). In addition, an 
increase in Lactobacillus was observed after probiotic treatment 
in both SD- and HFD-fed mice (SD + SF68 vs. SD, p = 0.0255; 
HFD + SF68 vs. HFD, p = 0.0004).

Akkermansia muciniphila abundance in 
the ileal mucosa

The amount of Akkermansia was significantly lower in obese 
(HFD) than normal weight (SD) mice (p = 0.0026; Figure  5). 
Notably, a remarkable increase of this microorganism was revealed 
in HFD + SF68 mice (4.63 × 102 ± 3.68 × 102 of DNA copies/mg of 
ileum) compared to HFD-fed animals (7.45 × 10−1 ± 4.41 × 10−1 
DNA copies/mg of ileum; p = 0.0341; Figure 5).

Discussion

Mice are the most commonly used animals to study obesity 
after inducing this condition with either monogenic mutations 
or high-fat diets (Fuchs et al., 2018). High-fat diets have been 
shown to mimic more faithfully the overall metabolic and 
physiological alterations observed in obese individuals 
(Antonioli et  al., 2020). For this reason, we  selected this 
procedure to establish a proper experimental model of obesity 
and to obtain a more representative analysis of the gut 
microbiota, which was performed on both fecal and ileal 
samples. In fact, to investigate the entire gut microbiota 
composition, the analysis of feces alone might not be sufficient 
(Raoult and Henrissat, 2014; Li et al., 2017), since the microbial 
community associated with the host’s mucus, in particular that 
residing in the ileal tract, is not adequately represented in the 
stool. In addition, mucus-associated microorganisms of the 
upper intestine are actively involved in several physiological 
processes, such as immune regulation, inflammatory responses 
(Raoult, 2017), nutrient absorption, particularly of simple 

FIGURE 2

Weight variations in groups SD, SD + SF68, HFD, and HFD + SF68 
registered weekly up to 4 weeks. **p < 0.01; ****p < 0.0001.

A B

FIGURE 3

(A) Absolute abundances of total bacterial load, phyla, and genera in fecal samples of mice belonging to SD and HFD groups. (B) Absolute 
abundances of total bacterial load, phyla, and genera in ileal samples of mice belonging to SD and HFD groups. *p < 0.05; **p < 0.01; ***p < 0.001.
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sugars (Raoult and Henrissat, 2014), and energy intake (Aron-
Wisnewsky et al., 2012), which altogether play a key role in the 
development of obesity.

In our study, mice fed with HFD displayed a remarkable 
weight gain and substantial variations in their gut microbiota 
composition, which is usually found dysbiotic in obese individuals 
(Abenavoli et al., 2019). In particular, obese animals showed an 
increased fecal abundance of Firmicutes and Actinobacteria. 
Previous studies already showed an increase of members 
belonging to these phyla in fecal samples of obese subjects 
(Turnbaugh et al., 2006; Clarke et al., 2012; Grigor'eva, 2020). 
These samples were also demonstrated to contain a higher 
abundance of bacterial genes commonly associated with obesity 
and mainly derived from Actinobacteria and Firmicutes 
(Turnbaugh et al., 2009). The enrichment in Firmicutes, the most 
abundant phylum in both murine and human gut, has also been 
associated with increased nutrient absorption, thus suggesting 
Firmicutes as main microbial actors in obesity (Jumpertz 
et al., 2011).

In accordance with studies performed on obese subjects, 
which report low intestinal levels of Bacteroides being associated 
with visceral adiposity and obesity (Yin et al., 2022), we observed 
a reduction in the abundance of Bacteroides in both the feces and 
ileal mucosa of obese mice. We also detected a relevant decrease 
in Lactobacillus and Faecalibacterium in ileal samples of obese 

FIGURE 5

Variations in the absolute abundance of Akkermansia muciniphila 
in ileal tissues in both normal weight (SD) and obese (HFD) mice 
with or without SF68 administration. Statistical comparisons were 
carried out between SD and SD + SF68, and HFD and HFD + SF68. 
*p < 0.05; **p < 0.01.

A B

FIGURE 4

(A) Absolute abundances of total bacterial load, phyla, and genera in fecal samples of mice fed with SD or HFD with or without SF68 
administration. (B) Absolute abundances of total bacterial load, phyla, and genera in ileal samples in both mice fed with SD or HFD with or without 
SF68 administration. Statistical comparisons were carried out between SD and SD + SF68, and HFD and HFD + SF68. *p < 0.05; **p < 0.01; ***p < 0.001; 
****p < 0.0001.
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mice, consistently with previous studies regarding obesity, 
non-alcoholic fatty liver disease, and inflammatory bowel diseases 
(Sokol et al., 2009; Million et al., 2013; Lopez-Siles et al., 2018; Iino 
et al., 2019). Lactobacilli represent an important component of the 
microbial community residing in the human gut and exert a 
variety of beneficial properties (Li et al., 2017; Villmones et al., 
2018), which make them the most common probiotics available 
in the worldwide market (Slattery et al., 2019). On the other hand, 
F. prausnitzii, the unique species belonging to the genus 
Faecalibacterium up to date, is considered a bioindicator for 
human health (Ferreira-Halder et  al., 2017), exerting anti-
inflammatory activities (Martín et al., 2015), producing butyrate 
(Louis and Flint, 2009), and improving the gut barrier function 
(Carlsson et al., 2013). We can therefore strongly presume that the 
reduction of Lactobacillus and Faecalibacterium observed in the 
HFD group hampered the preservation of a healthy condition in 
mice. The overall weight gain in HFD mice alongside with the 
variations we observed in both fecal and ileal microbiota allowed 
us to assert the robustness of our murine model of obesity.

Since specific Enterococcus strains display beneficial effects 
and satisfactory safety profiles when administered in a variety 
of pathological conditions in humans (Holzapfel et al., 2018), 
we wondered whether the oral administration of a probiotic 
formulation based on E. faecium SF68 was able to counteract the 
excessive weight gain associated with the obesogenic diet and 
prevent the shift to a dysbiotic gut microbiota. Some strains of 
Enterococcus are known for their ability to lower serum 
cholesterol (i.e., E. faecium CRL 183, M74, and WEFA23) 
(Foulquié Moreno et al., 2006; Franz et al., 2011; Zhang et al., 
2017), exert anti-inflammatory activities (i.e., E. faecium M-74 
1, E. durans M4, and M5) (Avram-Hananel et al., 2010; Franz 
et al., 2011), increase insulin and leptin sensitivity and reduce 
adipocyte hypertrophy and fat accumulation (i.e., E. faecalis 
AG5; Mishra and Ghosh, 2020), and directly modulate the 
intestinal microbial composition (i.e., E. faecium L5, and R0026; 
Tarasova et  al., 2010; Huang et  al., 2021), thus showing 
endearing features in the management of obesity (De Carvalho 
Marchesin et al., 2018; Jiang et al., 2021). E. faecium SF68 is a 
well-known Enterococcus probiotic strains contained in 
commercialized formulations and has been proven to be safe 
and effective in the treatment of acute diarrhea (Allen et al., 
2010; Greuter et al., 2020).

E. faecium SF68 administration to HFD-fed mice resulted in 
a remarkably lower weight gain. The concurrent variations 
observed in the intestinal microbiota were altogether encouraging. 
A reduction of fecal Firmicutes abundance was detected in both 
SD + SF68 and HFD + SF68 mice, thus suggesting an active role of 
the Enterococcus strain in the modulation of Firmicutes and in the 
preservation of an eubiotic state. Interestingly, in fecal samples of 
both SD- and HFD-fed mice a reduction in Proteobacteria after 
SF68 treatment was also detected. Proteobacteria are usually 
present in small percentages within a healthy gut microbiota. In 
fact, an association between high abundance of Proteobacteria and 
gut dysbiosis, which often occurs in case of metabolic disorders, 

intestinal inflammation, and obesity, has been proven (Shin et al., 
2015; Litvak et al., 2017).

The abundance of Bifidobacterium notably increased in the fecal 
microbiota of SF68-treated SD- and HFD-fed mice. The correlation 
between the amount of bifidobacteria and obesity is well-established. 
A few studies reported higher Bifidobacterium abundances to 
be associated with normal weight conditions (Kalliomäki et al., 2008) 
and demonstrated that Bifidobacterium spp. negatively correlate with 
endotoxemia and positively correlate with improved glucose 
tolerance, reduced plasma levels of pro-inflammatory cytokines 
(Cani et al., 2007b), and higher mucus thickness (Moreira et al., 
2012). Additionally, bifidobacteria have been proven to ameliorate 
obesity-related conditions, for example by reducing cholesterol and 
glucose levels (Yin et al., 2010; An et al., 2011).

A greater abundance of Prevotella in obese individuals 
(Stanislawski et al., 2019), as well as in patients with hypertension 
(Dan et al., 2019), has recently been reported. Our finding that 
Prevotella decreased in the fecal samples of both groups of mice 
after SF68 treatment supports the hypothesis that the reduction of 
this genus potentially corresponds to an improvement in mice’s 
overall wellbeing. The administration of SF68 also resulted in 
higher amounts of Lactobacillus and Faecalibacterium in the ileal 
mucosa of HFD-fed mice. Besides their aforementioned 
properties, microbes belonging to Bifidobacterium, Lactobacillus, 
and Faecalibacterium are additionally able to produce SCFAs. 
These compounds exert a variety of beneficial effects both at local 
and systemic level and can therefore ameliorate the clinical 
characteristics of obese patients (Canfora et al., 2015).

A. muciniphila is well-known for its inverse correlation with 
obesity, type 2 diabetes, and other metabolic conditions, such as 
hypercholesterolemia and fatty liver disease (Xu et  al., 2020). 
Conversely, high levels of Akkermansia are associated with a better 
metabolic status, in particular with higher leptin sensitivity, lower 
fasting blood glucose and insulin resistance, and lower adipocyte 
size (Dao et al., 2016). Some of the molecular mechanisms of these 
associations are known. A. muciniphila is able to produce SCFAs 
as a result of mucin degradation (Ottman et al., 2017) and can 
counteract the onset of obesity by reducing appetite, energy 
intake, systemic inflammation, and blood pressure, and improve 
the gut barrier function (Le Blanc et al., 2017; Chambers et al., 
2018). Similarly to results obtained in previous studies in which 
A. muciniphila was found to be decreased in obese mice (Everard 
et al., 2013), we assessed that the HFD-fed group displayed a lower 
abundance of this microorganism than animals receiving the 
standard diet. The administration of E. faecium SF68 to HFD-fed 
mice significantly increased Akkermansia levels, thus suggesting 
that the administration of such a probiotic could have a positive 
impact on the metabolism of mice fed with HFD.

In conclusion, relevant results were obtained when E. faecium 
SF68 was administered to mice fed with a high-fat diet, 
demonstrating its ability to positively influence the gut microbial 
community both at luminal and mucosal level and to counteract 
the weight gain that occurs with an obesogenic diet. Several 
variations in the microbiota composition were highlighted, such 
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as the reduction in Firmicutes and Proteobacteria and the increase 
in Bifidobacterium in fecal samples, as well as an increase in 
Faecalibacterium, Lactobacillus, and Akkermansia in ileal samples. 
These findings evidence the potential of E. faecium SF68 as a 
promising approach for the co-treatment and prevention of 
obesity, also opening new perspectives in the study of the 
molecular mechanisms underlying its beneficial effect.
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Introduction: As a representation of the gut microbiota, fecal and cecal samples 

are most often used in human and animal studies, including in non-alcoholic 

fatty liver disease (NAFLD) research. However, due to the regional structure and 

function of intestinal microbiota, whether it is representative to use cecal or fecal 

contents to study intestinal microbiota in the study of NAFLD remains to be shown.

Methods: The NAFLD mouse model was established by high-fat diet induction, 

and the contents of the jejunum, ileum, cecum, and colon (formed fecal balls) 

were collected for 16S rRNA gene analysis.

Results: Compared with normal mice, the diversity and the relative abundance 

of major bacteria and functional genes of the ileum, cecum and colon were 

significantly changed, but not in the jejunum. In NAFLD mice, the variation 

characteristics of microbiota in the cecum and colon (feces) were similar. 

However, the variation characteristics of intestinal microbiota in the ileum and 

large intestine segments (cecum and colon) were quite different.

Discussion: Therefore, the study results of cecal and colonic (fecal) microbiota 

cannot completely represent the results of jejunal and ileal microbiota.

KEYWORDS

non-alcoholic fatty liver disease, intestinal microbiota, 16S rDNA sequencing, mice, 
high-fat diet

Introduction

Recently, non-alcoholic fatty liver disease (NAFLD) has become the most common 
liver disease. In China, NAFLD has replaced Viral Hepatitis B as the most common chronic 
liver disease (Xiao et al., 2019). In the United States, NAFLD has become one of the main 
causes of liver transplantation (Gadiparthi et  al., 2020). The gut microbiota recently 

TYPE  Original Research
PUBLISHED  22 December 2022
DOI  10.3389/fmicb.2022.1051200

OPEN ACCESS

EDITED BY

Giovanni Tarantino,  
University of Naples Federico II, Italy

REVIEWED BY

Huizi Tan,  
Nanchang University,  
China
Naga Betrapally,  
National Cancer Institute (NIH), 
United States
Anita Y. Voigt,  
Jackson Laboratory for Genomic Medicine, 
United States

*CORRESPONDENCE

Hongmei Yin  
232869043@qq.com  
Congwei Gu  
gcw081543@swmu.edu.cn

†These authors have contributed equally to 
this work

SPECIALTY SECTION

This article was submitted to 
Microorganisms in Vertebrate Digestive 
Systems, a section of the journal  
Frontiers in Microbiology

RECEIVED 22 September 2022
ACCEPTED 25 November 2022
PUBLISHED 22 December 2022

CITATION

Yan G, Li S, Wen Y, Luo Y, Huang J, Chen B, 
Lv S, Chen L, He L, He M, Yang Q, Yu Z, 
Xiao W, Tang Y, Li W, Han J, Zhao F, Yu S, 
Kong F, Abbasi B, Yin H and Gu C (2022) 
Characteristics of intestinal microbiota in 
C57BL/6 mice with non-alcoholic fatty liver 
induced by high-fat diet.
Front. Microbiol. 13:1051200.
doi: 10.3389/fmicb.2022.1051200

COPYRIGHT

© 2022 Yan, Li, Wen, Luo, Huang, Chen, Lv, 
Chen, He, He, Yang, Yu, Xiao, Tang, Li, Han, 
Zhao, Yu, Kong, Abbasi, Yin and Gu. This is 
an open-access article distributed under 
the terms of the Creative Commons 
Attribution License (CC BY). The use, 
distribution or reproduction in other 
forums is permitted, provided the original 
author(s) and the copyright owner(s) are 
credited and that the original publication in 
this journal is cited, in accordance with 
accepted academic practice. No use, 
distribution or reproduction is permitted 
which does not comply with these terms.

30

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2022.1051200%EF%BB%BF&domain=pdf&date_stamp=2022-12-22
https://www.frontiersin.org/articles/10.3389/fmicb.2022.1051200/full
https://www.frontiersin.org/articles/10.3389/fmicb.2022.1051200/full
https://www.frontiersin.org/articles/10.3389/fmicb.2022.1051200/full
https://www.frontiersin.org/articles/10.3389/fmicb.2022.1051200/full
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2022.1051200
mailto:232869043@qq.com
mailto:gcw081543@swmu.edu.cn
https://doi.org/10.3389/fmicb.2022.1051200
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


Yan et al.� 10.3389/fmicb.2022.1051200

Frontiers in Microbiology 02 frontiersin.org

emerged as a pivotal transducer of environmental influences (i.e., 
dietary components and drug treatments) to exert protective or 
detrimental effects on several host tissues and systems, such as the 
regulation of intermediary metabolism, liver function, and 
cardiovascular disorders, either directly via translocation or 
indirectly through microbial metabolism or process in metabolic 
disorders (Lim et al., 2019).

Current research has demonstrated that the gut microbiota 
structure in patients with fatty liver was significantly different 
(Aron-Wisnewsky et al., 2020). A study of children reported that 
the phyla Bacteroidetes and Proteobacteria were higher in NAFLD, 
whereas the phylum Firmicutes were higher in children who were 
simply overweight or obese (Schwimmer et al., 2019). It is believed 
that these changes in intestinal microbiota result from diet and the 
body (Gao et al., 2020), and changes in the gut microbiota can 
cause changes in the body’s metabolic state (Xu et al., 2020). The 
liver and the intestine are tightly linked through portal circulation. 
Consequently, gut microbial-derived products arriving at the liver 
may have pathogenic implications (Abdou et al., 2016). In recent 
years, the role of the gut microbiota has been increasingly 
implicated in modulating risk factors for NAFLD, such as energy 
homeostasis dysregulation, insulin resistance, increase in 
intestinal permeability, endogenous production of ethanol, 
inflammation (innate immunity and inflammasomes), and 
choline and bile acid (BA) metabolism (He et al., 2016). These 
factors likely influence the pathogenesis of NAFLD (Aragonès 
et al., 2019). Gut microbiota-derived factors and short-chain fatty 
acids (e.g., acetate, propionate, butyrate) can have anti-
inflammatory properties, which could prevent the progression of 
NAFLD, however lactate, ethanol, and trimethyl N-oxide (TMAO) 
derived from intestinal microbiota can induce a decrease in total 
bile acid pool size, which in turn can affect Farnesoid X receptor 
(FXR) signaling and NAFLD (Aron-Wisnewsky et al., 2020).

Currently, feces are the main sample type that is used for gut 
microbiome research in humans and large animals, and the cecum 
and feces are the common detection sites in small animals. 
However, the function and flora of each intestinal segment are 
different. A major disadvantage of using stool samples to 
determine the composition of gut microbes is that the fecal 
microbiota represents only the end of the colon. At the same time, 
other parts of the gastrointestinal tract, particularly the small 
intestine, are poorly studied. In research involving NAFLD, the 
jejunum and ileum microflora were less studied. The small 
intestine is a hostile environment for microbes to survive due to 
its short transport time, short digestion enzyme, and bile excretion 
time. It, therefore, requires a different survival strategy than the 
colon microbes (Zoetendal et al., 2012). Most microbial species 
and functions in the fecal community come from coliform 
bacteria, while only a few microbes are from the small intestine 
(Chambers et al., 2019). As mentioned above, based on the niche-
specific colonization pattern of exogenous flora, donor E. coli 
microbes may prefer to colonize in the small intestine rather than 
the large intestine (Li N. et al., 2020). Therefore, whether it is 
representative to use cecal or fecal (colonic) contents to study 

intestinal microbiota in the study of NAFLD remains to be shown. 
In this study, the structural characteristics of intestinal flora in the 
jejunum, ileum, cecum, and colon (feces) of NAFLD mice were 
studied to analyze the validity of the cecum and colon as the main 
sites of intestinal flora research in the pathological state of 
non-alcoholic fatty liver disease.

Materials and methods

Animal study

Animal feeding and sample collection
Six-week-old specific pathogen-free male C57BL/6 mice 

(weighting 17–19 g) were purchased from Beijing Weitong 
Lihua Laboratory Animal Technology Co., LTD and housed at 
22 ± 2°C and 50–60% relative humidity in a specific pathogen-
free facility maintained on a 12-h light/dark cycle in the 
Laboratory Animal Center of Southwest Medical University. 
After 1 week of acclimatization, 20 mice were randomly divided 
into two groups for 16 weeks: Control (CK) group (n = 10, 
Normal diet, ND) and NAFLD (NA) group (n = 10, High fat 
diet, HFD). The normal diet comprised 65.08 kcal% 
carbohydrates, 23.07 kcal% proteins, and 11.85 kcal% fats, 
purchased from HUANYU BIO, while the HFD diet contained 
20 kcal% carbohydrates, 20 kcal% proteins, and 60 kcal% fats, 
which was purchased from Research Diets. The composition of 
the normal and HFD diet is detailed in Supplementary Table S1. 
All experimental mice had free access to food and water. The 
physical activity, consumption of food and water, and excretion 
of experimental mice were observed daily.

At the end of the prescribed feeding period, all mice were 
fasted overnight and anesthetized with an intraperitoneal 
injection of 1% pentobarbital sodium (50 mg/kg body weight). 
After anesthetization, blood samples were collected from the 
hearts. After the liver was fixed with 4% paraformaldehyde, the 
tissue was sectioned and stained with hematoxylin–eosin (HE), 
Oil Red O (RUIBIO, Y07512), and Masson (Servicebio, G1006). 
Oil-red O staining is used to stain lipid droplets, and Masson 
staining is used to degrade collagen. Image Pro Plus software 
was used to quantitatively analyze the percentage of Oil Red O 
positive area to total area and the percentage of Masson positive 
area to total area.

Lkhagva et al. (2021) reported that the microbial composition 
of the colon and feces was very similar (Suzuki and Nachman, 
2016), and the uncertainty of mouse excretion at the time of 
sampling. We selected colonic contents (formed fecal balls) 1 cm 
to 1.5 cm from the anus instead of feces. In addition, jejunal 
contents were 15 cm to 20 cm from the initial pylorus, ileum 
contents 1 cm to 5 cm from ileocecal valve, and cecal contents 
below the ileocecal valve selected as jejunum, ileum, and cecum 
samples, respectively. The contents of the jejunum, ileum, cecum, 
and colon were placed in liquid nitrogen and tested for the 
microbiome. The Animal Ethics Committee approved the 
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experimental protocol of Southwest Medical University (No. of 
Animal Ethics Approval: SWMU2019463).

Biochemical analysis of serum
After anesthetization, blood samples were collected in the 

morning through cardiac puncture, and were centrifuged at 
3500 rpm for 10 min at 4°C. Recovered supernatants were 
separated into 200 μl tubes and frozen at −80°C. Biochemical 
indices such as Alanine aminotransferase (ALT), Aspartate 
aminotransferase (AST), triglyceride (TG), total cholesterol 
(TC), high-density lipoprotein (HDL), and low-density 
lipoprotein (LDL) were detected by a fully automatic 
veterinary biochemical analyzer (Jiangxi Tekang Technology 
Co., Ltd., TC220).

Microbiota analyses

DNA from the contents of the jejunum, ileum, cecum, and 
colon were isolated using the Qiagen Gel Extraction Kit (Qiagen, 
Hilden, Germany). The genomic DNA was amplified using fusion 
primers (341F, CCTACGGGRBGCASCAG; 806R: GGACTACN 
NGGGTATCTAAT) targeting the 16S V3-V4 rRNA gene with 
indexing barcodes. TruSeq® DNA PCR-Free Sample Preparation 
Kit was used to establish the DNA library, and Qubit and Q-PCR 
quantified the library. All samples were pooled for sequencing on 
the Illumina HiSeq™ 2000 Sequencing system according to the 
manufacturer’s specifications.

Raw sequence tags were generated from FLASH (V1.2.7; 
FLASH, 20191; Magoc and Salzberg, 2011). Quality filtering on 
the basic tags was performed under specific filtering conditions to 
obtain the high-quality clean labels according to the QIIME 
(V1.9.1; Qiime, 20192; Caporaso et al., 2010) quality-controlled 
process. Chimera removal, the tags were compared with the 
reference database (Gold database) using the UCHIME algorithm 
(UCHIME, 2019)3 to detect chimera sequences. Then the chimera 
sequences were removed, and the Effective Tags were finally 
obtained. De novo operational taxonomic units (OTUs) clustering 
was carried out using the Uparse (V7.0.1001; Uparse, 20194; 
Edgar, 2013), which identifies highly accurate OTUs from 
amplicon sequencing data with an identity threshold of 97%. Then 
the OTUs were used to screen effective sequences using Mothur 
(Mothur, 20195; Schloss et  al., 2009). The representative 

1  FLASH [Online]. Available: http://ccb.jhu.edu/software/FLASH/ 

(Accessed 2019).

2  Qiime [Online]. Available: http://qiime.org/scripts/split_libraries.html 

(Accessed 2019).

3  UCHIME [Online]. Available: http://drive5.com/uchime/uchime_

download.html (Accessed 2019).

4  Uparse [Online]. Available: http://drive5.com/uparse/ (Accessed 2019).

5  Mothur [Online]. Available: https://mothur.org/CITATION/ 

(Accessed 2019).

sequences of OTUs were used to analyze alpha-diversity (Chao1, 
Ace, Shannon and Simpson diversity index) based on their relative 
abundance. A heatmap was generated according to the relative 
abundance of OTUs by R software (V2.15.3; Gatto et al., 2015). 
Non-metric multidimensional scaling (NMDS) and Principal 
Coordinates analysis (PCoA) based on UniFrac distance was 
performed with Qiime (V1.9.1; Qiime, 2019 (see footnote 2); 
Caporaso et al., 2010). The linear discriminant analysis (LDA) 
with effect size measurements (LEfSe) was used to identify 
bacterial indicator groups specialized within the two groups, and 
species with LDA scores > 4 were considered biological markers. 
PICRUSt2 (Picrust, 20226; Douglas et  al., 2020) was used to 
predict the metabolic pathways of intestinal microbiota and 
investigate the functional differences in the microbial communities 
in samples from the four regions. OTUs with an alignment ratio 
lower than 0.8 were excluded (Langille et  al., 2013; Liu 
et al., 2021).

Statistical analysis

Data of body weight, serum indexes (TC, TG, HDL, LDL, 
AST, and ALT), and relative abundance of gut microbiota genes in 
metabolic pathways are presented as mean ± SD. Student’s t-test 
was used to determine the significance of the body weight, the 
relative amount of lipid droplets, the amount of collagen, and 
serum indexes (TC, TG, HDL, LDL, AST, and ALT). Wilcox 
Rank-Sum test was used to determine the significance of the alpha 
diversity. Kruskal-Wallis test was used to assess the importance of 
the relative abundance of major bacteria at phylum, family and 
genus levels and the relative abundance of primary and secondary 
functional genes in different intestinal segments within the same 
group. Wilcox Rank-sum test was used for the same intestinal 
segment between the two groups. A value of p < 0.05 was 
considered statistically significant. Statistical analysis was 
performed with SPSS software (Version 25, SPSS Inc., Chicago, 
United States).

Results

The animal model of NAFLD was 
successfully established

Twenty mice were randomly divided into CK and NAFLD 
groups. The CK group was fed a normal diet (ND), and the 
NAFLD group was fed a high-fat diet (HFD). After mice were fed 
HFD for 8 weeks, the body weights of NAFLD mice (31.9 ± 2.67 g) 
were markedly increased and significantly different from CK mice 
(27.97 ± 1.70 g; p = 0.031; Figure 1A). To produce obvious steatosis 
of the liver, we  fed them the high-fat diet continuously for 

6  Picrust [Online]. Available: https://github.com/picrust (Accessed 2019).
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16 weeks, and the body weight of NAFLD mice reached 
39.58 ± 4.61 g, significantly higher than that of the CK group 
(29.90 ± 1.54 g; p = 0.033; Figure 1A).

Liver samples were collected for HE staining, and it was 
found that hepatic cell vacuolation and steatosis were observed 
in the liver tissues of NAFLD mice. Some hepatic cells showed 
obvious balloon-like changes, with different degrees of 
necrosis accompanied by inflammatory cell infiltration and 
cracks around the central vein. Pathological changes of hepatic 
cell necrosis were also observed around the cracks (Figure 1B). 
In the CK group, the liver cells were polygonal and arranged 

as hepatic cords, radially distributed around the central vein. 
There were large and round nuclei in the center of the cells, 
with uniform cytoplasm, no lipid droplets, and no steatosis or 
inflammatory cell infiltration (Figure  1B). By Oil Red O 
staining and calculating the relative amount of lipid droplets, 
it was found that the number of lipid droplets in the NAFLD 
group was significantly higher than that in the CK group 
(p = 0.0010; Figures 1C,D). Through Masson staining and the 
calculation of the relative amount of collagen, it was found 
that the fibrosis degree of NAFLD mice was significantly 
higher than that of CK mice, indicating that a certain degree 

A B

C D

E F

FIGURE 1

The body weight and Histopathology with Control and NAFLD mice. (A) Body weight changes in ND or HFD fed mice over 16 weeks. 
(B) Representative pictures of hematoxylin and eosin (H&E) staining for liver (100× and 400×), the green arrows indicate hepatic cell steatosis, and 
the yellow arrows indicate hepatic cell balloon-like changes. (C,D) Representative pictures of Oil red O staining for liver (400×) and quantitative 
analysis of lipid droplets relative amount. (E,F) Representative pictures of Masson staining for liver (400×) and quantitative analysis of the relative 
amount of collagen. Significance was assessed by Student t-test.
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of fibrosis had occurred in the liver of NAFLD mice 
(p = 0.0414; Figures 1E,F).

Serological tests found that the NAFLD mice exhibited 
increased levels of triglyceride (TG), total cholesterol (TC), high-
density lipoprotein (HDL), and low-density lipoprotein (LDL) in 
the serum (p < 0.05; Figures 2A–D), but Alanine aminotransferase 
(ALT, p = 0.8186) and Aspartate aminotransferase (AST, 
p = 0.0894) levels did not change significantly (Figures 2E,F).

The significant increase in body weight of mice in the HFD 
group, the discovery of hepatocyte steatosis, the rise in the number 
of lipid droplets, the aggravation of liver tissue fibrosis and the 
significant increase in serum triglycerides indicated that the HFD 
diet was successfully used to induce NAFLD model in mice (Lau 
et al., 2017).

Alpha diversity of intestinal microbiota in 
CK and NAFLD mice

We used Chao1, ACE, Shannon and Simpson indices to 
evaluate the alpha diversity of various intestinal sections in normal 
and NAFLD mice. Microbial diversity was analyzed using the 
Shannon and Simpson indices, and richness was examined using 
Chao1 and ACE indices (Figure 3). In CK mice, the Chao1 and 
ACE indices values in the ileum were significantly higher than in 
the colon (p < 0.01; Figures 3A,B). In NAFLD mice, Chao1 and 
ACE indices in the ileum also yielded significantly higher values 
than those in the cecum and colon (p < 0.01). The Shannon index 
and Simpson index values in the jejunum, ileum, cecum, and 
colon had no significant differences (p > 0.05; Figures  3C,D). 
Compared with CK mice, the Simpson index value of NAFLD 
mice did not change significantly in the four intestinal segments 
(p > 0.05; Figure 3D). Still, in the ileum and colon, the Chao1, ACE 
and Shannon index values of NAFLD mice changed significantly 
(p < 0.05; Figures 3A–C). These results indicate that the ileum of 
CK mice has the highest microbiota diversity, which is 
substantially higher than that of the colon. The ileum of NAFLD 
mice has a significantly higher microbiota diversity than the 
cecum and colon. Compared with CK mice, while the diversity of 
microbiota in the jejunum and cecum of NAFLD mice did not 
change significantly, it was considerably greater in the ileum 
and colon.

Beta diversity of intestinal microbiota in 
NAFLD mice was changed

Non-metric Multidimensional Scales (NMDS) based on Bray-
Curtis distances and Principal Co-ordinate Analysis (PCoA) 
based on Weighted and Unweighted Unifrac distances were 
carried out to reveal the differences in the nonlinear and linear 
bacterial community structure of the samples, respectively. The 
NMDS and PCoA showed that the distribution regions of jejunum 
samples from NAFLD mice overlapped with those from CK mice 
in the two-dimensional coordinate system (Figures  4A,B). 
However, the distribution regions of the ileum (Figures 4C,D), 
cecum (Figures 4E,F), and colon (Figures 4G,H) samples from 
NAFLD mice were separated from those of CK mice.

Although PCoA analysis found that the distribution regions 
of samples from four different intestinal segments overlapped in 
both CK mice and NAFLD mice, NMDS analysis showed that the 
large intestine (cecum and colon) and small intestine (jejunum 
and ileum) samples from CK mice were shown to be  distinct 
(Figures 5A,B). However, in NAFLD mice, there was significant 
overlap in the distribution regions of all four intestinal segments. 
This indicates that following a high-fat diet, the intestinal 
microbiota structure of the ileum, cecum, and colon of NAFLD 
mice changes, resulting in the microbiota structure of the large 
intestine and small intestine, which should be different, sharing 
more similarities (Figures 5C,D).

A B

C D

E F

FIGURE 2

Serum lipid profiles and liver function indicators in Control and 
NAFLD mice. (A) Triglycerides (TG), (B) Total cholesterol (TC), 
(C) high density lipoprotein (HDL), (D) low density lipoprotein 
(LDL), (E) alanine aminotransferase (ALT), and (F) aspartate 
aminotransferase (AST). Significance was assessed by Student 
t-test.
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Composition of the intestinal microbiota 
of CK and NAFLD mice

The observed number of OTUs in the guts of 
CK and NAFLD mice

Venn graph is used to show the distribution and 
differences of OTU in four intestinal segments of NAFLD 
mice and CK mice (Figure 6). The Venn graph showed that in 
jejunum and ileum, the number of OTUs in the NAFLD group 
was 1,219 and 1,031 more than in the CK group (Figures 6A,B). 
In the cecum and colon, the number of OTUs in the NAFLD 
group was 303 and 76 less than in the CK group (Figures 6C,D). 
In CK mice and NAFLD mice, the number of OTUs in the 
ileum was the highest, followed by jejunum and cecum, and 
the colon was the least (Figures 6E,F). This indicates that after 
a high-fat diet, the richness of small intestinal (jejunum and 
ileum) microbiota in NAFLD mice increases, while the 
richness of the large intestine (cecum and colon) decreases. 
The richness of the small intestine is more than that of the 
large intestine, and the richness of ileal microbiota is the most 
abundant. The jejunum and ileum microbiota had the highest 
number of common OTUs.

Relative abundance of major bacteria in the 
intestinal tract of CK and NAFLD mice

We screened the 10 phyla with the highest abundance and 
displayed the results in a stacked column chart (Figure  7A; 
Supplementary Table S2). We selected five phyla with the highest 
abundance using the Rank Sum test (Figure  7B; 
Supplementary Table S2), which accounted for more than 90% of 
the community abundance at the phylum level. The dominant 
phyla were Firmicutes, Bacteroidetes, Proteobacteria, Actinobacteria 
and Verrucomicroibia. Firmicutes were the highest in the jejunum, 
ileum, and cecum, and Baceteroidetes was the highest in the colon. 
In the gut of CK mice, none of these five phyla differed relative 
abundance between jejunum and ileum, and only Fimictutes 
differed relative abundance between ileum and cecum (p < 0.05). 
However, there are many differences in the relative abundance of 
microbiota at the phylum level between the small intestine and the 
large intestine. The relative abundance of Firmicutes, Bacteroidetes, 
Proteobacteria and Verrucomicrobia in the jejunum and ileum is 
significantly different from that in the colon (p < 0.05).

In addition, the relative abundance of Verrucomicrobia in the 
jejunum was significantly lower than that in the ileum (p < 0.05). 
The relative abundance of Actinobacteria in the ileum was 

A B

C D

FIGURE 3

Alpha diversity analysis of the bacterial community in the jejunum, ileum, cecum, and colon of Control and NAFLD mice. (A) Chao1 index, (B) ACE 
index, (C) Shannon index, and (D) Simpson index. Significance was assessed by Wilcox Rank-Sum test. *indicate significant difference in the 
different intestinal segments in the CK group and NAFLD group. #indicates the significant difference in the same intestinal segments between CK 
group and NAFLD group. *or# p < 0.05; **or## p < 0.01.
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FIGURE 4

Beta diversity analysis of the same intestinal segments between CK group and NAFLD group assessed by NMDS and PCoA based on Bray-Curtis 
distance. (A,B) Jejunum, (C,D) ileum, (E,F) cecum, and (G,H) colon.
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substantially higher than that in the cecum and colon (p < 0.05). 
But after the high-fat diet, the differences in the relative abundance 
of the five phyla became smaller among the four segments. In the 
intestine of NAFLD mice, Proteobacteria showed no difference in 
relative abundance among four intestinal segments. There was also 
no difference in the relative abundance of Firmicutes between the 
small and large intestines. Compared with the CK group, after a 
high-fat diet, there was no significant change in the jejunal 
microbiota of NAFLD mice. Still, Firmicutes significantly 
decreased, and Verrucomicrobia increased dramatically in the 
ileum (p < 0.05). Firmicutes and Proteobacteria were significantly 
increased in the cecum and colon (p < 0.05), while Bacteroidetes 
and Verrucomicrobia were considerably reduced (p < 0.05). At the 
family level, we found the same pattern. After the high-fat diet, the 
differences in the relative abundance of major families among the 

four segments became smaller. Compared with CK mice, the 
relative abundance of bacteria in the jejunum of NAFLD mice was 
significantly changed in a few cases, only one family. More bacteria 
in the ileum, cecum and colon had significant changes at the 
family level. But the family-level bacteria that changed in the 
cecum and colon and the trends were more similar 
(Supplementary Figures S1A,B; Supplementary Table S3).

At the genus level, we selected the 10 genera with the highest 
abundance for the stacked column chart (Figure  8A; 
Supplementary Table S4), and the relative abundance of these 10 
genera accounted for 17–36%. The top 10 genera with the highest 
relative abundances were plotted in boxplots, and the Rank Sum 
test was performed (Figure  8B; Supplementary Table S4). The 
results showed that the relative abundance of Candidatus_
Arhromitus was significantly different between jejunum and ileum 

A B

C D

FIGURE 5

Beta diversity analysis of the jejunum, ileum, cecum, and colon in the same group assessed by NMDS and PCoA based on Bray-Curtis distance. 
(A,B) CK group, and (C,D) NAFLD group.
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in CK mice (p < 0.05). There were no significant differences in the 
relative abundance of genera between the cecum and colon. There 
is a large difference between the small and large intestine, 
Romboutsia was significantly different between jejunum and ileum 
(p < 0.05), and Romboutsia, unidentified Enterobacteriaceae, 
Akkermansia and Odoribacter were different between jejunum and 
colon (p < 0.05). There were significant differences between ileum 
and cecum in seven genera, including Romboutsia, Desulfovibrio, 
Faecallbaculum, Lactobacillus, Bacteroides, Candidatus 
Arhromitus, and Odoribacter (p < 0.05). There were substantial 
differences between ileum and colon in eight genera, including 
Romboutsia, unidentified Enterobacteriaceae, Allobaculum, 
Akkermansia, Desulfovibrio, Faecallbaculum, Candidatus 
Arhromitus, and Odoribacter (p < 0.05). After the high-fat diet, the 
differences in microbial abundance between intestinal segments 
were reduced. The Romboutsia has become no significant 
difference in the jejunum and cecum of NAFLD mice, and 
Desulfovibrio is still significantly different (p < 0.05); only 
Odoribacter was significantly different between the jejunum and 
colon (p < 0.05); only five genera, such as Romboutsia, unidentified 
Enterobacteriaceae, Akkermansia, Desulfovibrio and Odoribacter 
showed significant differences between ileum and cecum 
(p < 0.05); Five genera, Romboutsia, unidentified 
Enterobacteriaceae, Allobaculum, Desulfovibrio, and Odoribacter, 
were significantly different between the ileum and colon (p < 0.05). 
Compared with the CK group, only two genera were changed in 
the jejunum of NAFLD mice, and the relative abundance of 

Romboutsia was significantly increased, and Allobaculum was 
decreased considerably (p < 0.05); seven genera changed in the 
ileum, the relative abundance of Romboutsia and Candidatus 
Arhromitus was improved greatly, while Allobaculum, 
Akkermansia, Desulfovibrio, Lactobacillus and Odoribacter were 
significantly decreased (p < 0.05). The relative abundance of 5 
genera changed substantially in the cecum, and these 5 genera also 
changed significantly in the colon (p < 0.05). The changing trend 
was consistent: Romboutsia and Akkermansia were significantly 
decreased, while Allobaculum, Desulfovibrio and Faecallbaculum 
were significantly increased. In addition, three genera in the colon 
showed significant changes.

These results indicate that the major bacterial compositions of 
the small intestine (jejunum and ileum) and large intestine (cecum 
and colon) were quite different. After a high-fat diet, the jejunum’s 
major bacterial compositions had fewer changes. In contrast, the 
ileum, cecum, and colon had greater changes, and the 
characteristics of the changes to the major bacterial arrangements 
of the cecum and colon were closer.

Bacterial taxonomic biomarkers in the 
intestinal tract of CK and NAFLD mice

Linear discriminant analysis Effect Size (LEfSe) was used to 
examine the relative abundance of different bacteria taxa (from 
phylum to genus) in samples from another region (Figures 9, 10). 
Species with LDA scores >4 were considered biological markers. 
A comparison between the four different intestinal segments in 

A B C

D E F

FIGURE 6

Venn diagram based on OTU. (A) The jejunum between CK and NAFLD (NA) groups, (B) the ileum between CK and NAFLD (NA) groups, (C) the 
cecum between CK and NAFLD (NA) groups, (D) the colon between CK and NAFLD (NA) groups, (E) the jejunum, ileum, cecum, and colon of CK 
group, and (F) the jejunum, ileum, cecum, and colon of NAFLD (NA) group.
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CK mice found only 4 biomarkers in the cecum, up to 22 in the 
ileum, and 10  in the jejunum and colon (Figure  9A). When 
comparing the four different intestinal segments in NAFLD mice, 

the maximum number of biomarkers was 18 in the cecum, 9 in 
the ileum and colon, and the lowest number was 6 in the jejunum 
(Figure 9B).

A

B

FIGURE 7

Relative abundance of bacteria at phylum level. (A) Stacked column graph of the top 10 phyla with the highest relative abundance. (B) The box 
diagram was used to analyze the differences in relative abundance of the five phyla with the highest relative abundance. Wilcox Rank-sum test 
was used to compare the significance of the same intestinal segment between the CK group and the NAFLD group; Kruskal-wallis test was used to 
compare the differences between different intestinal segments in the same group. *indicate significant difference in the different intestinal 
segments in the CK group and NAFLD group. #indicates the significant difference in the same intestinal segments between CK group and NAFLD 
group. *or# p < 0.05; **or## p < 0.01.
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A

B

FIGURE 8

Relative abundance of bacteria at genus level. (A) Stacked column graph of the top 10 genera with the highest relative abundance. (B) The box 
diagram was used to analyze the differences in relative abundance of the five genera with the highest relative abundance. Wilcox Rank-sum test 
was used to compare the significance of the same intestinal segment between the CK group and the NAFLD group; Kruskal-wallis test was used to 
compare the differences between different intestinal segments in the same group. *indicate significant difference in the different intestinal 
segments in the CK group and NAFLD group. #indicates the significant difference in the same intestinal segments between CK group and NAFLD 
group. *or# p < 0.05; **or## p < 0.01.
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While the biomarker of CK mice in the jejunum was 
Allobaculum, those of NAFLD mice were Peptostreptococcaceae 
and Romboustsia (Figure 10A). In the ileum, 19 biomarkers 
were found in CK mice and 8 in NAFLD mice (Figure 10B). In 
the cecum, there were 10 biomarkers in CK mice and 19 
biomarkers in NAFLD mice (Figure  10C). In the colon, 11 
biomarkers were found in CK mice and 24  in NAFLD mice 
(Figure 10D). Compared to CK mice, NAFLD mice had more 
common biomarkers in the cecum and colon and fewer in the 
jejunum and ileum. In CK mice, at the genus level, there was 
one common biomarker, Allobaculum, in all four intestinal 
segments and two in the cecum and colon. In NAFLD mice, at 
the genus level, five biomarkers in the cecum of NAFLD mice, 
Blautia, Desulfovibrio, Faecalibaculum, Helicobacter, and 
unidentified Lachnospiraceae, were also the biomarkers in the 
colon. Interestingly, in a previous study, Blautia, Faecalibaculum, 
Helicobacter and unidentified Lachnospiraceae are significantly 
increased in NAFLD mice (Gu et al., 2022). However, the ileum 
and large intestine (cecum and colon) shared only a few 
biomarkers, with only one common biomarker at the 
genus level.

Predicted function of intestinal 
microbiota

Based on the 16S rDNA sequence, PICRUSt2 was used to 
predict the function of intestinal flora, and the relative abundance 
of metabolic function genes was the highest in the primary 
function, accounting for about 70%. In the CK group, the colon 
had a significantly higher relative abundance of metabolic 
function genes than other intestinal segments but had a lower 
relative abundance of other primary function genes (p < 0.05, 
Table  1). In NAFLD mice, except for human diseases, other 
functional genes enriched in the colon were not significantly 
different from those in the jejunum and ileum (p > 0.05, Table 1). 
Compared with the CK group, there was no significant difference 
in other metabolic pathways in the jejunum and ileum of NAFLD 
mice (p > 0.05), except that the abundance of genes related to 
cellular processes in the ileum was significantly increased (p < 0.05, 
Table 1). In the cecum and colon, the abundance of genes related 
to metabolism was significantly lower in NAFLD mice (p < 0.05), 
along with the abundance of genes related to organismal systems 
in the cecum (p < 0.05, Table 1). However, the abundance of genes 

A B

FIGURE 9

Linear discriminant analysis effect size (LEfSe) analysis of microbiota among different intestinal segments in the same group. (A) CK group, and 
(B) NAFLD (NA) group (α = 0.05, logarithmic Linear Discriminant Analysis (LDA) score threshold = 4.0).
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C D

FIGURE 10

LEfSe analysis of intestinal microbiota in the same segment between CK group and NAFLD (NA) group. (A) Jejunum; (B) Ileum; (C) Cecum; 
(D) Colon (α = 0.05, logarithmic Linear Discriminant Analysis (LDA) score threshold = 4.0).
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related to genetic information processing, cellular processes, and 
environmental information processing was significantly higher in 
the cecum and colon of NAFLD mice (p < 0.05, Table 1).

Among the secondary functional pathways, amino acid 
metabolism and carbohydrate metabolism were the two 
secondary metabolic pathways with the highest relative 
abundance, followed by cofactor and vitamin metabolism. In the 
CK group, the colon had the lowest relative abundance of amino 
acid metabolism and carbohydrate metabolism function (p < 0.05) 
and a significantly higher relative abundance of cofactors and 
vitamin metabolism function than the ileum and cecum (p < 0.05, 
Table 2). However, there was no difference in these functions 
between the jejunum, ileum, and colon in the NAFLD group 
(p > 0.05), although significant differences were observed in the 
relative abundance of amino acid metabolism, cofactors and 
vitamin metabolism between the cecum and the other three 
intestine segments (p < 0.05, Table 2). Compared to CK mice, 
NAFLD mice had significantly higher levels of amino acid 
metabolism and carbohydrate metabolism in the cecum and 
colon (p < 0.05), a significantly lower relative abundance of 
carbohydrate metabolism in the ileum (p < 0.05), and significantly 
higher relative abundance of cofactors and vitamin metabolism 
in the cecum (p < 0.05, Table 2). Changes in the cecum and colon 
were similar in terms of the relative abundance of functional 
genes in the microbiota.

Discussion

There have been advances in the study of gut microbes in 
human health and disease, but all have been inferred from feces, 
which are easy to sample and are rich in microbes. The cecum is 
often used as the research focus in small animals, especially rats 
and mice. It is the fermentation site of undigested food in mice 
(Jiminez et al., 2015), whereas in humans, the cecum is much 

smaller, and fermentation occurs in the colon (He et al., 2019). 
Alteration of the intestinal microbiota of people suffering from 
obesity (Zhang et al., 2015; Chambers et al., 2019; Sergeev et al., 
2020) or NAFLD (Del Chierico et al., 2016; Hrncir et al., 2021) has 
been recorded. Studies have found that the relative abundance of 
Escherichia, Dorea, and Peptoniphilus reportedly increased for 
the gut microbiota of NAFLD patients. At the same time, that of 
Anaerosporobacter, Coprococcus, Eubacterium, Faecalibacterium, 
and Prevotella decreased (Aron-Wisnewsky et al., 2020). Although 
these changes in the abundance of microbiota in NAFLD patients 
and NAFLD mice were not consistent, there were still changes in 
gut bacteria at all taxonomic levels in human or animal models of 
obesity, fatty liver, and diabetes. Previous studies showed that the 
relative abundance of Firmicutes and Proteobacteria increased, 
while that of Bacteroidetes and Verrucomicrobia decreased after a 
high-fat diet in mice (Walker et al., 2014; Araujo et al., 2017; Wang 
et al., 2018). All these studies used the cecum or feces as subjects.

Our experiment aims to analyze the differences between the 
cecal and fecal microbiota of NAFLD mice and other intestinal 
segments and to investigate whether it would be more appropriate 
to analyze changes in fecal or cecal microbiota instead of whole 
intestinal microbiota under NAFLD conditions. Consider that at 
the time of sampling, mice do not necessarily defecate. Since the 
mouse colon is highly similar to both fecal microbial (Suzuki and 
Nachman, 2016; Lkhagva et al., 2021) and metabolite (Zeng et al., 
2015) composition, we used distal colonic contents (formed fecal 
balls) instead of feces. Furthermore, the duodenum had too little 
content to be detected by high-throughput sequencing. Thus only 
the jejunum, ileum, cecum, and colon were considered in 
this study.

In our study, serum levels of TG, TC, HDL and LDL in 
NAFLD mice were significantly increased compared with CK 
mice. One study reported that Actinobacteria was negatively 
correlated with TC in mouse fecal microorganisms at the phylum 
level (Li et  al., 2019). Among jejunal microorganisms, 

TABLE 1  Relative abundance of primary functional genes in gut microbiota of normal and NAFLD mice.

Functions CK-JE CK-IL CK-CE CK-CO NA-JE NA-IL NA-CE NA-CO

Metabolism 71.87 ± 2.03b 71.72 ± 1.66b 72.97 ± 1.16b 75.78 ± 0.71a 71.76 ± 2.10AB 71.20 ± 1.31AB 69.70 ± 0.69A* 72.59 ± 1.87B*

Genetic 

Information

12.02 ± 1.52ab 12.19 ± 0.65a 11.49 ± 0.27bc 10.98 ± 0.19c 11.76 ± 0.86 11.53 ± 0.78 12.14 ± 0.50* 11.79 ± 0.80*

Processing

Cellular Processes 5.51 ± 1.04a 5.66 ± 0.80a 5.85 ± 0.82a 4.16 ± 0.49b 6.16 ± 1.25A 6.65 ± 0.70A* 7.80 ± 0.81B* 5.77 ± 1.14A*

Human Diseases 5.49 ± 0.9a 5.28 ± 0.24a 5.02 ± 0.11ab 4.82 ± 0.07b 5.30 ± 0.29AB 5.46 ± 0.19A 5.11 ± 0.23B 5.01 ± 0.20C

Environmental 

Information 

Processing

2.77 ± 0.8ac 2.81 ± 0.35a 2.38 ± 0.23c 1.83 ± 0.11b 2.63 ± 0.42AB 2.76 ± 0.26AB 3.10 ± 0.27A* 2.44 ± 0.40B*

Organismal 

Systems

2.34 ± 0.09ab 2.34 ± 0.08a 2.28 ± 0.06a 2.43 ± 0.02b 2.38 ± 0.19A 2.41 ± 0.13A 2.16 ± 0.09B* 2.4 ± 0.11A

1. Lowercase letters, such as a, b, c, are used to indicate significant difference in the relative abundance of functional genes of the microbiota among different intestinal segments in the CK 
group. Capital letters, such as A, B, C, are used to indicate significant difference in the relative abundance of functional genes of the microbiota among different intestinal segments in 
NAFLD (NA) group. The presence of identical letters in the superscript of the relative abundance of functional genes indicates no significant differences between groups (p > 0.05), while 
the absence of identical letters indicates significant differences between groups (p < 0.05). 2. “*” and “**” indicates the significant difference in the relative abundance of functional genes 
in the same intestinal microbiota between CK group and NAFLD (NA) group. *p < 0.05; **p < 0.01.
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TABLE 2  Relative abundance of secondary functional genes in gut microbiota of normal and NAFLD mice.

Functions CK-JE CK-IL CK-CE CK-CO NA-JE NA-IL NA-CE NA-CO

Metabolism

 � Amino acid 

metabolism

10.83 ± 1.02ab 10.95 ± 0.45a 10.96 ± 0.23a 10.48 ± 0.12b 10.90 ± 0.33A 10.96 ± 0.42A 11.35 ± 0.22B* 10.89 ± 0.48A*

 � Biosynthesis of other 

secondary 

metabolites

6.14 ± 0.64a 6.29 ± 0.24ab 6.54 ± 0.13bc 6.75 ± 0.10c 6.04 ± 0.35AB 5.75 ± 0.59B* 6.19 ± 0.15AB* 6.48 ± 0.34A*

 � Carbohydrate 

metabolism

10.96 ± 0.74ab 11.02 ± 0.30a 10.58 ± 0.25b 10.07 ± 0.13c 10.54 ± 0.61AB 10.15 ± 0.72A* 10.96 ± 0.27B* 10.56 ± 0.37AB*

 � Chemical structure 

transformation maps

0.09 ± 0.07a 0.12 ± 0.09a 0.23 ± 0.15ab 0.37 ± 0.25b 0.52 ± 0.67B 0.78 ± 0.46B* 0.02 ± 0.03A* 0.02 ± 0.03A*

 � Energy metabolism 4.53 ± 0.14a 4.55 ± 0.14a 4.39 ± 0.06ab 4.25 ± 0.07b 4.50 ± 0.20B 4.58 ± 0.13AB 4.73 ± 0.15A* 4.54 ± 0.16B*

 � Global and overview 

maps

5.78 ± 0.45a 5.8 ± 0.15a 5.68 ± 0.17a 5.33 ± 0.08b 5.77 ± 0.22A 5.82 ± 0.31A 6.05 ± 0.08B* 5.69 ± 0.23A*

 � Glycan biosynthesis 

and metabolism

5.69 ± 2.42a 5.85 ± 1.24a 7.45 ± 1.25b 10.24 ± 0.80c 5.54 ± 2.48AB 3.41 ± 0.60C* 4.04 ± 0.80BC* 6.85 ± 1.96A*

 � Lipid metabolism 4.34 ± 0.34ab 4.32 ± 0.17a 4.54 ± 0.14b 4.78 ± 0.13c 4.36 ± 0.50AB 4.89 ± 0.40C* 4.07 ± 0.22A* 4.42 ± 0.23B*

 � Metabolism of 

cofactors and 

vitamins

9.48 ± 1.11ab 9.07 ± 0.65a 9.27 ± 0.26a 9.97 ± 0.21b 9.62 ± 0.72A 9.52 ± 0.47A 8.93 ± 0.46B 9.51 ± 0.56A*

 � Metabolism of other 

amino acids

7.03 ± 0.51ab 6.96 ± 0.29ab 6.81 ± 0.11a 7.07 ± 0.14b 7.06 ± 0.70AB 7.55 ± 1.11B 6.68 ± 0.21A 7.02 ± 0.44AB

 � Metabolism of 

terpenoids and 

polyketides

2.86 ± 0.37 2.79 ± 0.20 2.75 ± 0.07 2.73 ± 0.07 2.71 ± 0.27AB 2.88 ± 0.20A 2.61 ± 0.19B 2.71 ± 0.20AB

 � Nucleotide 

metabolism

1.64 ± 0.13a 1.63 ± 0.05a 1.57 ± 0.03b 1.53 ± 0.03b 1.59 ± 0.14 1.57 ± 0.15 1.61 ± 0.06 1.60 ± 0.09*

 � Xenobiotics 

biodegradation and 

metabolism

2.48 ± 0.81ab 2.37 ± 0.11a 2.22 ± 0.09ab 2.22 ± 0.09b 2.62 ± 0.64A 3.35 ± 0.48B* 2.46 ± 0.27A* 2.28 ± 0.15A

Genetic Information Processing

 � Folding, sorting and 

degradation

3.00 ± 0.28a 2.92 ± 0.10ab 2.81 ± 0.08bc 2.68 ± 0.04c 2.95 ± 0.19AB 3.04 ± 0.16A 3.01 ± 0.08AB* 2.88 ± 0.17B*

 � Replication and 

repair

5.53 ± 0.80a 5.65 ± 0.37a 5.32 ± 0.12ab 5.07 ± 0.10b 5.39 ± 0.46 5.18 ± 0.38 5.53 ± 0.31 5.43 ± 0.40*

 � Transcription 0.32 ± 0.08ab 0.34 ± 0.04b 0.28 ± 0.02ac 0.26 ± 0.01c 0.31 ± 0.04 0.29 ± 0.03 0.32 ± 0.03* 0.30 ± 0.04*

 � Translation 3.17 ± 0.56ab 3.29 ± 0.22a 3.09 ± 0.08ab 2.98 ± 0.06b 3.13 ± 0.27AB 3.02 ± 0.24A 3.28 ± 0.16B* 3.18 ± 0.23AB*

Cellular Processes

 � Cell growth and 

death

1.89 ± 0.31 1.91 ± 0.05 1.97 ± 0.05 2.02 ± 0.06 1.90 ± 0.15A 1.92 ± 0.14A 1.92 ± 0.03A* 2.03 ± 0.05B

 � Cell motility 1.86 ± 0.96a 2.12 ± 0.78a 2.26 ± 0.80a 0.6 ± 0.46b 2.59 ± 1.14B 2.97 ± 0.80B* 4.16 ± 0.72A* 2.17 ± 1.12B*

 � Cellular community 

– eukaryotes

0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

 � Cellular community 

– prokaryotes

1.46 ± 0.49a 1.32 ± 0.06a 1.26 ± 0.10a 1.05 ± 0.05b 1.36 ± 0.17C 1.50 ± 0.04A* 1.49 ± 0.11A* 1.22 ± 0.11B*

 � Transport and 

catabolism

0.30 ± 0.11a 0.31 ± 0.06a 0.37 ± 0.05a 0.49 ± 0.03b 0.31 ± 0.12AB 0.26 ± 0.07B 0.23 ± 0.04B* 0.35 ± 0.09A*

Human Diseases

 � Cancer: overview 0.61 ± 0.07 0.58 ± 0.03 0.56 ± 0.01 0.58 ± 0.01 0.58 ± 0.06BC 0.62 ± 0.05C 0.48 ± 0.04A* 0.55 ± 0.06B

 � Cancer: specific types 0.09 ± 0.05b 0.08 ± 0.01b 0.06 ± 0.01ab 0.06 ± 0.01a 0.09 ± 0.05AB 0.15 ± 0.05B* 0.07 ± 0.01A 0.07 ± 0.01A*

(Continued)
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Erysipelotrichaceae and Lactobacillaceae were negatively 
correlated with TC at the family level (Wang et al., 2021). A study 
on rats reported that fecal microorganisms Akkermansia and 
Lactobacillus were significantly positively associated with TG, TC, 
and LDL-C and negatively correlated with HDL-C at the genus 
level (Li R. et al., 2020). In addition, some studies dive into the 
species level, Lactobacillus gasseri and Lactobacillus taiwanensis 
of the fecal microbiota were significantly positively correlated 

with lipid droplets in the liver (Zeng et al., 2013) and Desulfovibrio 
vulgaris can reduce hepatocyte steatosis and triglyceride 
accumulation in hepatocytes and liver index (Hong et al., 2021). 
This indicates intestinal microbiota significantly correlates with 
serum lipid levels and hepatocyte lesions in NAFLD mice.

At present, research on jejunal microbiota is very rare and 
limited. Our study found that the alpha diversity (Figure 3) and 
beta diversity (Figures 4A,B) of the jejunal microbiota of NAFLD 

TABLE 2  (Continued)

Functions CK-JE CK-IL CK-CE CK-CO NA-JE NA-IL NA-CE NA-CO

 � Cardiovascular 

disease

0.17 ± 0.02a 0.16 ± 0.01ab 0.16 ± 0.01ab 0.16 ± 0.01b 0.18 ± 0.03AB* 0.22 ± 0.02B 0.16 ± 0.00A 0.17 ± 0.01A*

 � Drug resistance: 

antimicrobial

2.34 ± 0.32a 2.29 ± 0.13a 2.18 ± 0.08a 2.03 ± 0.05b 2.26 ± 0.26 2.13 ± 0.26 2.23 ± 0.15 2.13 ± 0.11*

 � Drug resistance: 

antineoplastic

0.78 ± 0.04ab 0.80 ± 0.02a 0.78 ± 0.02ab 0.76 ± 0.01b 0.76 ± 0.06 0.76 ± 0.14 0.76 ± 0.03 0.76 ± 0.03

 � Endocrine and 

metabolic disease

0.52 ± 0.06 0.52 ± 0.04 0.49 ± 0.02 0.51 ± 0.01 0.49 ± 0.06 0.48 ± 0.03* 0.45 ± 0.05* 0.49 ± 0.03*

 � Immune disease 0.16 ± 0.02a 0.15 ± 0.01a 0.16 ± 0.01ab 0.18 ± 0.02b 0.13 ± 0.04AB 0.13 ± 0.04AB 0.12 ± 0.02A* 0.15 ± 0.02B*

 � Infectious disease: 

bacterial

0.67 ± 0.45a 0.56 ± 0.08a 0.48 ± 0.04ab 0.45 ± 0.02b 0.56 ± 0.08 0.59 ± 0.11 0.59 ± 0.04* 0.52 ± 0.06*

 � Infectious disease: 

parasitic

0.02 ± 0.03ab 0.02 ± 0.01a 0.01 ± 00ab 0.00 ± 0.01b 0.03 ± 0.02AB 0.05 ± 0.01B* 0.02 ± 0.00A* 0.02 ± 0.01A*

 � Infectious disease: 

viral

0.02 ± 0.01 0.03 ± 0.01 0.02 ± 0.00 0.02 ± 0.00 0.04 ± 0.03AB 0.07 ± 0.03B* 0.02 ± 0.00A 0.02 ± 0.01A

 � Neurodegenerative 

disease

0.10 ± 0.05ab 0.10 ± 0.02ab 0.12 ± 0.02a 0.08 ± 0.01b 0.19 ± 0.08A* 0.25 ± 0.06C* 0.20 ± 0.03A* 0.13 ± 0.04B*

 � Substance 

dependence

0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Environmental Information Processing

 � Membrane transport 1.89 ± 0.69ab 1.92 ± 0.30a 1.54 ± 0.19b 1.09 ± 0.09c 1.70 ± 0.36AB 1.79 ± 0.31AB 2.05 ± 0.23A* 1.58 ± 0.34B*

 � Signal transduction 0.88 ± 0.13a 0.90 ± 0.07a 0.84 ± 0.05a 0.74 ± 0.04b 0.93 ± 0.12AB 0.96 ± 0.06B 1.05 ± 0.08C* 0.86 ± 0.09A*

 � Signaling molecules 

and interaction

0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Organismal Systems

 � Aging 0.42 ± 0.04a 0.43 ± 0.03a 0.47 ± 0.01b 0.48 ± 0.02b 0.50 ± 0.05AB* 0.52 ± 0.07B 0.48 ± 0.03A 0.48 ± 0.03A

 � Circulatory system 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 00.00 ± 0.00 00.00 ± 0.00

 � Development and 

regeneration

0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

 � Digestive system 0.11 ± 0.07ab 0.12 ± 0.02b 0.06 ± 0.01a 0.08 ± 0.01ab 0.09 ± 0.03AB 0.09 ± 0.040AB 0.07 ± 0.03A 0.10 ± 0.03B*

 � Endocrine system 0.85 ± 0.10a 0.85 ± 0.07a 0.76 ± 0.02b 0.79 ± 0.02b 0.85 ± 0.09BC 0.91 ± 0.02C* 0.71 ± 0.06A* 0.79 ± 0.06B

 � Environmental 

adaptation

0.20 ± 0.02ab 0.21 ± 0.01a 0.20 ± 0.01ab 0.19 ± 0.01b 0.19 ± 0.03B 0.19 ± 0.01B* 0.22 ± 0.01A* 0.21 ± 0.02AB*

 � Excretory system 0.16 ± 0.09a 0.14 ± 0.04a 0.18 ± 0.03a 0.27 ± 0.03b 0.17 ± 0.09A 0.17 ± 0.05A 0.08 ± 0.03B* 0.19 ± 0.05A*

 � Immune system 0.29 ± 0.05a 0.29 ± 0.01a 0.29 ± 0.01a 0.27 ± 0.01b 0.29 ± 0.05AB 0.27 ± 0.06B 0.32 ± 0.01A* 0.30 ± 0.02AB*

 � Nervous system 0.30 ± 0.05a 0.32 ± 0.03a 0.32 ± 0.01ab 0.35 ± 0.01b 0.27 ± 0.04A 0.22 ± 0.02B* 0.27 ± 0.02A* 0.33 ± 0.03C

 � Sensory system 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

1. Lowercase letters, such as a, b, c, are used to indicate significant difference in the relative abundance of functional genes of the microbiota among different intestinal segments in the CK 
group. Capital letters, such as A, B, C, are used to indicate significant difference in the relative abundance of functional genes of the microbiota among different intestinal segments in 
NAFLD (NA) group. The presence of identical letters in the superscript of the relative abundance of functional genes indicates no significant differences between groups (p > 0.05), while 
the absence of identical letters indicates significant differences between groups (p < 0.05). 2. “*” and “**” indicates the significant difference in the relative abundance of functional genes 
in the same intestinal microbiota between CK group and NAFLD (NA) group. *p < 0.05; **p < 0.01.
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mice were not significantly different from those of CK mice, 
indicating no significant change in the structure of jejunal 
microbiota in NAFLD mice after a high-fat diet. In NAFLD mice, 
the beta diversity in the other three intestinal segments (ileum, 
cecum, and colon; Figure 4), as well as the alpha diversity in the 
ileum and colon (Figure 3), were significantly changed. Although, 
as compared to CK mice, the relative abundance of 
Peptostreptococcaceae, Romboutsia, and Allobaculum in the 
jejunum of NAFLD mice had altered considerably, functional 
prediction analysis showed that the relative abundance of primary 
functional genes had not changed. Only the relative abundance of 
two secondary active genes (aging and Cardiovascular disease) 
had significant changes. This indicates that the changes in the 
microbiota in the jejunum and the other three intestinal segments 
are inconsistent. We speculated that jejunal microbiota diversity 
and composition did not change after a high-fat diet mainly 
because the jejunum had a strong emptying ability; thus, it 
remained empty for a long time and had the lowest bacterial 
abundance. A load of microbial community was estimated to 
be between 104 and 107 CFU/ml (Martinez-Guryn et al., 2019). 
Compared to other intestinal segments, the lumen of the jejunum 
is more acidic, with a faster transit time and higher gradients of 
oxygen, antimicrobials (sIgA and AMPs) and bile acids. 
Conjugated bile acids, probably together with fatty acids, inhibit 
bacterial growth directly through their pharmacological properties 
and signaling properties (Wang et al., 2008; Jia et al., 2018; Lema 
et al., 2020).

From the limited relevant studies in humans, in general, the 
ileum serves as a major absorption site for nutrients (e.g., B 
vitamins and residual nutrients that are not absorbed proximal) 
and reuptake of BA into the liver circulation, with the latter being 
more influenced by gut microbes (Martinez-Guryn et al., 2019). 
Firmicutes (Lactobacillus, Veillonella, Enterococcus, and 
Clostridium) and Proteobacteria (Enterobacteria) are the main 
bacteria in the ileum (Lema et al., 2020). However, some studies 
suggest that the ileum microbiota appears to be mainly composed 
of Bacteroides, Clostridium, Enterobacteria, Lactobacillus, and 
Veillonella (Martinez-Guryn et  al., 2019), while the dominant 
bacterial phyla in the colon are Bacteroidetes (Bacteroidaceae, 
Prevotellaceae, etc.) and Firmicutes (Lachnospiraceae and 
Ruminococcaceae; Lema et al., 2020). Stefania Vaga et al. studied 
the mucosal flora of five healthy adults from Stockholm. They 
found that the two phyla with the highest relative abundance in 
the ileum were Firmicutes and Bacteroides, consistent with our 
mouse flora study (Vaga et al., 2020). There was also a study in 
mice that reported a significant increase in the relative abundance 
of Faecalibaculum in the ileal microbiota of HFD-induced NAFLD 
mice compared with normal mice (Mu et al., 2020). Our study 
found that alpha and beta diversity in the ileum of NAFLD mice 
changed after a high-fat diet, but alpha diversity in the cecum did 
not change. The Rank Sum test results showed that the relative 
abundance of Firmicutes and Proteobacteria in the ileum did not 
change after a high-fat diet but increased significantly in the 
cecum and colon.

Meanwhile, through rank sum test and Lefse analysis, it was 
found that the change trend of characteristic flora and main 
bacterial composition of ileum was different from that of 
cecum and colon. Therefore, the changes in the ileum of 
NAFLD mice were different from those in the large intestine 
(cecum and colon). The main reason is that the ileum is vastly 
different from the large intestine in terms of bacterial 
abundance, diversity, and flora composition. The microbial 
load in the ileum, estimated at 103 ~ 108 CFU/ml, contains both 
the jejunal microbiota and the large intestine microbiota and is 
a transition zone between the sparse populations of aerobic 
microbiota of the jejunum and the very dense populations of 
strict anaerobic in the colon (Rao and Bhagatwala, 2019). In 
our study, the number of OTUs in the ileum of CK mice was 
the largest (Figures  6B,E), which was mainly composed of 
facultative and obligate anaerobic bacteria (Rao and 
Bhagatwala, 2019; Shahir et al., 2020; van Kessel et al., 2020). 
Facultative anaerobic bacteria included Proteobacteria and 
Lactobacillaceae, which are equipped to resist the synergistic 
effect of bile acids and antimicrobial peptides (Tropini 
et al., 2017).

Additionally, our study found that there were no differences 
in both alpha and beta diversity between a normal colon and 
cecum, as well as the relative abundance of major bacteria at 
phylum, family, and genus levels, indicating that the microbiota 
of the colon and cecum were highly similar and that the 
microbiota of both could be substituted for each other during 
microbiota research and fecal microbiota transplantation. 
Interestingly, after a high-fat diet, the characteristics of the 
changes in the abundance of major bacteria were very similar. 
The functional prediction of intestinal microbiota also showed 
that the relative abundance of primary and secondary functional 
genes in cecum and colon was similar. This may be due to the 
short colon of the mouse, which mainly plays the function of 
absorbing water and electrolytes as well as transport, and the 
main fermentation has taken place in the cecum (Brown et al., 
2018). However, there are differences in the structure and 
function of the cecum and colon between humans and mice. In 
animals, fermentation occurs mainly in the cecum (Brown et al., 
2018), while in humans, it occurs primarily in the colon. Human 
colon microbiota has been studied in greater depth than cecal 
microbiota. The colon has greater microbial abundance and 
diversity than the small intestine (jejunum and ileum). Despite 
its shorter length, food stays in the colon (10 h to several days) 
longer than it does in the small intestine (1–5 h; Zhuang et al., 
2020). The thicker inner and outer layers of mucus (Hansson, 
2012) are important barriers to bacteria (an estimated 1010 to 
1012 CFU/ml, including Firmicutes, Bacteroidetes and other 
phyla; Jakobsson et al., 2015; Martinez-Guryn et al., 2019). In the 
colon, the relative abundance of Butyricicoccus, Allobaculum, 
Alloprevotella, Lachnospiraceae NK4A136 group, Parasutterella, 
and uncultured bacterium Muribaculaceae decreased, while the 
relative abundance of Campylobacter, Dubosiella, Faecalibaculum 
and Fusobacterium increased (Mu et al., 2020). In our study, 
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Bacteroidetes was the main bacteria in the colon of CK mice, 
with a relative abundance of 72.07%, followed by Firmicutes with 
a relative abundance of 15.36%, and Verrucomicrobia with a 
relative abundance of 8.67% (Supplementary Table S2). 
At the family level, the bacteria with the highest 
relative abundance were Muribaculaceae, Akkermansiaceae, 
Lachnospiaceae, Erysipelotrichaceae, and Lactobacillaeae 
(Supplementary Table S3). At the genus level, the five genera 
with the highest relative abundance were Akkermansia, 
Allobaculum, Muribaculumg, Lactobacillus, and Parabacteroides 
(Supplementary Table S4). Compared with the results of human 
related studies, was found that in the colon, human and mice 
have similar bacterial species at the phylum and family level, but 
have differences at the genus level, which is likely caused by host 
species. Two studies on cecal microbiota in mice showed a 
significant increase in the abundance of Faecalibaculum in cecal 
microbiota in NAFLD mice compared with normal mice (Mu 
et al., 2020; Gu et al., 2022), which was similar to our results.

Conclusion

In conclusion, the structure of jejunal microbiota in NAFLD 
mice induced by a high-fat diet did not change significantly. In 
contrast, the intestinal microbiota of the ileum, cecum, and 
colon (feces) changed significantly. However, the characteristics 
of the changes in the ileum were substantially different from 
that of the cecum and colon (feces), and the changes in the 
cecum and colon (feces) were similar. Therefore, the study 
results of cecal and colonic (fecal) microbiota cannot completely 
represent the results of jejunal and ileal microbiota. This is of 
reference significance for future studies on the role of intestinal 
microbiota in NAFLD.
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SUPPLEMENTARY FIGURE S1

Relative abundance of bacteria at family level. (A) Stacked column graph 
of the top 10 families with the highest relative abundance. (B) The box 
diagram was used to analyze the differences in relative abundance of the 
five families with the highest relative abundance. Wilcox Rank-sum test 
was used to compare the significance of the same intestinal segment 
between the CK group and the NAFLD group; Kruskal-wallis test was 
used to compare the differences between different intestinal segments in 
the same group. *indicate significant difference in the different intestinal 
segments in the CK group and NAFLD group. #indicates the significant 
difference in the same intestinal segments between CK group and NAFLD 
group. *or# p < 0.05; **or## p < 0.01.
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Rehabilitation, Chengdu University of Traditional Chinese Medicine, Chengdu, China

Introduction: Every-other-day fasting (EODF) is a classical intermittent fasting (IF) 
mode with neuroprotective effects that promotes motor function recovery after 
spinal cord injury (SCI) in rats. However, its dynamic effects on the gut microbiota 
and spinal cord transcriptome remain unknown.

Methods: In this study, 16S rRNA sequencing and RNA-seq analysis were used to 
investigate the effects of ad libitum (AL) and EODF dietary modes on the structural 
characteristics of rat gut microbiota  in rats and the spinal cord transcriptome at 
various time points after SCI induction.

Results: Our results showed that both dietary modes affected the bacterial 
community composition in SCI rats, with EODF treatment inducing and 
suppressing dynamic changes in the abundances of potentially anti-inflammatory 
and pro-inflammatory bacteria. Furthermore, the differentially expressed 
genes (DEGs) enriched after EODF intervention in SCI rats were associated 
with various biological events, including immune inflammatory response, cell 
differentiation, protein modification, neural growth, and apoptosis. In particular, 
significant spatiotemporal differences were apparent in the DEGs associated 
with neuroprotection between the EODF and AL interventions. These DGEs were 
mainly focused on days 1, 3, and 7 after SCI. The relative abundance of certain 
genera was significantly correlated with DEGs associated with neuroprotective 
effects in the EODF-SCI group.

Discussion: Our results showed that EODF treatment may exert neuroprotective 
effects by modulating the transcriptome expression profile following SCI in rats. 
Furthermore, gut microbiota may be partially involved in mediating these effects.

KEYWORDS

every-other-day fasting, spinal cord injury, intermittent fasting, gut microbiota, 
transcriptome, neuroprotection
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1. Introduction

Spinal cord injury (SCI) is a highly disabling and traumatic 
condition without effective treatment options. In recent years, 
intermittent fasting (IF) has attracted increasing attention because it 
mediates the energy supply and avoids gastrointestinal damage caused 
by prolonged fasting (Hatting et al., 2017). Every-other-day fasting 
(EODF), a classic mode of IF, is a 24-h alternating fasting and feeding 
dietary pattern shown to exert neuroprotective effects; in studies of 
neurological diseases, EODF was found to reduce neuro-inflammation 
secondary to stroke and craniocerebral injury in experimental 
animals, thus exerting a neuroprotective effect and improving 
neurological deficits (Varady and Hellerstein, 2007; Davis et al., 2008; 
Manzanero et al., 2014). EODF-treated rat models of SCI recovered 
varying levels of motor and sensory function (Plunet et al., 2008, 2010; 
Jeong et al., 2011). Another study noted that in the SCI rat model, the 
first 24 h is a very acute phase that may involve changes in most 
immediate early stress genes; days 3 and 7 represent the peak of 
delayed apoptosis of neuronal cells; days 10–14 are deemed the 
subacute phase when tissue inflammation levels have subsided; and 
the subsequent period is considered the recovery period (Chamankhah 
et al., 2013). A comparison of two studies that screened for differential 
genes before and after SCI modeling revealed that the differentially 
expressed genes (DEGs) caused by SCI were mainly related to stress 
and immune response, with stress including an inflammatory 
response and immune response including innate and adaptive 
immune response; these studies showed that the immune and 
inflammatory responses continued to spread from the acute phase to 
the chronic phase, with an intrinsic immune response dominating in 
the acute phase and an adaptive immune response dominating in the 
subacute and chronic phases (Chamankhah et al., 2013; Shi et al., 
2017). These results suggest that the inflammatory and immune 
responses are the predominant biological events following 
SCI. We  previously found that EODF exerted significant 
neuroprotective effects in a rat model of SCI, promoting the recovery 
of motor function, reducing the inflammatory response in the plane 
of injury, and inhibiting apoptosis and necrosis (Sun et al., 2018; Li 
J. J. et al., 2022). However, at the genetic level, the mechanisms by 
which EODF regulates gene expression levels in distal spinal cord 
tissue have not been clarified. Furthermore, the biological mechanisms 
by which EODF exerts its neuroprotective effects in a rat model of SCI 
treatment are not fully understood.

SCI can disrupt the balance of the gut microbiota (Gungor et al., 
2016; Kigerl et al., 2016). The diversity and structural composition of 
gut microbiota were reduced in SCI patients, suggesting an association 
between the neurogenic rectum and the gut microbiota (Zhang et al., 
2018). SCI has been shown to promote intestinal dysfunction and 
mucosal permeability, leading to translocation of the gut microbiota 
(Kigerl et al., 2016). We previously described disturbances in the gut 
microbiota of patients with SCI and found a correlation in the 
abundance of certain microbial genera and lymphocyte subpopulations 
(Pang et  al., 2022). Gut microbiota plays key roles in immune, 
nutritional, and metabolic functions (Ejtahed et al., 2017). Some diet 
therapies can restore or dramatically alleviate dysfunctions in gut 
microbiota and are considered a promising approach to preventing 
and treating global health problems. Increasing evidence indicates that 
IF has a variety of health benefits for individuals that are healthy (Ali 
et al., 2021; Su et al., 2021, 2022), obese (Li et al., 2017; Deng et al., 

2020; Liu et al., 2021a), or diabetic (Liu et al., 2020), as well as those 
with cardiovascular disease (Guo et  al., 2021; Prisco et  al., 2021) 
hypertension (Maifeld et al., 2021; Shi H. et al., 2021), and neurological 
disorders (Cignarella et al., 2018; Serger et al., 2022). The beneficial 
effects of IF are considered to be exerted through the restoration of gut 
microbiota and metabolite production; however, to the best of our 
knowledge, the characteristics of gut microbiota in SCI rats treated 
with EODF have not been reported to date.

To further understand the effects of EODF on the gut microbiota 
and spine cord tissue transcriptome in SCI rats during the acute, 
subacute, and recovery phases, we designed the following experiments 
(Figure 1). We assessed the dynamic changes of gut microbiota in an 
ad libitum diet (AL)-SCI and EODF-SCI group based on the 16S rRNA 
high-throughput sequencing of fecal samples collected 1 day before 
and 1, 3, 7, 14, and 28 days after modeling. Furthermore, we assessed 
the dynamic changes of DEGs in the ad libitum diet (AL)-SCI and 
EODF-SCI groups based on transcriptomic data collected from spinal 
cord tissues after 1, 3, 7, 14, and 28 days and biological annotation of 
DEGs through Gene Ontology (GO) and Kyoto Encyclopedia of 
Genes and Genomes (KEGG) databases to explore the effects of EODF 
on gene transcription in post-injury spinal cord tissues, particularly 
on neuroprotection-related DEGs and pathways after SCI. Finally, 
we  used the Spearman’s correlation coefficient to identify the gut 
microbiota associated with neuroprotection-related DEGs. 
Accordingly, we aimed to describe the characteristics of gut microbiota 
and DEGs associated with each diet mode and identify the critical 
bacteria, key DEGs, and main biological events associated 
with neuroprotection.

2. Materials and methods

2.1. Animal grouping

Healthy male Sprague–Dawley rats (2 months old,130 ± 10 g) were 
purchased from Chengdu Dashuo Experimental Animal Co., 
(Chengdu, China). These rats were housed in standard plastic cages (4 
animals per cage) in a quiet, clean animal room under temperature 
control (22 ± 2°C) and a 12-h light–dark cycle (lights were turned on 
at 8:00 am and turned off at 8:00 pm). To determine the effects of 
EODF on the gut microbiota of healthy rats, we randomly divided 12 
rats into two groups: an experimental group (EODF-Healthy) and a 
control group (AL-Healthy). To study the effect of EODF on the gut 
microbiota and spinal cord tissue transcriptome data of SCI rats, 
we  randomly divided 40 successfully modeled SCI rats into the 
AL-SCI and EODF-SCI groups, in addition, 20 rats were sham-
operated as a control group. To study the effect of EODF on the 
recovery of motor function in SCI rats, we  randomly divided 32 
successfully modeled SCI rats into AL-SCI and EODF-SCI groups for 
behavioral analysis, while 16 rats performed sham surgery as a 
control group.

2.2. SCI and SHAM modeling

An intravenous dose of sodium pentobarbital (45 mg/kg) was 
used to anesthetize the rats, after which hair was plucked from the 
back of the neck and the cleared region was cleaned with iodophor. 

51

https://doi.org/10.3389/fmicb.2023.1206909
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Wang et al.� 10.3389/fmicb.2023.1206909

Frontiers in Microbiology 03 frontiersin.org

Beginning at T2 of the thoracic spine, a 3–4 cm incision was made 
along the head and neck. To properly uncover the C4–C6 vertebral 
plates of the cervical spine, the surrounding fascia, muscles, and 
ligaments of the neck had to be dissected apart one by one. It was 
possible to see the spinal cord, the central vein of the dorsal median 
sulcus, and both C6 nerve roots after opening the C5 vertebral plate 
using biting forceps. Special care was taken not to break the dura 
mater during surgery, which is Located perpendicular to the long axis 
of the spinal column and above the C6 nerve root. After applying a 
70 g closure force with a temporary aneurysm clamp (Yasargil 
Titanium Mini-Clips, Germany) on the spinal cord epidurally for 30 s, 
the clamp was withdrawn to a depth ranging from the periphery of 
the spinal cord to the dorsal median sulcus (C5 half of the spinal 
cord). For consistency, the same person clamped the spinal cord in 
every animal used in the experiments. After the incisions had been 
cleaned and disinfected, the muscles and skin were then sutured 
together, one layer at a time. The recuperating rats were housed in an 
incubator until they had totally awoken and were active. Dehydration 
was avoided by injecting intraperitoneal normal saline (5 mL/animal) 
for 2 days following surgery. When the injured rat displayed paralysis 
in the ipsilateral front paw, when the damaged ipsilateral forelimb had 
difficulties straightening forward and downward when the tail was 
elevated in the air, or when it fell backward toward the afflicted side 
when walking, the model was deemed effective 
(Supplementary Figure S1). In the SHAM-operated group, the steps 
were the same as those in the SCI group, except that no spinal cord 
tissue was damaged.

2.3. Behavioral analysis

We referred to a previous method to assess the behavior of SCI 
rats, whereby the grooming, horizontal ladder, and cylinder rearing 
tests were used to evaluate the motor function of the affected forelimb 
in rats (Streijger et al., 2014). Two weeks before modeling, all rats were 

trained to familiarize them with the behavioral evaluation. Three 
groups of rats (n = 16/group) were tested using these three tests 1 day 
before surgery, 1 day after surgery, and 1, 2, 4, 6, 8, 10, and 12 weeks 
after surgery.

2.4. Fecal sample and spine cord tissues 
collection

Throughout the study, the AL-Healthy group had free access to 
food and water; whereas, the EODF-Healthy group was fed and fasted 
every other 24 h. Fecal samples were collected on day 28 after initiating 
the dietary intervention. Rats in the AL-SCI and AL-SHAM groups 
had unrestricted access to food and water; whereas, those in the 
EODF-SCI group began the EODF diet 4 weeks prior to surgery and 
were fed and fasted every 24 h. In the AL-SCI, AL-SHAM, and 
EODF-SCI groups, after 1, 3, 7, 14, and 28 days post-operation, rats 
were euthanized to collect spinal cord tissue. Four rats were randomly 
selected at each time point. After exposing the spinal cord tissue, 
approximately 0.5 cm of fresh spinal cord tissue (1 cm in total) was 
collected cephalad and caudal to the C5 injury area to meet the needs 
of the test. The surface blood cells were washed off with Phosphate 
Buffered Saline, placed in a lyophilization tube, labeled, and placed in 
liquid nitrogen. The entire collection process was carried out in a cold 
environment. The room temperature was kept below 25°C, and the 
time between spinal cord tissue release and placement in liquid 
nitrogen was kept to a minimum of 10 min. After collection, all 
specimens were quickly frozen in a − 80°C refrigerator and stored. 
Fecal samples were collected 1 days before and 1, 3, 7, 14, and 28 days 
after modeling, and 0.5–1 g of the central portion of each fecal sample 
was placed in a germ-free fecal collection tube. To maintain a 
somewhat anaerobic environment, the tube cap was quickly closed 
after sample collection. Fecal samples were kept at −80°C until further 
examination. The rats were in an unfed state when the spinal cord 
tissue and intestinal feces were collected.

FIGURE 1

Experimental grouping and design.
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2.5. 16S rRNA sequencing

The Power Fecal DNA Extraction Kit (Qiagen, Hilden, Germany) 
was used to extract DNA from fecal samples. The 16S rRNA V4 region 
of each sample was amplified. The relative bands were recovered for 
16S rRNA sequencing using a gel recovery kit after electrophoresis of 
mixed PCR results from the same sample (Qiagen, Hilden, Germany). 
The primers used were 515F (5′-GTGC CAGCMGCCGC GGTAA-3′) 
and 806R (5′-GGACTACHVGGGTWT CTAAT-3′; Caporaso et al., 
2011; Liu et al., 2017). The sequencing was carried out utilizing the 
Illumina HiSeq sequencing technology (Illumina, San Diego, CA, 
United States).

2.6. RNA-seq analysis of spinal cord tissues

Using the protocol provided by the manufacturer of the 
mirVana™ miRNA ISOlation Kit (Ambion-1561), total RNA was 
isolated from spinal cord tissue (n = 4 per group). The 2100 Bioanalyzer 
(Agilent Technologies, United States) was used to evaluate total RNA 
quality, and a NanoDrop ND-2000 (Thermo Scientific, United States) 
was used for quantification. Libraries for RNA sequencing were made 
using TruSeq™ RNA Sample Preparation Kits (Illumina, 
United States) and were quality-checked again with a 2100 Bioanalyzer 
(Agilent Technologies, United States) before processing on an Illumina 
HiSeq™ 2500 (Illumina, United States) for sequencing.

2.7. Bioinformatics analysis

2.7.1. Gut microbiome
For the operational taxonomic unit (OTU) analysis, all sequences 

were classified using UPARSE software version 7.1 (Edgar, 2013). 
Those with >97% similarity were clustered into one OTU, and then 
the OTUs were filtered using SSU115.1 We  assessed α diversity 
according to species richness (ACE and Chao1) and diversity indices 
(Shannon and Simpson). Principal coordinate analysis (PCoA) was 
used to examine beta-diversity using the unweighted UniFrac method. 
The typical OTU sequences were classified using a Bayesian technique 
for nucleic acid database classification for subsequent 
taxonomic analysis.

2.7.2. Spinal cord tissue transcriptome
Low-quality bases were removed, and high-quality clean reads 

were obtained by using the NGS QC Toolkit program for quality 
control of raw reads. Genomic alignment was performed using the 
Hisat2 (hierarchical indexing for spliced alignment of transcripts) 
program (Kim et al., 2015). Transcript expression was calculated using 
FPKM (fragments per kb per million reads; Roberts et al., 2011) and 
assessed using Cufflinks software to quantify gene abundance and 
identify the genes for subsequent analysis. The R language DEseq2 
(Love et al., 2014) was used to normalize the number of counts of 
genes in each sample. After multiplexing the false discovery rate 
(FDR), p < 0.05 and |log2(foldchange)| > 0.58 were DEGs. Functional 

1  http://drive5.com/uparse

enrichment of DEGs was analyzed using the Gene Ontology (GO)2 
and Kyoto Encyclopedia of Genes and Genomes (KEGG)3 databases.

2.8. Statistical analysis

SPSS 19.0 was used for all statistical analyses. We used various 
methods to test whether the data were normally distributed, including 
the Shapiro–Wilk test, skewness–kurtosis test, and a graphical method 
(P–P plot and Q-Q plot), and made our determination based on 
whether the results of multiple methods were in agreement. If two or 
more methods showed that the data obeyed the normal-terrestrial 
distribution, the data were considered to be normally distributed; 
otherwise, they were considered to be non-normally distributed. Data 
with a normal distribution and uniform variance were analyzed by 
one-way ANOVA (LSD method for two-way comparison) or t-test for 
two independent samples; The Kruskal–Wallis rank–sum test (Dunn’s 
method for two-by-two comparisons and Bonferroni correction for 
test results) or the Mann–Whitney U test were used if they did not 
obey a normal distribution or if the variance was not uniform. All 
graphs were generated using Graphpad Prism9.0 or Chiplot.4 p < 0.05 
was chosen as the level of statistical significance.

3. Results

3.1. 16S rRNA gene sequencing results

For all fecal samples collected from the EODF-Healthy, 
AL-Healthy, AL-SCI, AL-SHAM, and EODF-SCI groups, 2505001raw 
and 2,467,372 clean reads with an average length of 282 bp were 
produced by 16S rRNA gene sequencing. Using dilution curves 
(“abundance curves”), we verified that the amount of sequencing data 
for each group was sufficient to reflect the species diversity 
(Supplementary Figure S2).The curves leveled off and reached a 
plateau for all samples. We  concluded that the sequencing depth 
would cover all species in the samples, and we subsequently clustered 
the spliced tags into OTUs.

3.2. EODF treatment improves locomotor 
recovery in SCI (C5 half of the spinal cord) 
rats

We investigated the effects of EODF on locomotor recovery in rats 
with SCI (C5 half of the spinal cord). Locomotor recovery was 
observed during the 12 weeks post-injury in the SCI groups. EODF 
treatment further significantly increased locomotor function starting 
from 4 weeks (grooming test), 8 weeks (horizontal ladder test), and 
10 weeks (cylinder rearing test) after injury compared to that of the 
SCI groups. The improvement in grooming test scores, ipsilateral 
forelimb errors, and contact with ipsilateral forelimb continued until 
the end of the experiment (Supplementary Figures S1B–D).

2  http://geneontology.org/

3  http://www.genome.jp/kegg/

4  https://www.chiplot.online/
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3.3. Analysis of the α and β diversity of gut 
microbiota

First, we compared the effects of EODF and AL on the α diversity 
of the gut microbiota in healthy rats (Figure 2A). The diversity of gut 
microbiota in the EODF-Healthy group was significantly higher than 
that of the AL-Healthy group. However, there was no significant 
difference in gut microbiota abundance between the two groups. 
According to the PCoA (Figure 2B), the OTUs of the two groups 
showed dispersion and aggregation, indicating that β diversity varied 
between the two groups. We compared the patterns in gut microbiota 
α diversity between the EODF-SCI, AL-SCI, and AL-SHAM groups 
on days 0, 1, 3, 7, 14, and 28. As shown in Figures 3A–D, there were 
significant differences in the Ace, Chao 1, Shannon, and Simpson 
indices between pre- and post-modeling samples in these three 
groups. In the EODF-SCI group, ACE and Chao 1 indices decreased 
exponentially on days 1 and 3 after SCI injury, and recovered gradually 
until day 28. Shannon and Simpson indices decreased on day 1 after 
SCI injury, increased gradually until day 3, decreased on day 7, and 
recovered gradually until day 28. In the AL-SCI group, ACE, Chao 1, 
Shannon, and Simpson indices increased exponentially on day 3 after 
SCI injury, and remained stable until day 28. In the AL-SHAM group, 
ACE, Chao1, Shannon, and Simpson indices increased gradually on 
day 1 after SCI injury until day 7, decreased exponentially on day 14, 
and increasing on day 28. These results indicated that the species 
richness and diversity of the gut microbiota in the three groups had 
different characteristics.

The α diversity of the bacterial community at each time point was 
compared between the EODF-SCI, AL-SCI, and AL-SHAM groups. 
As shown in Figures 3E–H, on day 14 after SCI, the Chao 1 and ACE 
indices were significantly lower in the EODF-SCI group compared to 
those in the AL-SCI group, suggesting that EODF intervention 

reduced the richness of the gut microbiota in SCI rats at that time 
point. On days 1, 7, and 14 after SCI, the Simpson index was 
significantly lower in the EODF-SCI group compared to that in the 
AL-SCI group, suggesting that the EODF intervention reduced the 
diversity of the gut microbiota of SCI rats in these time points. 
Furthermore, we observed a significant decrease in the Shannon index 
in the EODF-SCI group on day 14.

According to the PCoA, days 1, 7, and 14 were clustered together 
in the EODF-SCI group; days 3, 7, and 14 were clustered in the 
AL-SCI group; and days 1, 3, and 7 were clustered in the AL-SHAM 
group (Figures 3I–K). These results indicated that gut microbiota 
diversity changed over time, and that different dietary interventions 
had different effects on the β diversity of gut microbiota in rats 
with SCI.

3.4. Phylum- and genus-level composition 
of gut microbiota

We explored the effects of the two dietary interventions on the 
levels of gut microbiota phyla in healthy rats and found no difference 
between rats in the EODF-Healthy and AL-Healthy rats 
(Supplementary Figure S3A). Bacteroidetes and Firmicutes were the 
dominant phyla in these groupis (Figure 2C). The relative abundances 
of Bacteroidetes and Firmicutes in the AL-Healthy group were 58.17 
and 36.42%, and those in the EODF-Healthy group were 54.72 and 
30.08%, respectively. In the EODF group, the abundance of Firmicutes 
was significantly reduced (30.08%).

To understand the effects of the two dietary interventions on 
changes in the structure of the gut microbiota in SCI rats, we analyzed 
the distribution of the gut microbiota at six time points. At the phylum 
level, the most abundant phyla in the EODF-SCI, AL-SCI, and 

FIGURE 2

Effect of the ad libitum diet (AL) and every-other-day fasting (EODF) on gut microbiota diversity and structural composition in healthy rats. (A) Chao 1, 
ACE, Shannon, and Simpson indices assessing the difference in α-diversity between the two healthy groups (n  =  6/group). Data were analyzed using 
the Mann–Whitney U test,*p  <  0.05. (B) Principal coordinate analysis assessing the difference in β-diversity between the two healthy groups (n  =  6). 
(C) Compositional distribution of gut microbiota phyla between the two healthy groups (n  =  6). (D) Compositional distribution of gut microbiota genera 
between the two healthy groups (n  =  6).
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AL-SHAM groups were Firmicutes and Bacteroidetes (Figures 4A–C). 
We  then used a one-way ANOVA to assess the effect of the two 
interventions on changes in Firmicutes and Bacteroidetes abundance 
at six time points (Figures 4D,E). In the EODF group, the Bacteroidetes 
abundance significantly decreased on day 3 after SCI, then increased 
on days 7 and 14 post-injury, and finally decreased on day 28; whereas, 
the Firmicutes abundance significantly increased on day 3 after SCI, 
then decreased on days 7 and 14 post-injury, and finally increased on 
day 28. In the AL-SCI group, the Bacteroidetes abundance gradually 
decreased on day 1 after SCI, then remained stable on days 3, 7, and 
14 after injury, and finally increased slightly on day 28; whereas, 
Firmicutes abundance slowly increased on day 1 after SCI, then 
remained stable on days 3, 7, 14, and 28 after injury. In the AL-SHAM 
group, the Bacteroidetes abundance decreased significantly on day 1 
after SCI, remained stable on days 3 and 7 after injury, increased 
significantly on day 14, and then decreased on day 28; whereas, the 
Firmicutes abundance increased slightly on day 1 after SCI, then 
remained stable on days 3, 7, and 14 after injury, and finally increased 
slightly on day 28.

As represented in Figure  4F, we  analyzed the changes in the 
Bacteroidetes/Firmicutes ratio. In the AL-SCI group, we found that this 
ratio decreased significantly on day 1 until day 28 after SCI. This 
findings suggested that SCI led to time-dependent gut microbial 
dysbiosis. In the AL-SHAM group, this ratio decreased significantly 
on days 1, 3, 7, and 28; whereas, in the EODF-SCI group, it only 
decreased significantly on days 3 and 28 after SCI. Interestingly, 
we found a significant increase in the Bacteroidetes/Firmicutes ratio in 
the EODF-SCI group on days 1, 7, and 14 after injury and a significant 
decrease on day 28 compared to that in the AL-SCI group (Figure 4G). 
We  further analyzed the differences in the phylum level bacterial 
populations at the same time point in the EODF-SCI and AL-SCI 
groups. As shown in Figures  4H–Q, on day 1 after injury, the 
abundances of Bacteroidetes, Actinobacteria, Chloroflexi, Acidobacteria, 
Thaumarchaeota, and Deinococcus-Thermus significantly increased, 
whereas those of Spirochaetes and Epsilonbacteraeota decreased, 
compared to those in the AL-SCI group. On day 3 after injury, the 
abundances of Proteobacteria, Chloroflexi, and Acidobacteria were 
significantly lower than those in the AL-SCI group. On day 7 after 

FIGURE 3

Changes in gut microbiota diversity over time. (A–D) Chao 1, ACE, Shannon, and Simpson indices assessing α-diversity over time between the EODF-
SCI, AL-SCI, and AL-SHAM groups. Data were analyzed using the Kruskal–Wallis test with Dunn post-hoc tests. (E–H) Chao 1, ACE, Shannon, and 
Simpson indices assessing α-diversity at the same time points between the EODF-SCI, AL-SCI, and AL-SHAM groups. Data were analyzed using the 
Mann–Whitney U test. N  =  4, *indicates that indices were significantly higher (p  < 0.05). (I–K) Principal coordinate analysis assessing β-diversity over 
time in each group (n  =  4).
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injury, the Bacteroidetes abundance was significantly increased, and 
the abundances of Firmicutes and Thaumarchaeota were significantly 
decreased compared to those in the AL-SCI group. On day 14 after 
injury, the Bacteroidetes abundance was significantly increased, and 
the abundances of Proteobacteria, Chloroflexi, Acidobacteria, 
Thaumarchaeota, Epsilonbacteraeota, and Deinococcus-Thermus were 
significantly decreased compared to those in the AL-SCI group. On 
day 28 after injury, the abundances of Firmicutes, Actinobacteria, and 
Acidobacteria increased significantly and that of Bacteroidetes 
decreased significantly compared to those in the AL-SCI group. These 
findings suggested that EODF appeared to dynamically regulate 
changes in the gut microbiota of SCI rats.

We compared the differences in gut microbiota between the 
EODF-Healthy and AL-Healthy groups at the genus level 
(Supplementary Figure S3B). Compared to the AL-Healthy group, the 
abundances of the genera Lactobacillus, Bacteroides, Alloprevotella, 
Prevotella 1, Rikenel-laceae RC9, Odoribacter, and Catenibacterium 
spp. were significantly increased in the EODF-Healthy group, whereas 

that of Prevotellaceae UCG-003, Lachnospiraceae NK4A136, 
Lachnospiraceae UCG-008, Prevotella 9, [Eubacterium] 
coprostanoligenes, Ruminococcaceae UCG-008, and Ruminococcaceae 
UCG-003(among others) was significantly reduced (Figure  2D; 
Supplementary Table S1).

To understand the effects of the two dietary interventions on 
structural changes in the gut microbiota of SCI rats, we analyzed the 
genus-level (top 22) gut microbiota distribution at six time points 
(Figures 5A–C). We then used a one-way ANOVA to assess the effect 
of the two interventions on changes in the genus-level (top 22) gut 
microbiota at six time points (Figures 5D–F). We found no significant 
difference in the Veillonellaceae UCG-001 abundance in the EODF-SCI 
group; however, the abundances of all other bacteria differed 
significantly in all three groups. We further analyzed the differences 
in the genus level bacterial populations at the same time point in the 
EODF-SCI and AL-SCI groups. As shown in Figures 5G–K, on the 
first day after injury, the abundances of Lactobacillus, Lachnospiraceae 
UCG-008, Prevotella9, [Eubacterium]coprostanoligenes group, 

FIGURE 4

Gut microbiota composition at the phylum level. Comparison of the bacterial community composition at the phylum-level and changes over time in 
the: (A) EODF-SCI, (B) AL-SCI, (C) AL- SHAM groups. Microbial abundance was calculated as a percentage of the total bacterial taxon within each 
sample. The bar chart shows the average value for each group. Further analysis of the relative abundances of Bacteroides and Firmicutes over time 
between the EODF-SCI, AL-SCI, and AL- SHAM group; significance test of the relative abundance of: (D) Bacteroides and (E) Firmicutes using one-way 
ANOVA. (F) Comparison of the Bacteroidetes/Firmicutes ratio at pre-modeling (day 0) and post-modeling (days 1, 3, 7, 14, and 28) using a Student’s 
t-test. (G) Comparison of the Bacteroidetes/Firmicutes ratios at the same time points between the EODF-SCI, AL-SCI, and AL-SHAM groups using a 
Student’s t test. (H–P) Heatmap showing differential bacteria at the phylum level at the same time points between the AL-SCI and AL-SHAM groups 
using a Student’s t test. (I–Q) Heatmap showing differential bacteria at the phylum level at the same time points between the EODF-SCI and AL-SCI 
groups using a Student’s t test. n  =  4, *p  <  0.05, **p  <  0.01, ***p  <  0.001, ****p  <  0.0001.
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Prevotella1, CM1G08, Odoribacter, Enterobacter, 
RuminococcaceaeUCG-005, and Sphingomonas increased; whereas, the 
abundances of Prevotellaceae UCG-003, Alloprevotella, Rikenellaceae 
RC9 gut group, Ruminiclostridium 9, Veillonellaceae UCG-001, 
Catenibacterium, and Ruminococcaceae UCG-003 decreased, 
compared to those in the AL-SCI group. On day 3 after injury, the 
abundance of Ruminiclostridium 9 increased; whereas, the abundances 
of Alloprevotella, CM1G08, Ruminococcus 1, Ruminococcaceae 
UCG-005, and Ruminococcaceae UCG-003 decreased compared to 
those in the AL-SCI group. On day 7 after injury, the abundances of 
Prevotellaceae NK3B31 and Ruminococcaceae UCG-005 group 
increased, whereas those of Alloprevotella, Prevotellaceae UCG-001, 
and Ruminococcaceae UCG-003 decreased, compared to those of the 
AL-SCI group. On day 14 after injury, the abundances of 
Lachnospiraceae NK4A136 group, Lachnospiraceae UCG-008, 
Prevotella 9, Prevotella 1, Prevotellaceae NK3B31, and Ruminococcaceae 
UCG-005 group increased, whereas those of Bacteroides, [Eubacterium] 
coprostanoligenes group, Alloprevotella, Ruminococcus 1, Rikenellaceae 

RC9 gut group, Odoribacter, Catenibacterium, Enterobacter, 
Sphingomonas, and Ruminococcaceae UCG-003 decreased, compared 
to those of the AL-SCI group. On day 28 after injury, the abundances 
of CM1G08 and Ruminococcus 1 increased, whereas those of 
Prevotellaceae UCG-003, Prevotellaceae NK3B31, Alloprevotella, 
Prevotellaceae UCG-001, and Ruminococcaceae UCG-005 decreased, 
compared to those of the AL-SCI group. These results provide further 
evidence that EODF intervention led to a dynamic gut microbiota 
profile in SCI rats that differed from that after AL intervention.

We analyzed the relative abundance and variations of potentially 
anti-inflammatory genera (including Prevotella, Lactobacillus, and 
Lachnospiraceae) and pro-inflammatory genera (Bacteroides), which 
showed dynamic changes in the AL and EODF groups. On day 1 after 
SCI, there were significant increases in the abundances of Lactobacillus, 
Prevotella1, Prevotella9, and Lachnospiraceae UCG-008 in the 
EODF-SCI group compared to those in the AL-SCI group. On day 14 
after SCI, there were significant increases in the abundances of 
Prevotella1, Prevotella9, and Lachnospiraceae UCG-008 in the 

FIGURE 5

Gut microbiota composition at the genus level. Comparison of the bacterial community composition at the genus level and changes over time in the: 
(A) EODF-SCI; (B) AL-SCI; (C) AL- SHAM groups. Microbial abundance was calculated as a percentage of the total bacterial taxon within each sample. 
The bar chart shows the average value for each group. Further analysis the relative abundance of genus level over time between the three groups. 
Significance test of the relative abundances of: (D) EODF-SCI, (E) AL-SCI, and (F) AL-SHAM groups using one-way ANOVA. (G–K) Heatmap showing 
differential bacteria at the genus level at the same time points between three groups using a Student’s t test. Asterisks in the heat map squares indicate 
that the EODF-SCI and AL-SHAM groups were significantly different from AL-SCI group. N  =  4, *p  <  0.05, **p  <  0.01, ****p  <  0.0001.

57

https://doi.org/10.3389/fmicb.2023.1206909
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Wang et al.� 10.3389/fmicb.2023.1206909

Frontiers in Microbiology 09 frontiersin.org

EODF-SCI group compared to those in the AL-SCI group, However, 
there was a significant decrease in the Bacteroide abundance. These 
results indicated that EODF treatment induced dynamic changes in 
the abundance of potentially anti-inflammatory and 
pro-inflammatory bacteria.

In summary, these results suggested that EODF regulated the 
relative abundance and variation of gut microbiota, leading to changes 
in the dynamics of bacteria that differed from those of the AL group.

3.5. Transcriptomic analysis of spinal cord 
tissue

We completed the sequencing of 60 samples with the reference 
transcriptome and obtained 452.80 G of clean bases. The 
distribution of Q30 bases was from 95.19 to 96.62%, and the 
effective data volume of each sample ranged from 6.30–8.47 G, with 
an average GC content of 49.50%. Genomic matches were obtained 
for each sample by comparing the reads to the reference genome, 
with a 97.40–98.19% match rate. Based on the results of the 
comparison, a principal component analysis (PCA) was performed 
on the number of counts of each sample gene (Figure  6A). 
Comparing the AL-SHAM and AL-SCI groups, on day 1, 2,481 

DEGs were significantly regulated, with 935 up-regulated and 1,546 
down-regulated (Figure 6B); on day 3, 2055 DEGs were significantly 
regulated, with 457 up-regulated and 1,598 down-regulated 
(Figure 6C); on day 7, 2,306 DEGs were significantly regulated, with 
501 up-regulated and 1805 down-regulated (Figure 6D); on day 14, 
1,422 DEGs were significantly regulated, with 214 up-regulated and 
1,208 down-regulated (Figure 6E); and on day 28, 914 DEGs were 
significantly regulated, with 93 up-regulated and 821 down-
regulated (Figure  6F). Comparing the EODF-SCI and AL-SCI 
groups, on day 1, 250 DEGs were significantly regulated, with 99 
up-regulated and 151 down-regulated (Figure 6G); on day 3, 769 
DEGs were significantly regulated, with 401 up-regulated and 368 
down-regulated (Figure 6H); on day 7, 291 DEGs were significantly 
regulated, with 123 up-regulated and 168 down-regulated 
(Figure 6I); on day 14, 128 DEGs were significantly regulated, with 
53 up-regulated and 75 down-regulated (Figure 6J); and on day 28, 
198 DEGs were significantly regulated, with 66 up-regulated and 
132 down-regulated (Figure 6K). These results indicated that SCI 
modeling caused considerable differences in the transcriptome level 
in spinal cord tissue. EODF participated in regulating the 
transcriptome level in spinal cord tissue at different time points, 
and its trend was significantly different from that of the 
AL treatment.

FIGURE 6

Gene transcriptome analysis of spinal cord tissue. (A) PCA scores of EODF-SCI, AL-SCI, and AL-SHAM gene counts at different time periods. (B–F) DEGs 
of AL-SHAM vs. AL-SCI in each time period (p  <  0.05 and |log2(foldchange)|  >  0.58). (G–K) DEGs of EODF-SCI vs. AL-SCI in each time period (p  <  0.05 
and |log2(foldchange)|  >  0.58).
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FIGURE 7

Functional analysis of differentially expressed genes. (A–E) Top 20 significantly enrichened GO terms in biological process (number of genes >3) of the 
EODF-SCI group versus the AL-SCI group at different time periods. (F–J) Top 20 significantly enriched KEGG pathways of up-regulated and down-
regulated DEGs at different time periods.

3.6. Functional enrichment analysis of 
DEGs

The function of DEGs was assessed by GO and KEGG enrichment 
analyses, as demonstrated by the enrichment of the top 20 significant 

terms and pathways (number of genes >3 per entry). At 1, 3, 7, and 14 
days after SCI, the DEGs in the EODF and AL groups were 
significantly altered by biological events, such as immune 
inflammatory responses, cell differentiation, and protein modifications 
(Figures 7A–D), For example, the GO terms “inflammatory response,” 
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“immune response,” “tumour necrosis factor-mediated signal-ling 
pathway,” “positive regulation of NF-κB transcription factor activity,” 
“lipopolysaccharide response,” “positive regulation of regulatory T-cell 
differen-tiation” and “cellular response to interleukin-1” were all part 
of the immune inflammatory response; “positive regulation of cell 
migration,” “cell division,” “mitotic cell division,” “chromosome 
segregation,” “protein localization to kinetochores,” and “positive 
regulation of myotube differentiation” were all associated with cell 
differentiation; and “positive regulation of peptidyl tyrosine 
phosphorylation,” “positive regulation of protein phosphorylation,” 
“protein homologation” and “negative regulation of endopeptidase 
activity” were all related to protein modifications. At 28 days, 
biological events such as the immune inflammatory response were no 
longer the dominant biological events. In contrast, the terms “response 
to axon injury,” “synapse assembly,” “cellular response to growth factor 
stimulus,” and “positive regulation of neuron apoptotic process” 
suggested possible differences in neuronal differentiation (Figure 7E).

We the performed separate KEGG pathway enrichment analyses 
for up- and down-regulated DEGs and obtained similar results 
(Figures 7F–J). The pathways that were enriched at 1, 3, and 7 days 
after SCI were mainly associated with immune inflammatory 
responses, including “PI3K-Akt signaling pathway,” “NF-kappa B 
signaling pathway,” “P53 signaling pathway,” “Th1 and Th2 cell 
differentiation,” “Th17 cell differentiation,” “TNF signaling pathway,” 
“Toll-like receptor signaling pathway,” “NOD-like receptor signaling 
pathway,” and “FoxO signaling pathway.” In addition, at 1 and 3 days 
after SCI, DEGs were enriched in the “neuroactive ligand-receptor 
interaction” pathway, representing a collection of all receptors and 
ligands associated with intra- and extracellular signaling pathways on 
the plasma membrane. Active biological events occurred 3 days after 
SCI. In addition to immune inflammation-related pathways, entries 
in the “TGF-beta signaling pathway” and “apoptosis” were enriched, 
suggesting differences in biological events, such as nerve growth and 
apoptosis, after EODF intervention. At 14 days after SCI, DEGs were 
enriched in cell adhesion molecules, which is a pathway associated 
with cell adhesion. At 28 days after SCI, the “HIF-1 signaling pathway” 
was a stress signaling pathway for organisms in a hypoxic state. These 
results suggested that EODF may have exerted neuroprotective effects 
by modulating multiple biological events during a 28-day treatment 
cycle in SCI rats.

3.7. DEGs associated with neuroprotection

The ability of EODF to exert neuroprotective effects in SCI rats 
was been demonstrated; thus, we sought to determine how EODF 
regulated gene levels (closely associated with neuroprotection) in SCI 
rats at 1, 3, 7, 14, and 28 days. Therefore, we further performed an 
in-depth analysis of the GO and KEGG entries enriched in the 
EODF-SCI and AL-SCI groups that were associated with 
neuroprotection (Supplementary Table S2). We used the AL-SHAM 
group as a baseline, and the DEGs in the entries that were associated 
with neuroprotection in the EODF-SCI group versus the AL-SCI 
group are shown in Figures 8A,B, and mainly included: (i) genes with 
beneficial effects on neuroprotection that are associated with: (1) 
microglia polarization (Socs3 and Arg1); (2) anti-inflammatory effects 
(Agtr2, Apoe, C3, Cd36, Gabrb2, Il1rn, Nfkbia, and Spp1); (3) anti-
apoptosis (Bcl2a1); and (4) nourishing nerves and promoting nerve 

repair (Cd4 and Serpine1); (ii) genes related to nerve injury: (1) 
pro-inflammatory (Ccl5, Ccl6, Ccr1, Cebpb, Fosl1, Mapk11, Osm, 
Sphk1, Tnfrsf25, and Trpm2); (2) pro-oxidative stress (Cyba and Sgk1); 
(3) pro-inflammatory and induced oxidative stress (Tlr9); (4) immune 
infiltration and activation (Cd4,Cd14, Cd3d, Cd40, and Cxcl13); (5) 
promotion of apoptosis (C5ar1, Cdk1, Irf3, and Nradd); and (6) other 
genes: neurotoxin production (Kmo), encodes neurexin U receptor 
(Nmur2) and unknown functional genes (Thbs1 and Trhr). Our results 
revealed that DEGs associated with neuroprotective effects in both 
groups were mainly clustered at 1, 3, and 7 days after SCI. Compared 
to the Al-SCI group, the EODF-SCI group showed predominantly 
down-regulated DEGs at 1 days, predominantly up-regulated DEGs 
at 3 days, and predominantly down-regulated DEGs at 7 days. Two 
DEGs were observed at 14 and 28 days. The above results suggested 
that the expression levels of DEGs related to neuroprotection at 
different time points after EODF intervention in SCI rats were 
significantly different from those in the AL group both spatially and 
temporally, among which inflammation-related genes accounted for 
the majority. Therefore, we suggest that EODF may have played an 
important role in the regulation of inflammation in the acute and 
subacute phases in SCI rats.

3.8. Association between gut microbiota 
and neuroprotection-related DEGs

Next, we  performed Spearman’s correlation analysis of the 
abundance of gut microbiota in the EODF-SCI group (different genera 
from the AL-SCI group) with neuroprotection-related DEGs. On day 
1, the anti-inflammatory gene Agtr2 was significantly positively 
correlated with Catenibacterium (r = 0.985, p = 0.015); and the 
pro-inflammatory gene Sgk1 was significantly positively correlated 
with CM1G08 (r = 0.969, p = 0.031) and negatively correlated with 
Lachnospiraceae UCG-008 (r = −0.955, p = 0.045) and Odoribacter 
(r = −0.992, p = 0.008). The pro-apoptotic gene Nradd was significantly 
positively correlated with Ruminiclostridium 9 (r = 0.968, p = 0.032); 
Nmur2 was significantly positively correlated with Alloprevotella 
(r = 0.958, p = 0.042); and Trhr was significantly negatively correlated 
with [Eubacterium] coprostanoligenes group (r = −0.950, p = 0.049; 
Figure 9A). On day 3, Socs3 (r = −0.963, p = 0.037), Arg1 (r = −0.992, 
p = 0.008), and Ccr1 (r = −0.981, p = 0.018) were significantly negatively 
correlated with Alloprevotella; Ruminococcaceae UCG-005 was 
significantly negatively correlated with Ccl2 (r = −0.976, p = 0.024) and 
significantly positively correlated with Tnfrsf25 (r = 0.984, p = 0.016); 
II1rn was significantly positively correlated with Ruminococcaceae 
UCG-003 (r = 0.959, p = 0.041); and Fosl1 (r = −0.987, p = 0.013) and 
Ccl5 (r = −0.967, p = 0.033) were significantly and negatively correlated 
with Ruminococcus1 (Figure  9B). On day 7, Ruminococcaceae 
UCG-005 was significantly positively correlated with Cxcl13 (r = 0.953, 
p = 0.047), Cebpb (r = 0.955, p = 0.045); Alloprevotella was significantly 
positively correlated with Cd4 (r = 0.970, p = 0.030); and Prevotellaceae 
NK3B31 group was significantly negatively correlated with Cyba 
(r = −0.992, p = 0.008; Figure 9C). However, no genera of DEGs were 
found to be  associated with neuroprotection on days 14 or 28 
(Figures 9D,E). The above results suggested that EODF was able to 
reregulate the abundances of certain gut microbiota that are closely 
associated with neuroprotective-associated DEGs in SCI rats during 
the acute and subacute phases of SCI.
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4. Discussion

EODF, as a dietary intervention therapy, could exert 
neuroprotective effects and facilitate functional recovery in spinal cord 
injured rats. We also confirmed that EODF intervention promoted 
motor function in rats with SCI (C5 half of the spinal cord). However, 
the effects of EODF treatment on the gut microbiota and the 
transcriptomic gene expression of spine cord tissues of SCI rats during 
the acute, subacute, and recovery periods were unknown; therefore, 
we assessed the long-term effects of EODF treatment on the dynamics 
changes in gut microbiota and transcriptomic gene expression of spine 
cord tissues of SCI rats by 16sDNA high-throughput sequencing and 
RNA transcriptome technology.

Gut microbiota diversity was significantly higher in healthy rats 
treated with EODF than that in the AL-treated group, based on the 
Simpson and Shannon indices. Similarly, a recent study found that gut 
microbiota α diversity was significantly higher in obese mice after a 
low-fat diet (LFD) combined with IF treatment than with the LFD 
combined with AL treatment (Deng et al., 2020). By analyzing the 
α-diversity at each time point in the three groups, our study showed 
that in the EODF-SCI group, the gut microbiota structure changed 
dynamically, the abundance of gut microbiota showed a trend of 
decreasing and then increasing, and its diversity showed a trend of 

decreasing, then increasing, then decreasing, and finally increasing. In 
the AL-SCI group, both the abundance and diversity of gut microbiota 
showed a trend of increasing and then remaining stable. In the 
AL-SHAM group, both the abundance and diversity of gut microbiota 
showed a trend of increasing, then decreasing, and finally increasing. 
We also found that on day 14, the abundance of gut microorganisms 
was significantly lower in the EODF-SCI group than in the AL-SCI 
group. On days 1, 7 and 28, the diversity of gut microbiota in the 
EODF-SCI group was significantly reduced. Analysis of β diversity 
analysis showed that in the EODF-SCI group, the structure of the gut 
microbiota differed on days 3 and 28 from that at the other time points; 
in the AL-SCI group, the structure of the gut microbiota differed from 
that at the other time points on days 1 and 28; in the AL-SHAM group, 
the structure of the gut microbiota differed from that at the other time 
points on days 14 and 28. In the SCI rat models, the most dominant 
phyla in the EODF-SCI, AL-SCI, and AL-SHAM groups were 
Firmicutes and Bacteroidetes. The Firmicutes/Bacteroidetes ratio was 
significantly lower in the EODF-SCI group on days 3 and 28 compared 
to that in the pre-modeling period (day 0), which differed from the 
changes in the AL-SCI and AL-SHAM groups. The Firmicutes/
Bacteroidetes ratio was significantly higher in the EODF-SCI group on 
days 1, 7, and 14 and significantly lower on day 28 compared to those 
in the AL-SCI group. Firmicutes and Bacteroidetes, which account for 

FIGURE 8

DEGs associated with neuroprotection. DEGs associated with neuroprotective effects between: (A) the EODF-SCI and AL-SCI groups; and (B) the AL-
SCI and AL-SHAM groups. log2(foldchange)  >  0 indicates up-regulated DEGs, and log2(foldchange)  <  0 indicates down-regulated DEGs; *p  <  0.05.
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~90% of gut microbiota, have various important functions in host 
physiology (Rinninella et al., 2019). The Firmicutes/Bacteroidetes ratio 
is crucial for maintaining healthy intestinal homeostasis (Stojanov 
et al., 2020). In the rat model of SCI, by comparing the abundances of 
the top 10 ranked phylum level bacteria in the EODF-SCI group with 
those in the AL-SCI group, we found that the differential bacteria were 
mainly concentrated on days 1 and 14.

At the genus level, in the EODF group, with the exception of 
Veillonellaceae UCG-001, the abundances of the other bacterial 
populations changed dynamically at different time points. We analyzed 
the relative abundances and variations of potentially anti-inflammatory 
genera (including Prevotella, Lactobacillus, and Lachnospiraceae) and 
pro-inflammatory genera (Bacteroides), which showed dynamic changes 
in both the AL and EODF groups. On days 1 and 14 after SCI, there was 
a significant increase in the abundances of Prevotella1, Prevotella9, and 
Lachnospiraceae UCG-008 in the EODF-SCI group compared to those 
in the AL-SCI group. Preclinical studies in models of rheumatoid 
arthritis (Marietta et al., 2016) and experimental acute encephalomyelitis 
(Mangalam et al., 2017; Shahi, 2019) have shown that oral treatment 
with this Prevotella strain (P. histicola) has immunomodulatory effects 
leading to reduced inflammation development and severity. EDP1815 
is prepared from a single strain of Prevotella (P. histicola). Phase 2 dose-
ranging studies in mild and moderate psoriasis [NCT04603027] and a 
phase 2 study in mild to severe atopic dermatitis [NCT05121480] have 
been conducted, and these results suggest that EDP1815 has the 
potential to be  used in the treatment of a variety of inflammatory 
conditions, introducing a new class of drug to the medical community 

(Itano et  al., 2023). Lachnospiraceae abundance was decreased in 
diarrheal children, and supplementing mice with Lachnospiraceae 
reduced obesity-related symptoms and inflammation (Truax et al., 2018; 
Castro-Mejía et al., 2020). Interestingly, in the present study, on day 1 
after SCI, there was a significant increase in the Lactobacillus abundance 
in the EODF-SCI group compared to that in the AL-SCI group. 
Lactobacilli are the most common colonizing bacteria in the 
gastrointestinal tract of healthy humans and exert beneficial effects by 
regulating the gut microbiota (Goldstein and Hager, 2015). In addition, 
Lactobacillus exerted neuroprotective effects by rebuilding the 
microbiota in mice with traumatic brain injury (Ma et al., 2019). A 
previous study suggests that the Lactobacillus app. Cocktail has anti-
inflammatory effects on HT-29 cells by modulating the JAK/STAT and 
NF-κB signaling pathways and that Lactobacillus as a dietary supplement 
may prevent and reduce inflammation-related diseases 
(Aghamohammad et  al., 2022). Anukam et  al. found that the 
Lactobacillus rhamnosus and Lactobacillus reuteri may help to down-
regulate urinary tract infection-related inflammatory factors in patients 
with SCI (Anukam et al., 2009); in the present study, all five time points 
after SCI modeling in the EODF-SCI group showed significant 
reduction in the Alloprevotella abundance compared to that in the 
AL-SCI group. The biological function of Alloprevotella is unknown; 
however, one study suggested that ginkgolide B (GB) is neuroprotective 
and that GB treatment may exert a neuroprotective effect in AD mice 
by increasing the Lactobacillus abundance and decreasing the 
abundances of Alloprevotella, Bacteroidales, and Muribaculaceae (Liu 
et al., 2021b). On day 14 after SCI, there was a significant decrease in the 

FIGURE 9

Association between gut microbiota (genera with significant differences from the AL-SCI group) and neuroprotection-related DEGs. (A) EODF-SCI_
Day1; (B) EODF-SCI_Day3; (C) EODF-SCI_Day7; (D) EODF-SCI_Day14; and (E) EODF-SCI_Day28. The color gradient illustrates the Spearman’s rank 
correlation coefficient: red indicates a positive correlation and blue indicates a negative correlation. *p  < 0.05, **p  < 0.01.
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Bacteroide abundance in the EODF-SCI group compared to that in the 
AL-SCI group. Several studies have suggested that Bacteroides have 
potential pro-inflammatory properties (Lindberg et al., 1990; Zhang 
et al., 2010; Gomez et al., 2012; Munyaka et al., 2016; Ryan et al., 2020). 
These findings suggested that remodeling of the gut microbiota by 
EODF treatment may have been beneficial in SCI rats. Particularly on 
day 1 after SCI in rats (defined as the acute phase), there was a significant 
increase in the abundances of anti-inflammatory genera in the 
EODF-SCI group compared to those in the AL-SCI group. We suspect 
that these beneficial flora may have exerted an anti-inflammatory effect 
in the acute phase of SCI in rats, and since probiotic products such as 
Lactobacillus.app and Prevotella.app are available for purchase, this 
presents a promising outlook. These probiotics alone, in combination, 
and in a cocktail, in future studies.

A succession of pathophysiological processes that commence 
minutes after the original trauma and occur in addition to the primary 
damage constitute secondary injuries following SCI. They are divided 
into three phases: acute, subacute, and chronic (Ahuja et al., 2017; 
Alizadeh et al., 2019; Anjum et al., 2020; Li M. et al., 2022). In humans, 
the change from the acute to subacute phase often takes place between 
a few hours and 48 h following the injury. The transition from the 
acute to the chronic phase, however, is anticipated to take place within 
6 months (Ahuja et al., 2017). In contrast, there are three phases of 
secondary damage in rodents: acute (lasting <24 h), subacute (lasting 
between 24 h and 7 days), and chronic (lasting >7 days; Li M. et al., 
2022). Our transcriptomic data analysis revealed that on days 1, 3, 7, 
and 14 days after SCI, DEGs between the EODF and AL groups were 
significantly enriched in entries related to biological events, such as 
immune response, inflammatory response, cell differentiation, and 
protein modification. This analysis also showed that at 28 days, entries 
such as immune and inflammatory responses were no longer 
significantly enriched, with significantly enriched entries suggesting 
that major biological events may be associated with neuronal cell 
differentiation. The results of the KEGG pathway enrichment analysis 
indicated that the pathways enriched in the EODF and AL groups with 
DEGs at 1, 3, and 7 days after SCI were mainly associated with 
immune and inflammatory responses. The studies pointed out that 
many biological events are involved in different stages of injury after 
SCI; In the acute phase, the main biological events are associated with 
immune cell activation, inflammatory response, vascular damage, and 
oxidative damage;the primary biological occurrences in the subacute 
period are linked to glial scar formation, reactive astrocyte activation, 
axonal remodeling, and neuronal death (Alizadeh et al., 2019; Pinchi 
et al., 2019; Anjum et al., 2020; Zhang et al., 2021). In the acute phase 
after SCI, the main biological events are associated with neutrophils 
and microglia, which are immediately activated and secrete 
inflammatory factors such as interleukin-1β (IL-1β), tumor necrosis 
factor-alpha (TNF-α) and interleukin 6 (IL-6). The primary biological 
activities that occur during the subacute phase are linked with 
monocytes and macrophages entering the spinal cord and releasing 
pro-inflammatory cytokines, chemokines, and other inflammatory 
mediators. In both the subacute and chronic stages, the 
neuroinflammatory response is the response that ultimately causes cell 
death and tissue degradation, making it an essential component of 
secondary damage (Hellenbrand et  al., 2021). Therefore, 
we hypothesize that EODF exerts its neuroprotective effects mainly by 
modulating the immune response and inflammatory response 
pathways in the early (acute or subacute) phase of SCI.

We further screened the DEGs associated with neuroprotective 
effects in the AL-SCI and EODF-SCI groups on days 1, 3, 7, 14, 28 days 
after SCI. and these DEGs were mainly concentrated on days 1, 3, and 
7. This further suggested that EODF treatment was able to modulate 
neuroprotective effects related to DEGs, and that its modulation time 
was mainly focused on the acute and subacute phases after SCI. These 
included genes that exert beneficial effects on neuroprotection: (1) 
Socs3 and Arg1 are associated with microglia polarization, with Socs3 
potentially inhibiting microglia polarization and thereby exerting a 
neuroprotective effect (Wu et al., 2016; Aliena-Valero et al., 2021); 
Arg-1 expression presents an association with the M2 phenotype in 
microglia, and M2-type microglia are considered a beneficial cell type 
for recovery from neural injury (Li et al., 2021); (2) Agtr2, Apoe, C3, 
Cd36, Gabrb2, Il1rn, Nfkbia, and Spp1, which express proteins thought 
to be involved in exerting anti-inflammatory effects (Marie et al., 2002; 
Tukhovskaya et al., 2010; Yeung et al., 2018; Huang et al., 2020; Kisucká 
et al., 2021; Hou et al., 2022; Kaltschmidt et al., 2022; Li and Jakobs, 
2022; Shen et al., 2022); (3) Bcl2a1, which exert anti-apoptotic effects 
(Bedirli et al., 2018); and (4) Cd4 and Serpine1, which are involved in 
nourishing and promote nerve repair (Calenda et al., 2012; Kofke et al., 
2018). (i) The DEGs also included genes involved in nerve injury: (1) 
Ccl5, Ccl6, Ccr1, Cebpb, Fosl1, Mapk11, Osm, Sphk1, Tnfrsf25, and 
Trpm2, for which the associated proteins may have been involved in 
exerting pro-inflammatory effects, including those involved in 
activating the NF-κB signaling pathway, PI3 kinase/Akt pathway, and 
CCR1/TPR1/ERK1/2 signaling pathway (Kanno et al., 2005; Li J. et al., 
2020; Li M. et al., 2020; Yan et al., 2020; Komori et al., 2022); (2) Cyba 
and Sgk1, which promote oxidative stress (Iqbal et al., 2015; Usategui-
Martín et  al., 2022); (3) Tlr9, which are involved in both 
pro-inflammatory and induction of oxidative stress, and signal 
activation, and potentially exacerbate neurodegeneration by inducing 
oxidative stress and inflammation (Dalpke et al., 2002); (4) Cd4, Cd14, 
Cd3d, Cd40, and Cxcl13, which promote immune infiltration and 
activation (Krumbholz et al., 2006; Hernandez et al., 2007; Wang et al., 
2022; Daniel et al., 2023) and (5) C5ar1, Cdk1, Irf3, and Nradd, which 
promote apoptosis (Wang et al., 2003; Canudas et al., 2004; Solis et al., 
2006; Cui et al., 2016; Ding et al., 2021; Shi Y. et al., 2021). (ii) The 
DEGs also included other genes: (1) Kmo, which expresses proteins 
that increase the production of toxic kynurenine pathway metabolites 
in the brain production, such as the neurotoxins 3-hydroxykynurenine 
and quinolinic acid, and decrease the neuroprotective metabolite 
kynurenic acid (Chen et al., 2022). Our results revealed that DEGs 
associated with neuroprotective effects in both groups were mainly 
clustered on days 1, 3, and 7 after SCI; among them, DEGs related to 
inflammation accounted for the majority, and the expression levels of 
DEGs related to neuroprotection were significantly different both 
temporally and spatially from those in the AL group at different time 
points after EODF intervention in SCI rats. These results also suggested 
that EODF may have played an important role in the regulation of 
immune–inflammation in the acute and subacute phases of SCI rats.

Interestingly, among the DGEs involved in neuroprotection-
related genes screened in this study, Cebpb, Socs3, Arg1, Apoe, C3, 
Ccl2, and Ccl3 were strongly associated with fasting. Goldstein et al. 
(2017) found by measuring chromatin accessibility that fasting 
majorly reorganizes liver chromatin, exposing many fasting-induced 
enhancers, among which Cebpb is one of the key transcription factors 
regulating the fasting response. c/EBPs are considered constitutive 
transcription factors, and fasting-related signals glucocorticoids and 
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glucagon increase the expression and activity of C/EBPβ (the protein 
encoded by Cebpb), and reducing C/EBPα levels through chromatin 
regulation impairs gluconeogenesis (Goldstein et  al., 2015). In 
addition, Socs3 (García et al., 2010; Vendelbo et al., 2015) and Arg1 
(Dai et al., 2022), which have neuroprotective benefits, had increased 
expression levels under the influence of fasting. Apoe is the main 
apolipoprotein synthesized in the brain in response to injury 
(Tukhovskaya et al., 2010; Mérian et al., 2023) showed that knocking 
out Apoe increased the susceptibility of mice to cardiovascular 
disease, and the IF improved glycolipid metabolism in Apoe−/− 
mice. Yamamoto et al. found increased complement C3 levels in a 
baseline model of cardiac ischemia–reperfusion mice and decreased 
complement C3 levels in the calorie-restricted group compared to the 
baseline group (Yamamoto et al., 2016). Liu et al. (2019) performed 
an 8-week dietary intervention in mice and found that in mice on an 
IF regime (i.e., continuous fasting for 24 h 3 days per week) IF 
decreased mRNA levels of macrophage markers (Ccl2 and Ccl3) in 
inguinal and gonadal adipose and reduced adipose tissue macrophage 
numbers compared to those in mice on a high-fat diet (HFD, 43% 
fat). Therefore, the above genes are associated with fasting either by 
playing a role in the fasting process or as a result of fasting intervention.

Finally, we performed a Spearman’s correlation analysis of the 
DEGs associated with neuroprotection at the gut microbiota 
abundances (differential genera with those of the AL-SCI group) in 
the EODF-SCI group. Our results found that EODF was able to 
regulate the abundance of certain gut microbiota that are closely 
associated with neuroprotective-associated DEGs in SCI rats during 
the acute and subacute phases of SCI. Gut microbiota has been shown 
to play a neuroprotective role in various neurological disorders. Gut 
microbiota attenuates oxidative stress and inflammatory aspects 
through its metabolites or the production of secondary metabolites. 
Moreover, modulation of the gut microbiota with antioxidant and 
anti-inflammatory probiotics has also shown promising 
neuroprotective effects (Zhu et al., 2018; Shruti et al., 2022; Solch 
et al., 2022). Based on this, we hypothesized that the remodeling of 

the gut microbiota by EODF conferred a neuroprotective effect on 
the rat model of SCI (Figure 10).

EODF can exert neuroprotective effects and facilitate functional 
recovery in SCI rats. To allow clinical translation of EODF, 
we previously conducted a safety study of EODF in patients with SCI 
(Zheng et al., 2021), and although most of the subjects completed this 
clinical study, it was found through a post-survey follow-up that this 
dietary intervention required patients to endure hunger on fasting 
days, and that many SCI patients and families were less willing to 
attempt it again. We  have also contemplated whether the gut 
microbiota after EODF intervention could be  used as a clinical 
alternative to EODF. Probiotics have been used to treat urinary tract 
infections and gastrointestinal discomfort in patients with SCI (Wong 
et al., 2014). In an animal study, intervention with VSL#3, a medical 
grade probiotic, was found to improve immune function and promote 
recovery of motor function in mice with SCI (Laginha et al., 2016). 
In addition to probiotic intervention, the fecal microbiota 
transplantation (FMT) approach was also effective in improving 
motor function and anxiety-like behavior after SCI (Schmidt et al., 
2020; Jing et al., 2021, 2022). A recent study demonstrated that EODF 
intervention can effectively promote axonal regeneration after sciatic 
nerve compression, and that EODF can exert neuroprotective effects 
in a mouse model of sciatic nerve injury by means of FMT (Serger 
et al., 2022). Finally, EODF was found to promote the production of 
indole-3-propionic acid and affect the metabolism of the organism 
by increasing the abundance of gut gram-positive Clostridiales 
bacteria, thus achieving the effects of promoting axonal regeneration 
and accelerating the recovery of sensory function (Serger et al., 2022). 
Interestingly, They found that both Clostridiales bacteria and indole-
3-propionic acid supplementation were able to exert similar 
therapeutic effects as those of EODF. Based on the above study, 
whether or not the gut microbiota after EODF intervention can 
protect AL-SCI rats is a very important and clinically translatable 
scientific question that deserves further study. In the future, the 
mediating role of gut microbiota can be verified by transplanting the 

FIGURE 10

Hypothetical model of the mechanism by which EODF-mediated gut microbiota remodeling exerted neuroprotective effects in SCI rats.
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healthy rat flora (EODF intervention) into AL-SCI rats by FMT. It is 
also necessary to conduct an in-depth investigation of the candidate 
bacteria that are closely related to neuroprotection after EODF 
intervention to verify whether they can exert similar effects to those 
of EODF. The findings of our study provide a further basis for treating 
SCI by targeting the gut microbiota.

5. Conclusion

In this study, we found that EODF could alter the abundance and 
diversity of the gut microbiota in SCI rats at different time points. 
Moreover, we revealed characteristic changes in the gut microbiota at 
various phylogenetic levels. Notably, EODF induced dynamic changes 
in the abundance of potentially anti-inflammatory and 
pro-inflammatory bacteria. In addition, spinal cord transcriptome 
sequencing analysis revealed that: (i) enrichments of DEGs at different 
time points after EODF intervention in SCI rats compared to that after 
AL intervention were associated with biological events, such as immune 
response, inflammatory response, cell differentiation, protein 
modification, apoptosis, and nerve cell differentiation; (ii) EODF was 
involved in regulating the levels of DEGs associated with 
neuroprotection after the onset of SCI, and this expression level was 
significantly different both spatially and temporally from that of the AL 
group; (iii) a significant correlation was observed between the relative 
abundance of certain genera and DEGs associated with neuroprotective 
effects in spinal cord tissues at different times points in the EODF-SCI 
group. Although further research is required to elucidate the mechanism 
underlying the neuroprotective effect of the EODF treatment in SCI 
rats, by combining the gut microbiota and transcriptome analyses 
results, we propose that gut microbiota may have been involved in 
mediating EODF to regulate the transcriptional levels of genes 
associated with neuroprotective effect in SCI rats, thereby exerting a 
neuroprotective effect. It should be noted that our study only analyzed 
the gut microbiota and tissue transcriptome levels. In future studies, a 
multiomics combination is needed to further explore the specific 
mechanisms of the neuroprotective effects of EODF in SCI treatment, 
such as through the combined application of proteomics, metabolomics, 
single-cell sequencing technology, and genetic engineering.

Data availability statement

The raw sequence data reported in this paper have been deposited 
in the Genome Sequence Archive (Genomics, Proteomics & 
Bioinformatics 2021) in National Genomics Data Center (Nucleic Acids 
Res 2022), China National Center for Bioinformation / Beijing Institute 
of Genomics, Chinese Academy of Sciences (GSA: CRA011825 and 
CRA011760) that are publicly accessible at https://ngdc.cncb.ac.cn/gsa.

Ethics statement

The animal study was reviewed and approved by the Western 
Theater General Hospital Animal Experimentation Ethics Committee 
(approval number: 2019ky79).

Author contributions

AZ, RP, and JW conceived and designed the study. JW, XZ, RZ, 
MW, WX, ML, and RT performed the experiments. RP, JW, XZ, 
RZ, and MW interpreted the results of experiments. JW, XZ, RZ, 
and MW analyzed the data. JW, RZ, MW, and ZY prepared the 
figures. JW, RZ, and MW wrote the manuscript. JW, XZ, RZ, MW, 
JZ, JL, LZ, JG, and HL conducted the literature research. All 
authors contributed to the article and approved the 
submitted version.

Funding

This work was supported by the General Program of the National 
Natural Science Foundation of China (81973927), the Key R&D 
Program of the Sichuan Department of Science and Technology 
(2021YFS0133), Sichuan Provincial Administration of Traditional 
Chinese Medicine Special Research Project on Traditional Chinese 
Medicine (2020LC0224), and the 2019 Annual Hospital Highland 
Medicine Research Project (2019ZY03). Projects on the science and 
technology situation in Tongliang District, Chongqing (2022005, 
TL2021-06).

Acknowledgments

We would like to thank Editage (www.editage.cn) for English 
language editing. We thank Chengdu Rhonin Biotechnology Co. for 
providing amplicon sequencing service of 16SrRNA; We thank 
Shanghai Ouyi Biomedical Technology Co. for providing 
transcriptome sequencing service.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as potential conflicts of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fmicb.2023.1206909/
full#supplementary-material

65

https://doi.org/10.3389/fmicb.2023.1206909
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://ngdc.cncb.ac.cn/gsa
https://www.editage.cn/
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1206909/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1206909/full#supplementary-material


Wang et al.� 10.3389/fmicb.2023.1206909

Frontiers in Microbiology 17 frontiersin.org

References
Aghamohammad, S., Sepehr, A., Miri, S. T., Najafi, S., Pourshafie, M. R., and 

Rohani, M. (2022). Anti-inflammatory and immunomodulatory effects of Lactobacillus 
spp. as a preservative and therapeutic agent for IBD control. Immun Inflamm Dis 
10:e635. doi: 10.1002/iid3.635

Ahuja, C. S., Wilson, J. R., Nori, S., Kotter, M. R. N., Druschel, C., Curt, A., et al. (2017). 
Traumatic spinal cord injury. Nat. Rev. Dis. Primers. 3:17018. doi: 10.1038/nrdp.2017.18

Ali, I., Liu, K., Long, D., and Faisal, S. (2021). Ramadan fasting leads to shifts in 
human gut microbiota structured by dietary composition. Front. Microbiol. 12:642999. 
doi: 10.3389/fmicb.2021.642999

Aliena-Valero, A., Rius-Pérez, S., Baixauli-Martín, J., Torregrosa, G., Chamorro, Á., 
Pérez, S., et al. (2021). Uric acid neuroprotection associated to IL-6/STAT3 signaling 
pathway activation in rat ischemic stroke. Mol. Neurobiol. 58, 408–423. doi: 10.1007/
s12035-020-02115-w

Alizadeh, A., Dyck, S. M., and Karimi-Abdolrezaee, S. (2019). Traumatic spinal cord 
injury: an overview of pathophysiology, models and acute injury mechanisms. Front. 
Neurol. 10:282. doi: 10.3389/fneur.2019.00282

Anjum, A., Yazid, M. D., Fauzi Daud, M., Idris, J., Ng, A. M. H., Selvi Naicker, A., 
et al. (2020). Spinal cord injury: pathophysiology, multimolecular interactions, and 
underlying recovery mechanisms. Int. J. Mol. Sci. 21:7533. doi: 10.3390/
ijms21207533

Anukam, K. C., Hayes, K., Summers, K., and Reid, G. (2009). Probiotic Lactobacillus 
rhamnosus GR-1 and Lactobacillus reuteri RC-14 may help downregulate TNF-alpha, 
IL-6, IL-8, IL-10 and IL-12 (p70) in the neurogenic bladder of spinal cord injured patient 
with urinary tract infections: a two-case study. Adv. Urol. 2009:680363, 1–5. doi: 
10.1155/2009/680363

Bedirli, N., Bagriacik, E. U., and Yilmaz, G. (2018). Sevoflurane exerts brain-protective 
effects against sepsis-associated encephalopathy and memory impairment through 
caspase 3/9 and Bax/Bcl signaling pathway in a rat model of sepsis. J. Int. Med. Res. 46, 
2828–2842. doi: 10.1177/0300060518773265IF

Calenda, G., Strong, T. D., Pavlovich, C. P., Schaeffer, E. M., Burnett, A. L., Yu, W., et al. 
(2012). Whole genome microarray of the major pelvic ganglion after cavernous nerve 
injury: new insights into molecular profile changes after nerve injury. BJU Int. 109, 
1552–1564. doi: 10.1111/j.1464-410X.2011.10705.x

Canudas, A. M., Jordà, E. G., Verdaguer, E., Jiménez, A., Sureda, F. X., Rimbau, V., 
et al. (2004). Cyclosporin a enhances colchicine-induced apoptosis in rat cerebellar 
granule neurons. Br. J. Pharmacol. 141, 661–669. doi: 10.1038/sj.bjp.0705664

Caporaso, J. G., Lauber, C. L., Walters, W. A., Berg-Lyons, D., Lozupone, C. A., 
Turnbaugh, P. J., et al. (2011). Global patterns of 16S rRNA diversity at a depth of 
millions of sequences per sample. Proc. Natl. Acad. Sci. U. S. A. 108, 4516–4522. doi: 
10.1073/pnas.1000080107

Castro-Mejía, J. L., O’Ferrall, S., Krych, Ł., O’Mahony, E., Namusoke, H., Lanyero, B., 
et al. (2020). Restitution of gut microbiota in Ugandan children administered with 
probiotics (Lactobacillus rhamnosus GG and Bifidobacterium animalis subsp. lactis 
BB-12) during treatment for severe acute malnutrition. Gut Microbes 11, 855–867. doi: 
10.1080/19490976.2020.1712982

Chamankhah, M., Eftekharpour, E., Karimi-Abdolrezaee, S., Boutros, P. C., 
San-Marina, S., and Fehlings, M. G. (2013). Genome-wide gene expression profiling of 
stress response in a spinal cord clip compression injury model. BMC Genomics 14:583. 
doi: 10.1186/1471-2164-14-583

Chen, Y., Zhang, J., Yang, Y., Xiang, K., Li, H., Sun, D., et al. (2022). Kynurenine-3-
monooxygenase (KMO): from its biological functions to therapeutic effect in diseases 
progression. J. Cell. Physiol. 237, 4339–4355. doi: 10.1002/jcp.30876

Cignarella, F., Cantoni, C., Ghezzi, L., Salter, A., Dorsett, Y., Chen, L., et al. (2018). 
Intermittent fasting confers protection in CNS autoimmunity by altering the gut 
microbiota. Cell Metab. 27, 1222–1235.e6. doi: 10.1016/j.cmet.2018.05.006

Cui, Y., Zhao, D., Sreevatsan, S., Liu, C., Yang, W., Song, Z., et al. (2016). Mycobacterium 
bovis induces endoplasmic reticulum stress mediated-apoptosis by activating IRF3 in a 
murine macrophage cell line. Front. Cell. Infect. Microbiol. 6:182. doi: 10.3389/
fcimb.2016.00182

Dai, S., Wei, J., Zhang, H., Luo, P., Yang, Y., Jiang, X., et al. (2022). Intermittent fasting 
reduces neuroinflammation in intracerebral hemorrhage through the Sirt3/Nrf2/HO-1 
pathway. J. Neuroinflammation 19:122. doi: 10.1186/s12974-022-02474-2

Dalpke, A. H., Schäfer, M. K. H., Frey, M., and Zimmermann, S. (2002). 
Immunostimulatory CpG-DNA activates murine microglia. J. Immunol. 168, 4854–4863. 
doi: 10.4049/jimmunol.168.10.4854

Daniel, S., Koniaris Leonidas, G., and Clark, W. (2023). Role of CD14  in human 
disease. Immunology 169, 260–270. doi: 10.1111/imm.13634

Davis, L. M., Pauly, J. R., Readnower, R. D., Rho, J. M., and Sullivan, P. G. (2008). 
Fasting is neuroprotective following traumatic brain injury. J. Neurosci. Res. 86, 
1812–1822. doi: 10.1002/jnr.21628

Deng, Y., Liu, W., and Wang, J. (2020). Intermittent fasting improves lipid metabolism 
through changes in gut microbiota in diet-induced obese mice. Med. Sci. Monit. 
26:e926789. doi: 10.12659/MSM.926789

Ding, L., Ning, J., Wang, Q., Lu, B., and Ke, H. (2021). Sevoflurane improves nerve 
regeneration and repair of neurological deficit in brain damage rats via 
microRNA-490-5p/CDK1 axis. Life Sci. 271:119111. doi: 10.1016/j.lfs.2021.119111

Edgar, R. C. (2013). Uparse: highly accurate OTU sequences from microbial amplicon 
reads. Nat. Methods 10, 996–998. doi: 10.1038/nmeth.2604

Ejtahed, H. S., Hasani-Ranjbar, S., and Larijani, B. (2017). Human microbiome as an 
approach to personalized medicine. Altern. Ther. Health Med. 23, 8–9.

García, A. P., Palou, M., Priego, T., Sánchez, J., Palou, A., and Picó, C. (2010). 
Moderate caloric restriction during gestation results in lower arcuate nucleus NPY- 
and alphaMSH-neurons and impairs hypothalamic response to fed/fasting conditions 
in weaned rats. Diabetes Obes. Metab. 12, 403–413. doi: 
10.1111/j.1463-1326.2009.01174.x

Goldstein, I., Baek, S., Presman, D. M., Paakinaho, V., Swinstead, E. E., and Hager, G. L. 
(2017). Transcription factor assisted loading and enhancer dynamics dictate the hepatic 
fasting response. Genome Res. 27, 427–439. doi: 10.1101/gr.212175.116

Goldstein, I., and Hager, G. L. (2015). Transcriptional and chromatin regulation 
during fasting - the genomic era. Trends Endocrinol. Metab. 26, 699–710. doi: 10.1016/j.
tem.2015.09.005

Goldstein, E. J., Tyrrell, K. L., and Citron, D. M. (2015). Lactobacillus species: 
taxonomic complexity and controversial susceptibilities. Clin.Infect.Dis. 60, S98–S107. 
doi: 10.1093/cid/civ072

Gomez, A., Luckey, D., Yeoman, C. J., Marietta, E. V., Berg Miller, M. E., Murray, J. A., 
et al. (2012). Loss of sex and age driven differences in the gut microbiome characterize 
arthritis-susceptible 0401 mice but not arthritis-resistant 0402 mice. PLoS One 7:e36095. 
doi: 10.1371/journal.pone.0036095

Gungor, B., Adiguzel, E., Gursel, I., Yilmaz, B., and Gursel, M. (2016). Intestinal 
microbiota in patients with spinal cord injury. PLoS One 11:e0145878. doi: 10.1371/
journal.pone.0145878

Guo, Y., Luo, S., Ye, Y., Yin, S., Fan, J., and Xia, M. (2021). Intermittent fasting 
improves cardiometabolic risk factors and alters gut microbiota in patients with 
metabolic syndrome patients. J. Clin. Endocrinol. Metab. 106, 64–79. doi: 10.1210/
clinem/dgaa644

Hatting, M., Rines, A. K., Luo, C., Tabata, M., Sharabi, K., Hall, J. A., et al. (2017). 
Adipose tissue CLK2 promotes energy expenditure during high-fat diet intermittent 
fasting. Cell Metab. 25, 428–437. doi: 10.1016/j.cmet.2016.12.007

Hellenbrand, D. J., Quinn, C. M., Piper, Z. J., Morehouse, C. N., Fixel, J. A., and 
Hanna, A. S. (2021). Inflammation after spinal cord injury: a review of the critical 
timeline of signaling cues and cellular infiltration. J. Neuroinflammation 18:284. doi: 
10.1186/s12974-021-02337-2

Hernandez, M. G., Shen, L., and Rock, K. L. (2007). CD40-CD40 ligand interaction 
between dendritic cells and CD8+ T cells is needed to stimulate maximal T cell 
responses in the absence of CD4+ T cell help. J. Immunol. 178, 2844–2852. doi: 10.4049/
jimmunol.178.5.2844

Hou, J. Y., Cao, G. Z., Tian, L. L., Zhou, R., Zhang, Y., Xu, H., et al. (2022). Integrated 
transcriptomics and metabolomics analysis reveals that C3 and C5 are vital targets of 
DuZhi wan in protecting against cerebral ischemic injury. Biomed. Pharmacother. 
155:113703. doi: 10.1016/j.biopha.2022.113703

Huang, L., Tang, H., Sherchan, P., Lenahan, C., Boling, W., Tang, J., et al. (2020). The 
activation of phosphatidylser-ine/CD36/TGF-β1 pathway prior to surgical brain injury 
attenuates neuroinflammation in rats. Oxidative Med. Cell. Longev. 2020:4921562. doi: 
10.1155/2020/4921562

Iqbal, S., Howard, S., and Lograsso, P. V. (2015). Serum- and glucocorticoid-inducible 
kinase 1 confers protection in cell-based and inIn VivoNeurotoxin models via the c-Jun 
N-terminal kinase signaling pathway. Mol. Cell. Biol. 35, 1992–2006. doi: 10.1128/
MCB.01510-14

Itano, A., Maslin, D., Ramani, K., Mehraei, G., Carpenter, N., Cormack, T., et al. 
(2023). Clinical translation of anti-inflammatory effects of Prevotella histicola in Th1, 
Th2, and Th17 inflammation. Front Med (Lausanne). 10:1070433. doi: 10.3389/
fmed.2023.1070433

Jeong, M. A., Plunet, W., Streijger, F., Lee, J. H. T., Plemel, J. R., Park, S., et al. (2011). 
Intermittent fasting improves functional recovery after rat thoracic contusion spinal 
cord injury. J. Neurotrauma 28, 479–492. doi: 10.1089/neu.2010.1609

Jing, Y., Bai, F., Wang, L., Yang, D., Yan, Y., Wang, Q., et al. (2022). Fecal microbiota 
transplantation exerts neuroprotective effects in a mouse spinal cord injury model by 
modulating the microenvironment at the lesion site. Microbiol. Spectr 10:e0017722. doi: 
10.1128/spectrum.00177-22

Jing, Y., Yu, Y., Bai, F., Wang, L., Yang, D., Zhang, C., et al. (2021). Effect of fecal 
microbiota transplantation on neurological restoration in a spinal cord injury mouse 
model: involvement of brain-gut axis. Microbiome 9:59. doi: 10.1186/s40168-021-01007-y

Kaltschmidt, B., Helweg, L. P., Greiner, J. F. W., and Kaltschmidt, C. (2022). NF-κB in 
neurodegenerative diseases: recent evidence from human genetics. Front. Mol. Neurosci. 
15:954541. doi: 10.3389/fnmol.2022.954541

66

https://doi.org/10.3389/fmicb.2023.1206909
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1002/iid3.635
https://doi.org/10.1038/nrdp.2017.18
https://doi.org/10.3389/fmicb.2021.642999
https://doi.org/10.1007/s12035-020-02115-w
https://doi.org/10.1007/s12035-020-02115-w
https://doi.org/10.3389/fneur.2019.00282
https://doi.org/10.3390/ijms21207533
https://doi.org/10.3390/ijms21207533
https://doi.org/10.1155/2009/680363
https://doi.org/10.1177/0300060518773265IF
https://doi.org/10.1111/j.1464-410X.2011.10705.x
https://doi.org/10.1038/sj.bjp.0705664
https://doi.org/10.1073/pnas.1000080107
https://doi.org/10.1080/19490976.2020.1712982
https://doi.org/10.1186/1471-2164-14-583
https://doi.org/10.1002/jcp.30876
https://doi.org/10.1016/j.cmet.2018.05.006
https://doi.org/10.3389/fcimb.2016.00182
https://doi.org/10.3389/fcimb.2016.00182
https://doi.org/10.1186/s12974-022-02474-2
https://doi.org/10.4049/jimmunol.168.10.4854
https://doi.org/10.1111/imm.13634
https://doi.org/10.1002/jnr.21628
https://doi.org/10.12659/MSM.926789
https://doi.org/10.1016/j.lfs.2021.119111
https://doi.org/10.1038/nmeth.2604
https://doi.org/10.1111/j.1463-1326.2009.01174.x
https://doi.org/10.1101/gr.212175.116
https://doi.org/10.1016/j.tem.2015.09.005
https://doi.org/10.1016/j.tem.2015.09.005
https://doi.org/10.1093/cid/civ072
https://doi.org/10.1371/journal.pone.0036095
https://doi.org/10.1371/journal.pone.0145878
https://doi.org/10.1371/journal.pone.0145878
https://doi.org/10.1210/clinem/dgaa644
https://doi.org/10.1210/clinem/dgaa644
https://doi.org/10.1016/j.cmet.2016.12.007
https://doi.org/10.1186/s12974-021-02337-2
https://doi.org/10.4049/jimmunol.178.5.2844
https://doi.org/10.4049/jimmunol.178.5.2844
https://doi.org/10.1016/j.biopha.2022.113703
https://doi.org/10.1155/2020/4921562
https://doi.org/10.1128/MCB.01510-14
https://doi.org/10.1128/MCB.01510-14
https://doi.org/10.3389/fmed.2023.1070433
https://doi.org/10.3389/fmed.2023.1070433
https://doi.org/10.1089/neu.2010.1609
https://doi.org/10.1128/spectrum.00177-22
https://doi.org/10.1186/s40168-021-01007-y
https://doi.org/10.3389/fnmol.2022.954541


Wang et al.� 10.3389/fmicb.2023.1206909

Frontiers in Microbiology 18 frontiersin.org

Kanno, M., Suzuki, S., Fujiwara, T., Yokoyama, A., Sakamoto, A., Takahashi, H., et al. 
(2005). Functional expression of CCL6 by rat microglia: a possible role of CCL6 in cell-
cell communication. J. Neuroimmunol. 167, 72–80. doi: 10.1016/j.jneuroim.2005.06.028

Kigerl, K. A., Hall, J. C. E., Wang, L., Mo, X., Yu, Z., and Popovich, P. G. (2016). Gut 
dysbiosis impairs recovery after spinal cord injury. J. Exp. Med. 213, 2603–2620. doi: 
10.1084/jem.20151345

Kim, D., Langmead, B., and Salzberg, S. L. (2015). HISAT: a fast spliced aligner with 
low memory requirements. Nat. Methods 12, 357–360. doi: 10.1038/nmeth.3317

Kisucká, A., Bimbová, K., Bačová, M., Gálik, J., and Lukáčová, N. (2021). Activation 
of neuroprotective microglia and astrocytes at the lesion site and in the adjacent 
segments is crucial for spontaneous locomotor recovery after spinal cord injury. Cells 
10:1943. doi: 10.3390/cells10081943

Kofke, W. A., Ren, Y., Augoustides, J. G., Li, H., Nathanson, K., Siman, R., et al. (2018). 
Reframing the biological basis of neuroprotection using functional genomics: 
differentially weighted, time-dependent multifactor pathogenesis of human ischemic 
brain damage. Front. Neurol. 9:497. doi: 10.3389/fneur.2018.00497

Komori, R., Matsuo, T., Yokota-Nakatsuma, A., Hashimoto, R., Kubo, S., Kozawa, C., 
et al. (2022). Regulation of inflammation-related genes through Fosl1 suppression in a 
levetiracetam-treated pilocarpine-induced status epilepticus mouse model. Int. J. Mol. 
Sci. 23:7608. doi: 10.3390/ijms23147608

Krumbholz, M., Theil, D., Cepok, S., Hemmer, B., Kivisäkk, P., Ransohoff, R. M., et al. 
(2006). Chemokines in multiple sclerosis: CXCL12 and CXCL13 up-regulation is 
differentially linked to CNS immune cell recruitment. Brain 129, 200–211. doi: 10.1093/
brain/awh680

Laginha, I., Kopp, M. A., Druschel, C., Schaser, K. D., Brommer, B., Hellmann, R. C., 
et al. (2016). Natural killer (NK) cell functionality after human spinal cord injury (SCI): 
protocol of a prospective, longitudinal study. BMC Neurol. 16:170. doi: 10.1186/
s12883-016-0681-5

Li, Q. Q., Ding, D. H., Wang, X. Y., Sun, Y. Y., and Wu, J. (2021). Lipoxin A4 regulates 
microglial M1/M2 polarization after cerebral ischemiareperfusion injury via the notch 
signaling pathway. Exp. Neurol. 339:113645. doi: 10.1016/j.expneurol.2021.113645

Li, S., and Jakobs, T. C. (2022). Secreted phosphoprotein 1 slows neurodegeneration 
and rescues visual function in mouse models of aging and glaucoma. Cell Rep. 41:111880. 
doi: 10.1016/j.celrep.2022.111880

Li, J. J., Liu, H., Zhu, Y., Yan, L., Liu, R., Wang, G., et al. (2022). Animal models for 
treating spinal cord injury using bio-materials-based tissue engineering strategies. Tissue 
Eng. Part B Rev. 28, 79–100. doi: 10.1089/ten.TEB.2020.0267

Li, J., Lv, H., and Che, Y. (2020). microRNA-381-3p confers protection against 
ischemic stroke through promoting angiogenesis and inhibiting inflammation by 
suppressing CEBPB and Map3k8. Cell. Mol. Neurobiol. 40, 1307–1319. doi: 10.1007/
s10571-020-00815-4

Li, M., Sun, X., Zhao, J., Xia, L., Li, J., Xu, M., et al. (2020). CCL5 deficiency promotes 
liver repair by improving inflammation resolution and liver regeneration through M2 
macrophage polarization. Cell. Mol. Immunol. 17, 753–764. doi: 10.1038/
s41423-019-0279-0

Li, G., Xie, C., Lu, S., Nichols, R. G., Tian, Y., Li, L., et al. (2017). Intermittent fasting 
promotes white adipose browning and decreases obesity by shaping the gut microbiota. 
Cell Metab. 26:801. doi: 10.1016/j.cmet.2017.10.007

Li, M., Yang, X., Sun, N., Tang, R., Wang, W., Huang, X., et al. (2022). Dietary 
restriction may attenuate the expression of cell death-related proteins in rats with 
acute spinal cord injury. World Neurosurg. 162, e475–e483. doi: 10.1016/j.
wneu.2022.03.035

Lindberg, A. A., Weintraub, A., Zähringer, U., and Rietschel, E. T. (1990). Structure–
activity relationships in lipopolysaccharides of Bacteroides fragilis. Rev. Infect. Dis. 12, 
S133–S141. doi: 10.1093/clinids/12.Supplement_2.S133

Liu, Z., Dai, X., Zhang, H., Shi, R., Hui, Y., Jin, X., et al. (2020). Gut microbiota 
mediates intermittent-fasting alleviation of diabetes-induced cognitive impairment. Nat. 
Commun. 11:855. doi: 10.1038/s41467-020-14676-4

Liu, B., Page, A. J., Hatzinikolas, G., Chen, M., Wittert, G. A., and Heilbronn, L. K. 
(2019). Intermittent fasting improves glucose tolerance and promotes adipose tissue 
remodeling in male mice fed a high-fat diet. Endocrinol 160, 169–180. doi: 10.1210/
en.2018-00701

Liu, C., Yao, M., Stegen, J. C., Rui, J., Li, J., and Li, X. (2017). Long-term nitrogen 
addition affects the phylogenetic turnover of soil microbial community in response to 
moisture pulse. Sci. Rep. 7:17492. doi: 10.1038/s41598-017-17736-w

Liu, J., Ye, T., Zhang, Y., Zhang, R., Kong, Y., Zhang, Y., et al. (2021a). Protective effect 
of Ginkgolide B against cognitive impairment in mice via regulation of gut microbiota. 
J. Agric. Food Chem. 69, 12230–12240. doi: 10.1021/acs.jafc.1c05038

Liu, J., Zhong, Y., Luo, X. M., Ma, Y., Liu, J., and Wang, H. (2021b). Intermittent fasting 
reshapes the gut microbiota and metabolome and reduces weight gain more effectively 
than melatonin in mice. Front. Nutr. 8:784681. doi: 10.3389/fnut.2021.784681

Love, M. I., Huber, W., and Anders, S. (2014). Moderated estimation of fold change 
and dispersion for RNA-seq data with DESeq2. Genome Biol. 15:550. doi: 10.1186/
s13059-014-0550-8

Ma, Y., Liu, T., Fu, J., Fu, S., Hu, C., Sun, B., et al. (2019). Lactobacillus acidophilus 
exerts neuroprotective effects in mice with traumatic brain injury. J. Nutr. 149, 
1543–1552. doi: 10.1093/jn/nxz105

Maifeld, A., Bartolomaeus, H., Löber, U., Avery, E. G., Steckhan, N., Markó, L., et al. 
(2021). Fasting alters the gut microbiome and reduces blood pressure and body weight 
in patients with metabolic syndromes. Nat. Commun. 12:1970. doi: 10.1038/
s41467-021-22097-0

Mangalam, A., Shahi, S. K., Luckey, D., Karau, M., Marietta, E., Luo, N., et al. (2017). 
Human gut-derived commensal Bacteria suppress CNS inflammatory and demyelinating 
disease. Cell Rep. 20, 1269–1277. doi: 10.1016/j.celrep.2017.07.031

Manzanero, S., Erion, J. R., Santro, T., Steyn, F. J., Chen, C., Arumugam, T. V., et al. 
(2014). Intermittent fasting attenuates increases in neurogenesis after ischemia and 
reperfusion and improves recovery. J. Cereb. Blood Flow Metab. 34, 897–905. doi: 
10.1038/jcbfm.2014.36

Marie, J. C., Astier, A. L., Rivailler, P., Rabourdin-Combe, C., Wild, T. F., and Horvat, B. 
(2002). Linking innate and acquired immunity: divergent role of CD46 cytoplasmic 
domains in T cell-induced inflammation. Nat. Immunol. 3, 659–666. doi: 10.1038/ni810

Marietta, E. V., Murray, J. A., Luckey, D. H., Jeraldo, P. R., Lamba, A., Patel, R., et al. 
(2016). Suppression of inflammatory arthritis by human gut-derived Prevotella 
histicola in humanized mice. Arthritis Rheumatol. 68, 2878–2888. doi: 10.1002/
art.39785

Mérian, J., Ghezali, L., Trenteseaux, C., Duparc, T., Beuzelin, D., Bouguetoch, V., et al. 
(2023). Intermittent fasting resolves dyslipidemia and atherogenesis in apolipoprotein 
E-deficient mice in a diet-dependent manner, irrespective of sex. Cells 12:533. doi: 
10.3390/cells12040533

Munyaka, P. M., Rabbi, M. F., Khafipour, E., and Ghia, J. E. (2016). Acute dextran 
sulfate sodium (DSS)-induced colitis promotes gut microbial dysbiosis in mice. J. Basic 
Microbiol. 56, 986–998. doi: 10.1002/jobm.201500726

Pang, R., Wang, J., Xiong, Y., Liu, J., Ma, X., Gou, X., et al. (2022). Relationship 
between gut microbiota and lymphocyte subsets in Chinese Han patients with spinal 
cord injury. Front. Microbiol. 13:986480. doi: 10.3389/fmicb.2022.986480

Pinchi, E., Frati, A., Cantatore, S., D'Errico, S., Russa, R., Maiese, A., et al. (2019). 
Acute spinal cord injury: a systematic review investigating mirna families involved. Int. 
J. Mol. Sci. 20:1841. doi: 10.3390/ijms20081841

Plunet, W. T., Lam, C. K., Lee, J. H., Liu, J., and Tetzlaff, W. (2010). Prophylactic dietary 
restriction may promote functional recovery and increase lifespan after spinal cord 
injury. Ann. N. Y. Acad. Sci. 1198, E1–E11. doi: 10.1111/j.1749-6632.2010.05564.x

Plunet, W. T., Streijger, F., Lam, C. K., Lee, J. H. T., Liu, J., and Tetzlaff, W. (2008). 
Dietary restriction started after spinal cord injury improves functional recovery. Exp. 
Neurol. 213, 28–35. doi: 10.1016/j.expneurol.2008.04.011

Prisco, S. Z., Eklund, M., Moutsoglou, D. M., Prisco, A. R., Khoruts, A., Weir, E. K., 
et al. (2021). Intermittent fasting enhances right ventricular function in preclinical 
pulmonary arterial hypertension. J. Am. Heart Assoc. 10:e022722. doi: 10.1161/
JAHA.121.022722

Rinninella, E., Raoul, P., Cintoni, M., Franceschi, F., Miggiano, G., Gasbarrini, A., et al. 
(2019). What is the composition of healthy gut microbiota composition? A changing 
ecosystem across age, environment, diet, and diseases. Microorganisms 7:14. doi: 
10.3390/microorganisms7010014

Roberts, A., Trapnell, C., Donaghey, J., Rinn, J. L., and Pachter, L. (2011). Improving 
RNA-Seq expression estimates by correcting for fragment bias. Genome Biol. 12:R22. 
doi: 10.1186/gb-2011-12-3-r22

Ryan, F. J., Ahern, A. M., Fitzgerald, R. S., Laserna-Mendieta, E. J., Power, E. M., 
Clooney, A. G., et al. (2020). Colonic microbiota is associated with inflammation and 
host epigenomic alterations in inflammatory bowel disease. Nat. Commun. 11:1512. doi: 
10.1038/s41467-020-15342-5

Schmidt, E. K. A., Torres-Espin, A., and Raposo, P. J. F. (2020). Fecal transplant 
prevents gut dysbiosis and anxiety-like behaviour after spinal cord injury in rats. PLoS 
One 15:e0226128. doi: 10.1371/journal.pone.0226128

Serger, E., Luengo-Gutierrez, L., and Chadwick, J. S. (2022). The gut metabolite 
indole-3 propionate promotes nerve regeneration and repair. Nature 607, 585–592. doi: 
10.1038/s41586-022-04884-x

Shahi, S. K. (2019). Prevotella histicola, a human gut commensal, is as potent as 
COPAXONE® in an animal model of multiple sclerosis. Front. Immunol. 10:462. doi: 
10.3389/fimmu.2019.00462

Shen, L., Chen, D. Y., and Lou, Q. Q. (2022). Angiotensin type 2 receptor 
pharmacological agonist relieves neurocognitive deficits via reducing neuroinflammation 
and microglial engulfment of dendritic spines. J. Neuroimmune Pharmacol., 1–17. doi: 
10.1007/s11481-022-10054-7

Shi, Y., Chen, X., and Liu, J. (2021). Isoquercetin improves inflammatory response in 
rats following ischemic stroke. Front. Neurosci. 15:555543. doi: 10.3389/
fnins.2021.555543

Shi, H., Zhang, B., and Abo-Hamzy, T. (2021). Restructuring the gut microbiota by 
intermittent fasting lowers blood pressure. Circ. Res. 128, 1240–1254. doi: 10.1161/
CIRCRESAHA.120.318155

Shi, L. L., Zhang, N., and Xie, X. M. (2017). Transcriptome profile of rat genes in 
injured spinal cord at different stages by RNA-sequencing. BMC Genomics 18:173. doi: 
10.1186/s12864-017-3532-x

Shruti, S., Sandeep, K., and Niraj, K. J. (2022). Interplay of gut microbiota and 
oxidative stress: perspective on neurodegeneration and neuroprotection. J. Adv. Res. 38, 
223–244. doi: 10.1016/j.jare.2021.09.005

67

https://doi.org/10.3389/fmicb.2023.1206909
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/j.jneuroim.2005.06.028
https://doi.org/10.1084/jem.20151345
https://doi.org/10.1038/nmeth.3317
https://doi.org/10.3390/cells10081943
https://doi.org/10.3389/fneur.2018.00497
https://doi.org/10.3390/ijms23147608
https://doi.org/10.1093/brain/awh680
https://doi.org/10.1093/brain/awh680
https://doi.org/10.1186/s12883-016-0681-5
https://doi.org/10.1186/s12883-016-0681-5
https://doi.org/10.1016/j.expneurol.2021.113645
https://doi.org/10.1016/j.celrep.2022.111880
https://doi.org/10.1089/ten.TEB.2020.0267
https://doi.org/10.1007/s10571-020-00815-4
https://doi.org/10.1007/s10571-020-00815-4
https://doi.org/10.1038/s41423-019-0279-0
https://doi.org/10.1038/s41423-019-0279-0
https://doi.org/10.1016/j.cmet.2017.10.007
https://doi.org/10.1016/j.wneu.2022.03.035
https://doi.org/10.1016/j.wneu.2022.03.035
https://doi.org/10.1093/clinids/12.Supplement_2.S133
https://doi.org/10.1038/s41467-020-14676-4
https://doi.org/10.1210/en.2018-00701
https://doi.org/10.1210/en.2018-00701
https://doi.org/10.1038/s41598-017-17736-w
https://doi.org/10.1021/acs.jafc.1c05038
https://doi.org/10.3389/fnut.2021.784681
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1093/jn/nxz105
https://doi.org/10.1038/s41467-021-22097-0
https://doi.org/10.1038/s41467-021-22097-0
https://doi.org/10.1016/j.celrep.2017.07.031
https://doi.org/10.1038/jcbfm.2014.36
https://doi.org/10.1038/ni810
https://doi.org/10.1002/art.39785
https://doi.org/10.1002/art.39785
https://doi.org/10.3390/cells12040533
https://doi.org/10.1002/jobm.201500726
https://doi.org/10.3389/fmicb.2022.986480
https://doi.org/10.3390/ijms20081841
https://doi.org/10.1111/j.1749-6632.2010.05564.x
https://doi.org/10.1016/j.expneurol.2008.04.011
https://doi.org/10.1161/JAHA.121.022722
https://doi.org/10.1161/JAHA.121.022722
https://doi.org/10.3390/microorganisms7010014
https://doi.org/10.1186/gb-2011-12-3-r22
https://doi.org/10.1038/s41467-020-15342-5
https://doi.org/10.1371/journal.pone.0226128
https://doi.org/10.1038/s41586-022-04884-x
https://doi.org/10.3389/fimmu.2019.00462
https://doi.org/10.1007/s11481-022-10054-7
https://doi.org/10.3389/fnins.2021.555543
https://doi.org/10.3389/fnins.2021.555543
https://doi.org/10.1161/CIRCRESAHA.120.318155
https://doi.org/10.1161/CIRCRESAHA.120.318155
https://doi.org/10.1186/s12864-017-3532-x
https://doi.org/10.1016/j.jare.2021.09.005


Wang et al.� 10.3389/fmicb.2023.1206909

Frontiers in Microbiology 19 frontiersin.org

Solch, R. J., Aigbogun, J. O., and Voyiadjis, A. G. (2022). Mediterranean diet 
adherence, gut microbiota, and Alzheimer’s or Parkinson’s disease risk: a systematic 
review. J. Neurol. Sci. 434:120166. doi: 10.1016/j.jns.2022.120166

Solis, M., Goubau, D., and Romieu-Mourez, R. (2006). Distinct functions of IRF-3 and 
IRF-7  in IFN-alpha gene regulation and control of antitumor activity in primary 
macrophages. Biochem. Pharmacol. 72, 1469–1476. doi: 10.1016/j.bcp.2006.06.002

Stojanov, S., Berlec, A., and Štrukelj, B. (2020). The influence of probiotics on the 
Firmicutes/Bacteroidetes ratio in the treatment of obesity and inflammatory bowel 
disease. Microorganisms 8:1715. doi: 10.3390/microorganisms8111715

Streijger, F., Lee, J. H., and Duncan, G. J. (2014). Combinatorial treatment of acute 
spinal cord injury with ghrelin, ibuprofen, C16, and ketogenic diet does not result in 
improved histologic or functional outcome. J. Neurosci. Res. 92, 870–883. doi: 10.1002/
jnr.23372

Su, J., Li, F., Wang, Y., Su, Y., Verhaar, A., Ma, Z., et al. (2022). Investigating Ramadan 
like fasting effects on the gut microbiome of BALB/c mice. Front. Nutr. 9:832757. doi: 
10.3389/fnut.2022.832757

Su, J., Wang, Y., and Zhang, X. (2021). Xiaofang Zhang remodeling of the gut 
microbiome during Ramadan-associated intermittent fasting. Am. J. Clin. Nutr. 113, 
1332–1342. doi: 10.1093/ajcn/nqaa388

Sun, N. Y., Xiong, X. J., and Yu, H. (2018). Every-other-day fasting improved motor 
functional recovery in rats with clip-compression injury of the spinal cord. Chin J Tissue 
Eng Res 22, 564–569. doi: 10.3969/j.issn.2095-4344.0091

Truax, A. D., Chen, L., and Tam, J. W. (2018). The inhibitory innate immune sensor 
NLRP12 maintains a threshold against obesity by regulating gut microbiota homeostasis. 
Cell Host Microbe 24, 364–378.e6. doi: 10.1016/j.chom.2018.08.009

Tukhovskaya, E. A., Yukin, A. Y., and Khokhlova, O. N. (2010). COG1410, a novel 
apolipoprotein-E mimetic, improves functional and morphological recovery in a rat 
model of focal brain ischemia. J. Neurosci. Res. 87, 677–682. doi: 10.1002/jnr.21874

Usategui-Martín, R., Puertas-Neyra, K., and Galindo-Cabello, N. (2022). Retinal 
neuroprotective effect of mesenchymal stem cells secretome through modulation of 
oxidative stress, autophagy, and programmed cell death. Invest. Ophthalmol. Vis. Sci. 
63:27. doi: 10.1167/iovs.63.4.27

Varady, K. A., and Hellerstein, M. K. (2007). Alternate-day fasting and chronic disease 
prevention: a review of human and animal trials. Am. J. Clin. Nutr. 86, 7–13. doi: 
10.1093/ajcn/86.1.7

Vendelbo, M. H., Christensen, B., and Grønbæk, S. B. (2015). GH signaling in human 
adipose and muscle tissue during 'feast and famine': amplification of exercise stimulation 
following fasting compared to glucose administration. Eur. J. Endocrinol. 173, 283–290. 
doi: 10.1530/EJE-14-1157

Wang, Z., He, Y., and Cun, Y. (2022). Identification of potential key genes for immune 
infiltration in childhood asthma by data mining and biological validation. Front. Genet. 
13:957030. doi: 10.3389/fgene.2022.957030

Wang, X., Shao, Z., and Zetoune, F. S. (2003). NRADD, a novel membrane protein 
with a death domain involved in mediating apoptosis in response to ER stress. Cell Death 
Differ. 10, 580–591. doi: 10.1038/sj.cdd.4401208

Wong, S., Jamous, A., and O’Driscoll, J. (2014). A Lactobacillus casei Shirota 
probiotic drink reduces antibiotic-associated diarrhoea in patients with spinal cord 
injuries: a randomised controlled trial. Br. J. Nutr. 111, 672–678. doi: 10.1017/
S0007114513002973

Wu, L. H., Lin, C., and Lin, H. Y. (2016). Naringenin suppresses neuroinflammatory 
responses through inducing suppressor of cytokine signaling 3 expression. Mol. 
Neurobiol. 53, 1080–1091. doi: 10.1007/s12035-014-9042-9

Yamamoto, T., Tamaki, K., Shirakawa, K., Ito, K., Yan, X., Katsumata, Y., et al. (2016). 
Cardiac Sirt1 mediates the cardioprotective effect of caloric restriction by suppressing 
local complement system activation after ischemia-reperfusion. Am. J. Physiol. Heart 
Circ. Physiol. 310, H1003–H1014. doi: 10.1152/ajpheart.00676.2015

Yan, J., Zuo, G., Sherchan, P., Huang, L., Ocak, U., Xu, W., et al. (2020). CCR1 
activation promotes neuroinflammation through CCR1/TPR1/ERK1/2 signaling 
pathway after intracerebral hemorrhage in mice. Neurotherapeutics 17, 1170–1183. doi: 
10.1007/s13311-019-00821-5

Yeung, R. K., Xiang, Z. H., and Tsang, S. Y. (2018). Gabrb2-knockout mice displayed 
schizophrenia-like and comorbid phenotypes with interneuron-astrocyte-microglia 
dysregulation. Transl. Psychiatry 8:128. doi: 10.1038/s41398-018-0176-9

Zhang, Y., Yang, S., and Liu, C. (2021). Deciphering glial scar after spinal cord injury. 
Burns. Trauma 9:tkab035. doi: 10.1093/burnst/tkab035

Zhang, C., Zhang, M., and Wang, S. (2010). Interactions between the gut microbiota, 
host genetics and diet relevant to development of metabolic syndromes in mice. ISME 
J. 4, 232–241. doi: 10.1038/ismej.2009.112

Zhang, C., Zhang, W., and Zhang, J. (2018). Gut microbiota dysbiosis in male patients 
with chronic traumatic complete spinal cord injury. J. Transl. Med. 16:353. doi: 10.1186/
s12967-018-1735-9

Zheng, J., Liu, J., and Jiang, Y. (2021). Safety of every-other-day fasting in the treatment 
of spinal cord injury: a randomized controlled trial. Am. J. Phys. Med. Rehabil. 100, 
1184–1189. doi: 10.1097/PHM.0000000000001727

Zhu, C. S., Grandhi, R., and Patterson, T. T. (2018). A review of traumatic brain 
injury and the gut microbiome: insights into novel mechanisms of secondary brain 
injury and promising targets for neuroprotection. Brain Sci. 8:8. doi: 10.3390/
brainsci8060113

68

https://doi.org/10.3389/fmicb.2023.1206909
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1016/j.jns.2022.120166
https://doi.org/10.1016/j.bcp.2006.06.002
https://doi.org/10.3390/microorganisms8111715
https://doi.org/10.1002/jnr.23372
https://doi.org/10.1002/jnr.23372
https://doi.org/10.3389/fnut.2022.832757
https://doi.org/10.1093/ajcn/nqaa388
https://doi.org/10.3969/j.issn.2095-4344.0091
https://doi.org/10.1016/j.chom.2018.08.009
https://doi.org/10.1002/jnr.21874
https://doi.org/10.1167/iovs.63.4.27
https://doi.org/10.1093/ajcn/86.1.7
https://doi.org/10.1530/EJE-14-1157
https://doi.org/10.3389/fgene.2022.957030
https://doi.org/10.1038/sj.cdd.4401208
https://doi.org/10.1017/S0007114513002973
https://doi.org/10.1017/S0007114513002973
https://doi.org/10.1007/s12035-014-9042-9
https://doi.org/10.1152/ajpheart.00676.2015
https://doi.org/10.1007/s13311-019-00821-5
https://doi.org/10.1038/s41398-018-0176-9
https://doi.org/10.1093/burnst/tkab035
https://doi.org/10.1038/ismej.2009.112
https://doi.org/10.1186/s12967-018-1735-9
https://doi.org/10.1186/s12967-018-1735-9
https://doi.org/10.1097/PHM.0000000000001727
https://doi.org/10.3390/brainsci8060113
https://doi.org/10.3390/brainsci8060113


TYPE Original Research

PUBLISHED 07 August 2023

DOI 10.3389/fmicb.2023.1224666

OPEN ACCESS

EDITED BY

Hesong Wang,

Southern Medical University, China

REVIEWED BY

Xiaodan Hui,

University of Louisville, United States

Wenjiang Dong,

Chinese Academy of Tropical Agricultural

Sciences, China

Debao Niu,

Guangxi University, China

*CORRESPONDENCE

Gan-Lin Chen

ganlin-chen@163.com;

ganlin-chen@gxaas.net

†These authors have contributed equally to this

work

RECEIVED 18 May 2023

ACCEPTED 17 July 2023

PUBLISHED 07 August 2023

CITATION

Zheng F-J, Lin B, Yang Y-X, Fang X-C, Verma KK

and Chen G-L (2023) E�cacy and functionality

of sugarcane original vinegar on mice.

Front. Microbiol. 14:1224666.

doi: 10.3389/fmicb.2023.1224666

COPYRIGHT

© 2023 Zheng, Lin, Yang, Fang, Verma and

Chen. This is an open-access article distributed

under the terms of the Creative Commons

Attribution License (CC BY). The use,

distribution or reproduction in other forums is

permitted, provided the original author(s) and

the copyright owner(s) are credited and that

the original publication in this journal is cited, in

accordance with accepted academic practice.

No use, distribution or reproduction is

permitted which does not comply with these

terms.

E�cacy and functionality of
sugarcane original vinegar on
mice

Feng-Jin Zheng1,2†, Bo Lin1,2†, Yu-Xia Yang1,2, Xiao-Chun Fang1,2,

Krishan K. Verma3 and Gan-Lin Chen1,2,4*

1Institute of Agro-Products Processing Science and Technology, Guangxi Academy of Agricultural

Sciences, Nanning, Guangxi, China, 2Guangxi Key Laboratory of Fruits and Vegetables

Storage-Processing Technology, Nanning, China, 3Key Laboratory of Sugarcane Biotechnology and

Genetic Improvement (Guangxi), Ministry of Agriculture and Rural A�airs, Guangxi Key Laboratory of

Sugarcane Genetic Improvement, Sugarcane Research Institute, Guangxi Academy of Agricultural

Sciences, Nanning, Guangxi, China, 4School of Chemistry and Chemical Engineering, Guangxi Minzu

University, Nanning, Guangxi, China

Introduction: Due to their bioactive compounds and beneficial health e�ects,

functional foods and plant-based natural medicines are widely consumed. Due

to its bioactivities, vinegar is one of them that helps humans. Sugarcane original

vinegar (SOV) is a special vinegar made from sugarcane as a raw material through

biological fermentation processes.

Methods: The objective of this study was to assess the e�ects of sugarcane

original vinegar on growth performance, immune response, acute oral toxicity,

bacterial reverse mutation, mammalian erythrocyte micronucleus, mouse

spermatogonial chromosome aberration, mammalian bone marrow cell

chromosome aberration changes, and serum characteristics in mice. Distortion

parameters were used to assess its safety, and at the same time, the functionality

of SOV was monitored during experimentation.

Results: The results show that the SOV has no damage or inhibitory e�ect on the

bone marrow red blood cells of mice and no mutagenic or distortion-inducing

e�ects on the bone marrow cell chromosomes or spermatogonia chromosomes,

so it is safe to eat. SOV can improve blood lipids and reduce blood lipid content.

Discussion: The study results provide data basis for the intensive processing

of sugarcane and the development of high-value SOV products. Sugarcane

original vinegar has a beneficial impact on performance, immune response, and

chromosomal aberration. The production application influences the vinegar’s

quality and, consequently, its health benefits.

KEYWORDS

sugarcane original vinegar,safety, functionality, evaluation, mice

Introduction

Sugarcane vinegar is sweet and sour brewed from sugar crops, i.e., sugarcane, which

is prepared by extracting juice from sugarcane mature stems, sterilizing them, and then

undergoing alcoholic (Zheng et al., 2018; Luzón-Quintana et al., 2021), acetic acid (Zheng

et al., 2016; Huang et al., 2022), and othermicrobial fermentation processes. It is an advanced

type of vinegar product (Chen et al., 2013, 2015, 2023; Yi et al., 2017). Guangxi is the largest

sugarcane cultivation and production area in China, accounting for 60% of the total national

area and 70% of the total national yield of sugarcane, which plays a major role in the growth

and development of Chinese sugar agroindustries (Chen et al., 2020, 2023). The impact on

the distribution of heavy metals in the soil has been continuously strengthened, and the

content of heavy metals in the soil is increasing day-by-day. Since heavy metals are not

degraded by microorganisms, they are not easy to move and accumulate continuously. It

causes soil pollution and degrades crop yield and quality (Guga et al., 2023).
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Based on previous studies, sugarcane original vinegar (SOV)

preserves functional nutrients and nutritional rich values. The

major component is acetic acid, and it also contains various

organic acids such as oxalic, succinic, and tartaric acids (Chen

et al., 2020), as well as flavonoids and phenols. Substances, such as

benzoic, ferulic, quinic, chlorogenic, apigenin, kaempferol, caffeic,

luteolin, p-coumaric, and other phenolic acids (He et al., 2017),

and rich in different kinds of amino acids (Lin et al., 2022) with

certain functionality. As an advanced type of vinegar, there are

limited studies available on the safety and functional evaluation of

sugarcane vinegar. This experiment mainly assesses and analyzes

the efficacy and functional mechanisms of sugarcane vinegar to

provide for the subsequent intensive processing and utilization of

SOV and high-quality products.

Materials and methods

Experimental materials

A total of 220 specific pathogens, healthy Kunming mice, half

male and half female (average weight: 18–35 g), were purchased

from the Changsha Tianqin Biotechnology Co., Ltd., China

[Experimental animal production license number: SCXK (Xiang)

2019-0014, quality certificate number: 430726201100369386,

Hunan, China, and experimental animal center of Guangxi

Medical University, laboratory animal production license number:

SCXK (Gui) 2020-0004, quality certificate number: 0001734,

Guangxi, China].

Sugarcane original vinegar (500 ml/bottle) is produced

by the Agricultural Products Processing Research Institute

of Guangxi Academy of Agricultural Sciences/Guangxi Key

Laboratory of New Technology for Fruit and Vegetable Storage

and Processing, according to DB 45/T 1536-2017 Guangxi

Development and Preparation of Local Standards (Guangxi,

China) (Bureau of Quality and Technical Supervision of Guangxi

Zhuang Autonomous Region, 2017). Five histidine-deficient strains

of Salmonella typhimurium, i.e., TA97a, TA98, TA100, TA102,

and TA1535, were purchased from the MOLTOX Company,

United States.

Mouse feed (basic material) was obtained from the Guangxi

Experimental Animal Center, Guangxi Medical University,

Nanning, Guangxi, China. High-fat feed (basic feed:lard:egg

yolk powder:cholesterol:sodium cholate = 78.8:10:10:1:0.2) was

FIGURE 1

Flowchart of sugarcane original vinegar (SOV) fermentation process.

self-made by the Institute of Agricultural Products Processing,

Guangxi Academy of Agricultural Sciences/Guangxi Key

Laboratory of New Technology for Fruit and Vegetable Storage

and Processing.

Ethical approval (GXAAS/AEEIF/00001) was obtained, and

animal experiments were performed according to the guidelines

of the Animal Care and Use Committee (ACUC) of the Guangxi

Academy of Agricultural Sciences, Nanning, Guangxi, China.

Preparation of sugarcane original vinegar

Sugarcane is squeezed by press to obtain sugarcane juice

(10–20◦Brix). Filter equipment with 75–150µm diameters (100–

200 mesh) was used to filter the squeezed juice to meet the

requirement of no impurities, and pasteurization was used to

sterilize (sterilization temperature and time: 60–80◦C and 20–

30 min).

Alcoholic and acetic acid fermentation

Sterilized cane juice was injected using the sterile fermentation

equipment, activated fruit wine yeast (0.05–0.10% mass volume

active dry yeast) was then added, stirred, and mixed thoroughly;

the tank was sealed for fermentation process at an appropriate

temperature (30–35◦C); and fermentation continued until the

volume percentage of alcohol content reached ≥4%.

Amended activated acetic acid bacteria (0.05%−0.10% active

acetic acid bacteria in mass volume ratio) are added to the alcohol

fermentation mash, stirred well, and mixed thoroughly, and then

allowed to ferment to total acid (measured as acetic acid) of ≥3.5

g/100ml and alcohol concentration of ≤0.1% by volume.

A filter device with a pore size of 0.22–0.45µm was

used and it was then transferred to the aging equipment at

room temperature for up to 30 days. Ultra-high temperature

instantaneous sterilization (sterilization temperature ≥121◦C,

sterilization time ≥ 6s) and aseptic filling equipment (Figure 1)

were used.

Physical and chemical indicators

The physico-chemical properties of SOV are shown in Table 1.
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Feeding conditions

The animal experiments were demonstrated in the Toxicology

Laboratory of the Guangxi Zhuang Autonomous Region Center

for Disease Control and Prevention, and the Experimental animals

were raised in a barrier systemwith a temperature of 22–25◦C and a

relative humidity of 55%−70% [License number: SYXK (Gui) 2016-

0002]. The irradiated animal feed is produced by Beijing Keao Xieli

Feed Co., Ltd., China [License number: SCXK (Beijing) 2014-0010].

Analysis of acute oral toxicity in mice

Using Horn’s method (Standardization Administration of

China, 2014a), 10 mice (18–22 g of body weight) in each group,

including male and female (at half capacity of each), were

administered different doses including 46,400, 21,500, 10,000, and

4,640 mg/kg BW. Prior to the experiment, the animals were fasted

for 4 h with no restriction to drinking water. An amount of 50.0

and 23.2 g of SOVwere weighed, respectively; pure water was added

to them to prepare 100ml; and the solutions were mixed well and

made up to 500 and 232 mg/ml SOV solutions.

An amount of 46,400 mg/kg BW dose was applied to animals

twice at a volume of 0.47 ml/20 g BW (time interval: 4 h), and

the 10,000 and 4,640 mg/kg BW doses were 500 and 232 mg/ml,

respectively, in a volume of 0.40 ml/20 g BW (vinegar @ 1 time).

Observe the toxicity responses of the animals after treatment

application. The animals were weighted once a week for up to 2

weeks. At the end of the experiment, the animals were selected for

general observation. The acute toxicity of the test substance of SOV

was evaluated according to the toxicity classification standard.

Determination of bacterial reverse
mutation (Ames)

Five histidine-deficient S. typhimurium strains, such as TA97a,

TA98, TA100, TA102, and TA1535, were identified with the

requirements for the analytical assessment. Five test groups, i.e.,

5,000, 1,581, 500, 158, and 50 µg/dish, were set up, as well as

a spontaneous reversion control group, a water solvent control

group, a dimethyl sulfoxide (DMSO) solvent control group, and a

positive mutagen control group. The conditions of the spontaneous

back-change control group were the same as those of the sample

group, except there was no sample. An amount of 50.0 and 15.81 g

of SOV were weighed; each of them was gradually diluted with

TABLE 1 The physical and chemical properties of sugarcane original

vinegar.

Physical and chemical index Content

Total acid (g/100ml, citric acid) 3.65

Soluble solids (%) 11.5

Total sugar (g/L, glucose) 4.7

Lead (mg/L) detection limit (5 µg/L) 0.01

sterile water according to a specific ratio of 5.0, 0.5, 0.05, 1.581, and

0.158 mg/ml concentration; and then the solutions were sterilized

by autoclaving (0.103 MPa, 20 min).

Rat liver microsomal enzyme (S9) induced by PCBs was used as

an in vitro metabolic activation system. According to GB15193.4-

2014 (Standardization Administration of China, 2014b), the plate

incorporation method was adopted, and 0.1ml of the test strain

enrichment solution, 0.1ml of the test substance solution, and

0.5ml of the S9 mixture (when metabolic activation is required)

were mixed and poured into the bottom medium plate. For the

solvent control, sterilized pure water and DMSO were used to

replace the samples, and the remaining conditions were the same

as the sample group. Each strain of each group was prepared in

three parallel dishes; they were incubated at 37◦C for 48 h, and the

number of colonies per plate was counted. If the number of reverted

mutant colonies in each group of the test substance is upregulated

in the dose–response relationship, or at least one strain has a

reproducible increase in the number of reverted mutant colonies

per plate at one or more doses under the different conditions, or

no metabolic activation system is upregulated, that is, a positive

mutagenesis test. The whole set of experiments was repeated three

times under the same conditions.

Analysis of mammalian erythrocyte
micronucleus

A total of 50 Kunming mice were selected randomly (weighing

25–30 g) and divided into five groups, with 10 mice in each group

(equally divided as male and female). According to the method

of GB15193.5-2014 (Standardization Administration of China,

2014c), the experiment was carried out by oral treatment twice at a

specific time interval (24 h). The test dosage, according to the LD50

results of themice, was set at 10,000, 5,000, and 2,500mg/kg BW for

male mice and 7,350, 3,675, and 1,838 mg/kg BW for female mice.

We used pure water as a negative control, and 40mg/kg BWdose of

cyclophosphamide (cp) was used as a positive control. An amount

of 50.00, 25.00, and 12.50 g of samples were weighed, distilled

water (100ml) was added and mixed thoroughly, and samples of

500, 250, and 125 mg/ml were prepared for male mice. Then, an

amount of 36.75, 18.38, and 9.19 g of samples were weighed, pure

water (100ml) was added and mixed thoroughly, and samples of

367.5, 183.8, and 91.9 mg/ml were prepared for female mice; then

the animals were given intragastric administration at a volume

of 0.4 ml/20 g BW, and an equal volume of distilled water was

given to the negative control group. The positive control group was

intraperitoneally injected with 4mg/ml cyclophosphamide solution

(prepared with normal saline) at a volume of 0.2 ml/20 g BW. After

24 h of the second sampling, the animals were killed by cervical

dislocation, and the sternal bone marrow was diluted with calf

serum for smears, dried naturally, fixed withmethanol, stained with

Gimsa application solution for 10min, and washed with phosphate

buffer solution (pH 6.8). After natural drying, the sample was

observed under the optical microscope, polychromatic erythrocytes

(PCE) per animal were counted as 2,000, and the micronucleus rate

was expressed as the percentage of PCE containing micronuclei.

At the same time, by counting and observing the positive staining
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of 200 PCE Red blood cells (NCE), the ratio of polychromatic

erythrocytes/total erythrocytes (RBC) was calculated.

Analysis of chromosomal aberrations in
spermatogonial cells

According to GB 15193.8-2014 (National Standards

Administration of China, 2014), 30 Kunming male mice with

an average body mass of 25–35 g were selected and randomly

divided into five groups, of which 10 were in one group and other

four groups had five mice. The three doses of the test groups were

10,000, 5,000, and 2,500 mg/kg BW. Distilled water was applied as

a negative control and cyclophosphamide (cp) of 40 mg/kg BWwas

used as a positive control. Distilled water (40ml) was added, mixed

thoroughly, and made up to different concentrations, i.e., 500,

250, and 125 mg/ml, and the animals were intragastrically applied

with a volume of 0.4 ml/20 g BW as a negative control group. The

positive control group was applied as a 2 mg/ml cyclophosphamide

solution at a volume of 0.4 ml/20 g BW.

The animals in the high concentration were divided into two

batches and killed 24 and 48 h after treatment, and the remaining

groups were killed 24 h after treatment application. Four hours

before treatment, each group was intraperitoneally injected with

colchicine at a concentration of 0.5 mg/ml (equivalent dose of

5 mg/kg BW) at a volume of 0.2 ml/20 g BW. The animals

were euthanized by cervical dislocation, the testes on both sides

were taken, and the testes were placed in 1% trisodium citrate

to separate the seminiferous tubules, and then fixed twice in

fixative solution (methanol: glacial acetic acid= 3:1), at 60% glacial

acetic acid (GAA) to soften and centrifuge. The collected cell

suspension was dropped on chilled glass slides, made into 2–3

slices, dried in the air, stained by Giemsa, and examined by an

optical microscope. A total of 100 metaphase cells were counted

from each animal, the chromosome number and structural changes

of spermatogonia were observed, and another 1,000 spermatogonia

was observed to determine the mitotic index. The number of cells

containing chromosomal structural aberrations and the number of

chromosomal aberrations per cell in each animal were observed,

and the number and frequency of different types of chromosomal

structural aberrations in each group (chromosomal gaps are not

included in the aberration rate) were counted.

Determination of mammalian bone marrow
cell chromosomal aberration

According to GB 15193.6-2014 (China National Standards

Administration Committee, 2014), a one-time exposure method

was adopted, and the samples were collected two times. A total

of 100 Kunming mice (average body mass of 25–35 g, half male

and half female) were selected. According to the LD50 results

of the mice, the test doses of 10,000, 5,000, and 2,500 mg/kg

BW for male mice and 7,350, 3,675, and 1,838 mg/kg BW for

female mice were selected. We used distilled water as a negative

control and 40 mg/kg BW of cyclophosphamide (cp) as a positive

control. At each sampling time, there were five mice of each

sex in each group (weighing 50, 25, and 12.50 g). Distilled water

(100ml) was added and mixed thoroughly, and 500, 250, and

125 mg/ml solutions for male mice were prepared, weighing

36.75, 18.38, and 9.19 g. Distilled water (100ml) was added and

mixed thoroughly, and 367.5, 183.8, and 91.9 mg/ml solutions for

female mice were prepared. Then, the animals were intragastrically

applied with a volume of 0.4 ml/20 g BW. The negative control

group was applied as the same volume of distilled water, and the

positive control was infused with an equal volume of 2 mg/ml

cyclophosphamide solution.

Animals in each group were divided into two subgroups.

Subgroup 1 was euthanized 18 h after exposure to collect the first

specimen, and subgroup 2 was euthanized 24 h after the animals

in subgroup 1 to collect the second sample for analysis. Four

hours prior to treatment, each group was intraperitoneally injected

with colchicine at a concentration of 0.4 mg/ml (equivalent dose

of 4 mg/kg BW) at a volume of 0.2 ml/20 g BW. Animals were

euthanized by cervical dislocation; the femur was taken out, and

the epiphyses at both ends were cut off. The bone marrow was

TABLE 2 Acute toxicity analytical results of SOV on mice.

Category Dose group
(mg/kg BW)

Number of
animals

Body weight (g)

0 days 7 days Body weight
gain (%)

14 days Body weight
gain (%)

Male 46,400 5 20.4± 1.4 – – – –

21,500 5 20.4± 1.3 25.8± 1.1 26.47 29.8± 1.2 46.08

10,000 5 20.1± 1.2 25.4± 1.1 26.37 29.5± 1.2 46.77

4,640 5 20.4± 1.3 26.1± 1.5 27.94 30.8± 1.8 50.98

Female 46,400 5 20.1± 1.5 – – – –

21,500 5 19.8± 1.3 24.5± 1.6 23.74 28.2± 1.1 42.42

10,000 5 19.7± 1.4 24.3± 1.1 23.35 28.3± 1.3 43.65

4,640 5 19.9± 1.3 25.3± 1.4 27.14 29.5± 1.5 48.24

All data are indicated as mean± SD. LD50: 20,000 mg/kg BW for male mice, 95% credible limit: 12,300–32,400 mg/kg; BW: 14,700 mg/kg BW for female mice, 95% credible limit: 8,620–25,000

mg/kg BW.

Frontiers inMicrobiology 04 frontiersin.org72

https://doi.org/10.3389/fmicb.2023.1224666
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Z
h
e
n
g
e
t
a
l.

1
0
.3
3
8
9
/fm

ic
b
.2
0
2
3
.1
2
2
4
6
6
6

TABLE 3 Result findings of the first bacterial reverse mutation test of SOV (mean ± SD).

Dose group
(µg/plate)

TA97a TA98 TA100 TA102 TA1535

−S−9 +S−9 −S−9 +S−9 −S−9 +S−9 −S−9 +S−9 −S−9 +S−9

5,000 136.0± 28.0 126.3± 28.5 39.7± 4.2 40.3± 0.6 146.7± 18.6 160.0± 33.2 266.0± 29.6 296.0± 22.5 25.3± 7.1 28.0± 6.6

1,581 107.7± 11.7 129.7± 30.1 35.7± 6.4 38.3± 3.8 143.0± 13.9 169.3± 25.5 285.0± 11.0 274.0± 23.3 18.0± 2.7 19.0± 1.0

500 132.0± 17.4 150.7± 47.3 44.3± 4.9 45.7± 3.8 176.3± 24.4 166.7± 16.4 293.3± 31.9 267.7± 31.0 26.3± 6.0 21.3± 3.5

158 129.0± 39.0 139.0± 21.4 38.3± 5.5 40.7± 4.2 172.3± 24.5 157.3± 31.6 267.0± 33.1 278.7± 29.0 23.3± 5.1 29.7± 1.5

50 129.0± 38.7 143.3± 32.0 40.3± 4.9 40.7± 5.5 186.0± 15.7 178.0± 3.0 267.0± 16.6 265.3± 20.4 23.7± 4.2 20.3± 6.7

Spontaneous

change back

134.3± 37.1 135.7± 22.5 34.0± 2.0 37.0± 4.0 149.7± 25.6 169.7± 42.3 288.0± 23.6 300.3± 16.9 30.0± 3.0 28.0± 5.3

Water control 124.3± 42.4 140.7± 30.6 40.0± 1.0 41.7± 3.8 154.7± 36.9 143.7± 13.6 293.7± 21.1 289.3± 21.9 24.7± 3.2 28.7± 4.9

DMSO 117.0± 21.8 144.7± 44.1 35.3± 6.1 39.3± 4.5 173.3± 29.3 169.3± 15.5 274.3± 35.6 283.0± 29.5 32.7± 1.2 30.7± 3.5

Positive control 2,544.0± 94.3 1,724.0± 780.1 2,870.7± 146.6 4,300.0± 191.2 2,940.0± 151.2 2,745.3± 158.7 757.7± 36.6 803.0± 28.1 319.7± 340.7 141.7± 190.1

The above results (number of colonies) are the mean± standard deviation (n= 3).

Positive control: TA97a + S-9, TA98 + S-9, and TA100 + S-9 use 2-aminofluorene (10 µg/dish); TA98–S-9 use daunomycin (6 µg/dish); TA97a–S-9 and TA102–S-9 were treated with dexazone (50 µg/dish). TA100-S-9 and TA1535-S-9 were treated with sodiumazide

(1.5 µg/dish). TA102+ S-9 were treated with 1,8-dihydroxyanthraquinone (50 µg/dish) and TA1535+ S-9 adopts cyclophosphamide (200 µg/dish).

TABLE 4 The analytical observations of the second bacterial reverse mutation test of SOV (mean ± SD).

Dose group
(µg/dish)

TA97a TA98 TA100 TA102 TA1535

−S−9 +S−9 −S−9 +S−9 −S−9 +S−9 −S−9 +S−9 −S−9 +S−9

5,000 115.7± 10.8 130.0± 15.6 40.0± 4.4 39.0± 6.0 171.7± 36.9 184.3± 10.1 272.0± 25.5 270.7± 15.5 27.0± 3.0 24.3± 4.9

1,581 122.0± 27.8 151.0± 15.1 42.0± 3.0 38.3± 4.2 147.0± 15.5 177.0± 18.1 283.0± 6.1 287.3± 23.2 28.3± 6.4 26.0± 3.5

500 137.3± 27.3 126.0± 13.8 40.3± 3.5 43.0± 2.7 161.0± 9.0 155.7± 37.1 267.7± 25.2 278.7± 18.2 23.7± 2.5 24.7± 4.7

158 130.7± 23.6 131.3± 25.5 40.7± 3.5 42.0± 2.7 155.3± 27.5 147.3± 23.1 282.7± 32.5 263.7± 20.8 23.7± 6.7 26.7± 4.0

50 129.7± 20.4 160.3± 12.5 39.3± 4.5 43.7± 5.9 166.7± 9.1 137.3± 0.6 281.7± 10.5 252.7± 11.5 23.0± 3.0 24.0± 5.2

Spontaneous

change

127.7± 13.8 112.0± 1.0 35.7± 3.1 41.7± 5.1 168.0± 14.4 132.7± 8.7 262.0± 29.7 287.7± 28.4 21.0± 3.0 22.0± 5.3

Water control 139.0± 28.6 135.7± 30.6 42.0± 3.6 43.7± 4.2 144.0± 10.4 138.3± 15.0 261.0± 18.7 281.7± 13.6 31.0± 2.0 27.7± 6.1

DMSO 126.7± 21.7 151.3± 21.1 40.0± 4.0 36.7± 3.8 186.0± 16.8 177.7± 5.0 288.0± 32.8 275.0± 17.6 22.7± 6.8 29.0± 4.6

Positive control 2,570.7± 153.7 1,781.3± 80.0 2,988.0± 137.6 4,104.0± 198.9 2,948.0± 115.3 2,852.0± 108.9 725.7± 33.3 819.0± 31.2 326.7± 29.1 155.3± 18.0

The above results (number of colonies) are the mean± standard deviation of assessed by three plates.
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TABLE 5 E�ect of SOV on the incidence of micronucleus in mouse bone marrow polychromatic erythrocytes (mean ± SD).

Gender Dose group
(mg/kg BW)

Number of
animals

Number of tested
PCEs (units)

Number of PCEs
with micronuclei

(units)

Micronucleus
rate (%)

Number of
tested PCEs (pcs)

Number of NCEs
(number)

PCE/RBC (%)

Male 10,000 5 5× 2,000 16 1.6± 0.4 5× 200 891 0.529± 0.015

5,000 5 5× 2,000 17 1.7± 0.3 5× 200 888 0.530± 0.009

2,500 5 5× 2,000 15 1.5± 0.4 5× 200 905 0.525± 0.017

Negative control 5 5× 2,000 15 1.5± 0.4 5× 200 896 0.528± 0.017

Positive 40 (cp) 5 5× 2,000 216 21.6± 2.7∗∗ 5× 200 1,008 0.498± 0.011

Female 7,350 5 5× 2,000 14 1.4± 0.2 5× 200 896 0.528± 0.012

3,675 5 5× 2,000 14 1.4± 0.4 5× 200 893 0.528± 0.014

1,838 5 5× 2,000 17 1.7± 0.3 5× 200 877 0.533± 0.008

Negative control 5 5× 2,000 14 1.4± 0.4 5× 200 905 0.525± 0.005

Positive 40 (cp) 5 5× 2,000 208 20.8± 2.0∗∗ 5× 200 989 0.503± 0.005

PCE/RBC is the ratio of polychromatic erythrocytes to total erythrocytes.
∗∗Indicates a very significant difference at P < 0.01 compared with the negative control group.

cp, cyclophosphamide.

TABLE 6 E�ects of SOV on chromosomal aberrations in mouse spermatogonia (mean ± SD).

Dose
group
(mg/kg
BW)

Observe
the

number
of cells
(pcs)

Chromosome
number
change

Chromosomal structural changes∗ Distorted
cell

number
(units)

Aberrant
cell rate

(%)

Mitotic
index

Aneuploidy Polyploid Fissure Fracture Piece Minute
body

Ring Multiple
centromere

Single
swap

Unspecified

10,000 (24 h) 100× 5 0 21 7 3 0 0 0 0 0 0 24 4.8± 0.4 6.9± 1.2

10,000 (48 h) 100× 5 0 20 8 2 0 0 0 0 0 0 22 4.4± 1.3 7.5± 1.1

5,000 100× 5 0 16 9 2 0 0 0 0 0 0 18 3.6± 0.5 7.6± 1.1

2,500 100× 5 0 20 8 4 0 0 0 0 0 0 24 4.8± 0.8 7.8± 1.2

Negative

control

100× 5 0 21 8 3 0 0 0 0 0 0 24 4.8± 0.8 7.5± 1.4

Positive

control

100× 5 0 23 24 20 19 2 1 0 0 0 65 13.0± 2.5∗∗ 4.4± 0.6

∗Circular changes of structural changes include centromere and non-centromere. Multiple centromere refers to more than two centromeres, cracks are not included in the number of aberrant cells, and the rate of aberrant cells= number of aberrant cells/number of

observed cells× 100.
∗∗Indicates that compared with the negative control group, P < 0.01.
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washed into a centrifuge tube with 5ml of normal saline and

blown to make a cell suspension, centrifuged at 1,000 r/min for

10min, and the supernatant was discarded. A volume of 0.075

mol/L potassium chloride was added (7ml) and the cells were

mixed gently with a dropper and then placed in a 37◦C water bath

for hypotonic treatment for 15min. Next, 2ml of fixative solution

(methanol:glacial acetic acid = 3:1) was added, mixed thoroughly,

and centrifuged at 1,000 r/min (10min), and the supernatant

was discarded. A volume of 7ml of fixative was added, fixed for

15min, and centrifuged at 1,000 r/min (10min); the supernatant

was discarded; and the whole process was repeated once. The

cell suspension was dropped on ice water slides, made into 2–3

slices, dried in the air, stained by Giemsa, and examined by an

optical microscope. One hundred metaphase cells were counted

for each animal, observed the chromosome number and structural

changes of bone marrow cells, and observed another 1,000 bone

marrow cells to determine the mitotic index. The number of

cells with chromosomal structural aberrations in each animal was

recorded. The number of different types of chromosomal structural

aberrations in each group was counted (chromosomal gaps were

not included in the aberration rate), and the chi-square test was

performed on the rate of chromosomal structural aberrations.

Functional verification

A total of 60 28-day-old SPF male mice with similar body mass

were selected, fed basal feed for 7 days, then randomly divided as

normal saline (control group, MG group, i.e., fed with high-fat feed

and gavaged with normal saline) and SOV dosage group (TG, i.e.,

fed with high-fat feed and gavaged with raw vinegar), weighed once

a week, and observed for general characteristics such as mental

activity, hair changes, water intake, food intake, and excrement

volume. The mice were fed continuously for 8 weeks, and the body

mass and serum profile were measured (Li et al., 2020b,c).

Data analysis

The SPSS 13.0 software was used for one-way analysis of

variance and pairwise comparison, and the data were expressed as

mean ± standard deviation (SD). The significant differences at P

< 0.05 and P < 0.01 levels were analyzed. Graphics were prepared

using the Origin 2021 (Origin Lab, Northampton, MA) software.

Results and discussion

Acute oral toxicity

The results of the acute toxicity test for each group are shown in

Table 2. After 0.5 h of treatment, it was found that the test animals

in the 4,640 mg/kg BW group appeared sluggish, unresponsive,

and died, and the death time was after giving the test substance

(2–96 h). Autopsies of dead animals showed varying degrees of

gastric effusion and flatulence. It may be related to the side effects

of vinegar. After vinegar is used, it will change the pH of the

local environment in the body. Vinegar can cause the digestive

organs to secrete a large amount of digestive juice, and vinegar will

corrode the gastrointestinal mucosa and aggravate the development

of ulcer disease (Budak et al., 2014; Luo and Xu, 2019). The higher

concentration of raw sugarcane vinegar stimulates the digestive

organs. At the end of the experimentation, the surviving animals

were dissected, and there was no abnormality in the general

observation. This is consistent with the research results of our

research group’s previous research on the effects of SOV on the

internal organs of mice fed high-fat diets. There was no difference

in the color, size, or character of the organs, and feeding SOV had

no adverse effects on the organs of mice (Li et al., 2020a). The

median lethal dose (LD50) was carried out due to animal death,

and the acute oral toxicity LD50 of SOV in male and female mice

was 20,000 and 14,700 mg/kg BW, respectively. The LD50 of female

mice is lower thanmale mice, and female mice are more sensitive to

the test substance thanmalemice, which is consistent with the acute

toxicity study of Ganoderma leucocontextum (Deng et al., 2023).

According to the acute toxicity dose grading standard and research

results in GB15193.3-2014, the acute oral toxicity of raw SOV

belongs to the actual non-toxic level, and it is not easy for people

with hyperacidity and gastric ulcers to use high concentrations

(Younes et al., 2022).

Responses to bacterial reverse mutation

Positive controls such as TA97a+S−9, TA98+S−9, and

TA100+S−9 used 2-aminofluorene (10 µg/dish); TA98–S−9

used daunomycin (6 µg/dish); TA97a–S−9 and TA102–S−9

adopted dexazone (50 µg/dish); TA100–S−9 and TA1535–S−9

adopted sodium azide (1.5 µg/dish); TA102+S−9 adopted 1, 8-

dihydroxyanthraquinone (50 µg/dish); and TA1535+S−9 adopted

cyclophosphamide (200 µg/dish; Tables 3, 4).

Tables 3, 4 show the number of back-mutant colonies in the

SOV bacterial back-mutation test. In the five test strains, such as

TA97a, TA98, TA100, TA102, and TA1535, the number of reverted

colonies in each concentration and group of sugarcane vinegar

did not exceed the number of spontaneous reverted colonies

after addition or not of the S9 metabolic activation system. The

number of colonies was doubled, and there was no dose–response

relationship between the number of back-changing colonies in each

dose, indicating that SOV would not induce gene mutations in

the test strains, while the positive control group showed obvious

mutagenicity and reverse. The number of changed colonies was far

more than 2-fold that of the spontaneous back-mutation group.

The GB15193.4-2014 standard justified the mutagenesis negative

tests, which means that it has no direct effect on the histidine-

deficient strains of S. typhimurium (TA97a, TA98, TA100, TA102,

and TA1535) or indirect mutagenesis.

Impact of mammalian erythrocyte
micronucleus

The statistical results of the incidence of polychromatic

erythrocyte micronuclei in the bone marrow of the tested

animals are shown in Table 5. At different doses of SOV, such
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TABLE 7 The e�ect of the first sampling of raw SOV on chromosomal aberrations in mouse bone marrow cells (mean ± SD).

Gender Dose group
(mg/kg BW)

Observe the
number of
cells (pcs)

Chromosome
number change

Chromosomal structural changes∗ Mitotic
index
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(u
n
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S
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c
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d
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to
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c
e
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(%
)

Male 10,000 100× 5 0 1 0 7 1 0 0 0 0 1 1 9 1.8± 0.8 7.6± 1.1

5,000 100× 5 0 2 0 5 0 0 0 0 0 2 1 6 1.2± 0.8 7.3± 1.2

2,500 100× 5 0 1 0 4 0 0 0 0 1 1 2 7 1.4± 1.5 7.9± 1.2

Negative control 100× 5 0 3 1 6 0 0 1 0 1 3 1 9 1.8± 0.8 7.8± 1.7

40 (cp) 100× 5 0 6 1 72 1 0 1 0 0 38 2 76 15.2± 3.3∗∗ 4.8± 1.1

Female 7,350 100× 5 0 3 0 5 0 0 1 1 0 1 1 8 1.6± 1.1 7.5± 1.2

3,675 100× 5 0 1 0 5 0 0 0 1 0 1 2 8 1.6± 1.5 7.6± 1.0

1,838 100× 5 0 3 0 3 0 0 1 0 0 3 2 6 1.2± 0.8 7.8± 1.2

Negative control 100× 5 0 1 0 3 0 0 1 1 0 3 1 6 1.2± 0.8 8.0± 1.3

40 (cp) 100× 5 0 8 0 76 0 0 1 1 1 47 3 82 16.4± 1.5∗∗ 5.0± 1.4

∗Cracks are not included in the number of structurally aberrant cells, the rate of structurally aberrant cells= the number of structurally aberrant cells/the number of observed cells× 100.
∗∗Indicates that compared with the negative control group, P < 0.01.
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TABLE 8 The e�ect of the second sampling of raw SOV on the chromosomal aberration of mouse bone marrow cells (mean ± SD).

Gender Dose group
(mg/kg BW)

Observe the
number of
cells (pcs)

Chromosome
number change

Chromosomal structural changes∗ Mitotic
index
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c
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(%
)

Male 10,000 100× 5 0 1 0 4 0 0 0 1 0 2 0 5 1.0± 0.7 7.5± 1.6

5,000 100× 5 0 2 0 4 1 0 0 0 0 2 4 9 1.8± 1.3 8.0± 1.4

2,500 100× 5 0 1 0 5 0 0 0 1 0 3 1 7 1.4± 1.7 7.9± 1.2

Negative control 100× 5 0 1 0 3 0 0 0 1 0 1 0 4 0.8± 0.8 7.3± 1.6

40 (cp) 100× 5 0 7 0 70 1 0 0 1 0 38 3 75 15.0± 4.1∗∗ 4.6± 1.3

Female 7,350 100× 5 0 2 0 4 1 0 0 0 0 0 1 6 1.2± 0.8 8.2± 1.0

3,675 100× 5 0 3 0 4 1 0 0 1 0 1 1 7 1.4± 1.3 7.7± 1.9

1,838 100× 5 0 1 0 5 1 0 0 0 0 2 2 8 1.6± 1.5 7.9± 1.0

Negative control 100× 5 0 1 0 3 1 0 1 0 0 1 1 6 1.2± 0.8 7.8± 1.1

40 (cp) 100× 5 0 6 0 72 1 0 2 1 0 39 3 79 15.8± 3.2∗∗ 4.9± 1.2

∗Cracks are not included in the number of structurally aberrant cells, and the rate of structurally aberrant cells= the number of structurally aberrant cells/the number of observed cells× 100.
∗∗Indicates that compared with the negative control group, P < 0.01.
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as 10,000, 5,000, and 2,500 mg/kg BW, the micronucleus of

polychromatic erythrocyte bone marrow in female and male mice

was compared with the negative control group. There was no

significant difference in the nuclear rate (P > 0.05), and the

PCE/RBC values of each dose group were not <20% of the

negative control group, and there was no significant difference

compared with the negative control group. The difference between

the micronucleus rate of the control group (cyclophosphamide)

and the negative control group was very significant (P < 0.01).

According to the procedure of GB 15193.5-2014, within the

range of doses, the results of this experiment showed that

sugarcane vinegar would not enhance the rate of micronuclei in

mammalian polychromatic erythrocytes. No damage or inhibition

was detected.

Chromosomal aberration test in mouse
spermatogonia

As mentioned in Table 6, compared with the negative control

group, there was no significant difference in the number of

chromosome aberrations, changes in chromosome structure, or

rate of aberrant cells in the spermatogonia of mice in three

different dose groups of SOV (10,000, 5,000, and 2,500 mg/kg

BW; P > 0.05). There was no dose–response relationship or

statistical significance among the dose groups. In addition, the

mitotic index of the three different dose groups of SOV was not

lower than 50% of the negative control group compared with the

negative control group. There was no significant difference, but

the difference in the chromosomal aberration cell rate between the

cyclophosphamide positive control group and the negative control

group was more significant (P < 0.01). According to the method

of GB 15193.8-2014, within the concentration level, the results

of this experiment showed that SOV does not have an aberrant

effect on spermatogonia chromosomes in mice, and the results

are negative.

Mammalian bone marrow cell
chromosome aberration test

The bone marrow cell chromosomal aberration test is different

from the bone marrow micronucleus test. Cell chromosomal

aberration in interphase and prophase, thus directly reflecting

the incidence of cell chromosomal aberration and judging

whether the test substance has a mutation effect (de Barros

et al., 2022; Deng et al., 2023). As mentioned in Tables 7,

8, the first and second sampling time results, SOV in three

different dose levels, the number of chromosome aberrations,

chromosome structure changes, and aberrant cell rates in bone

marrow cells of female and male mice were compared with

the negative control group. There was no significant difference

(P > 0.05), no dose–response relationship between the dose

groups, and no statistical significance. In addition, three different

dose groups of SOV were administered to female and male

mice. The mitotic index of bone marrow cells was not lower

than 50% of the negative control group, and there was no
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FIGURE 2

Responses of blood glucose and blood lipid levels in di�erent groups. The * symbol indicates significance at P < 0.05.

FIGURE 3

Impact of transaminase levels in di�erent groups. The * symbol indicates significance at P < 0.05.

significant difference compared with the negative control group.

While the difference in the rate of chromosomal structural

aberration cells between the cyclophosphamide positive and the

negative control groups was significant (P < 0.01). According to

the method of GB 15193.6-2014, within the dosage range, the

results of this experiment showed that the SOV would not have

an aberrant effect on the chromosomes of bone marrow cells

in mice.

Functional test verification

As shown in Table 9, after continuous observation for 8 weeks,

the mental status of the mice in each group was normal for their

activities. The mice had smooth fur; a good appetite; a plump body;

agile activities; bright eyes; normal urine; no abnormal secretions

from the nose, eyes, or mouth; and no adverse conditions. Mice fed

a high-fat diet for 4 weeks were fed SOV continuously, and the body
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TABLE 10 E�ects of SOV on serum biochemical indicators in mice.

Group Normal group (CG) Model group (MG) Original vinegar
group (TG)

Raw vinegar group
changes (TG vs. CG)

ALT/(UL−1) 63.00± 5.42 59.33± 8.39 63.33± 7.61∗ ↑

AST/(U L−1) 165.67± 8.54 163.33± 7.52 158.33± 9.31∗ ↓

GGT/(U L−1) 163.33± 7.31 59.33± 8.64 63.33± 7.41∗ ↓

AST/ALT 3.07± 0.37 4.75± 0.49 3.31± 0.46 ↑

TP/(g L−1) 67.50± 5.48 74.20± 3.42 71.60± 5.54 ↑

ALB/(g L−1) 29.90± 2.49 29.60± 1.91 31.80± 0.16 ↑

GLB/(g L−1) 37.53± 8.14 44.57± 4.41 39.83± 5.61 ↑

ALB/GLB 0.81± 0.21 0.67± 0.18 0.79± 0.10 ↓

TBIL/(µmol L−1) 0.30± 0.48 0.70± 0.49 1.67± 0.60 ↑

CREA/(µmol L−1) 21.00± 0.48 23.00± 1.59 22.00± 4.51 ↑

UA/(µmol L−1) 105.30± 9.79 94.00± 4.93 104.20± 8.39∗ ↓

BUN/(mmol L−1) 8.33± 0.58 6.67± 1.16 7.67± 0.56∗ ↓

GLU/(mmol L−1) 6.33± 1.91 7.75± 1.13 7.81± 0.76 ↑

TG/(mmol L−1) 2.53± 0.26 2.77± 0.40 2.47± 0.06 ↓

T-CHO/(mmol L−1) 2.42± 0.05 3.24± 0.22 2.58± 0.13∗ ↑

The ↓, ↑, and ∗ symbols indicate decrease and increase values, and ∗ is statistically significant at P < 0.05.

weight of the mice did not increase negatively, indicating that SOV

has a weight-loss effect (Younes et al., 2022).

The routine blood analysis of the mice was performed, and the

results are shown in Figures 2, 3 and Table 10. Compared with the

normal group, the blood indicators of the mice fed the high-fat diet

for 4 weeks were different in nine indicators. The degree of increase

and the six indicators decline are different degrees. After the high-

fat mice were fed with SOV for 4 weeks, compared with the model

group MG, the levels of ALT and GCT in the serum of the mice

were significantly increased (P < 0.05), compared with the normal

group CG and the model group MG. The levels of GLU, TG, and T-

CHO in mice in the TG group were slightly increased or decreased

without significant changes. The levels of CREA, BUN, and UA in

serum had no significant changes, which indicated that SOV did

not cause kidney damage.

The previous study of our research group found that SOV

fermented with sugarcane juice has strong antioxidant activities

(Zheng et al., 2015), and SOV can significantly reduce the body

mass of mice fed a high-fat diet and can improve blood lipids,

reduce blood sugar concentration, and promote fat loss. The effect

of reducing blood lipid levels can reduce the levels of triglycerides,

total cholesterol, and low-density lipoprotein cholesterol in the

plasma of high-fat mice. At the same time, the ability to resist

oxidative stress can reduce amylase activity and increase lipase

activity, increase the activity of superoxide dismutase (SOD) and

glutathione peroxidase (GSH-Px) in plasma and liver, and control

the further development of obesity and its complications (Li et al.,

2020a,b,c).

Conclusion

Sugarcane vinegar is a healthy and wealthy product with

different characteristics, such as antidiabetic, antihyperlipidemic,

antimicrobial, and anti-inflammatory effects. Different approaches

have unraveled the presence of different bioactive compounds in

sugarcane vinegar, which are associated with the raw material used

to produce vinegar. The test results showed that SOV products

contained some heavy metals; the acute oral toxicity LD50 of

SOV in male and female mice was 20,000 and 14,700 mg/kg

BW, respectively. Oral toxicity is practically non-toxic. The results

of genetic toxicity tests (bacterial reverse mutation, mammalian

erythrocyte micronucleus, mouse spermatogonial chromosomal

aberration, and mouse bone marrow cell chromosomal aberration

test) showed that SOV had no damage or inhibitory effect

on bone marrow erythrocytes in mice. It has no mutagenic

or aberrant effect on the chromosomes of bone marrow cells

or spermatogonia in mice. Raw SOV is rich in nutrition,

organic acids, flavonoids, phenolic acids, and amino acids.

Adhikari et al. (2013) found that SOV has a lipid-lowering

effect after drinking it for patients with hyperlipidemia in

clinical practice. It has the effect of increasing HDL (Adhikari

et al., 2013). For the development and high-value utilization

of SOV in the next step, such as the development of high-

end products such as SOV beverages, functional SOV powders,

and SOV capsules, provide technical direction and safety, and

improve the high-quality and sustainable development of the

sugarcane industry.
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A corrigendum on

E�cacy and functionality of sugarcane original vinegar on mice

by Zheng, F.-J., Lin, B., Yang, Y.-X., Fang, X.-C., Verma, K. K., and Chen, G.-L. (2023). Front.

Microbiol. 14:1224666. doi: 10.3389/fmicb.2023.1224666

In the published article, there was a mistake in the keyword “raw sugarcane vinegar”.

The correct keyword is “sugarcane original vinegar”.

In the published article “Chen et al. 2015b” was cited in the Introduction, first-paragraph,

line 5 as “It is an advanced type of vinegar product (Chen et al., 2015a,b, 2023; Yi et al., 2017)”.

The correct citation is “It is an advanced type of vinegar product (Chen et al., 2013, 2015,

2023; Yi et al., 2017)”.

In the published article, the reference “Chen, G.-L., Zheng, F.-J., Lin, B., Yang, Y.-X.,

Fang, X.-C., Verma, K. K., et al. (2015b). Research on the production technology of sugarcane

vinegar and fruit vinegar beverages. China Brew. 34, 154–157” was incorrectly cited.

The correct reference is: “Chen, G.-L., Zheng, F.-J., Lin, B., Wang, T.-S., and Li, Y.-

R. (2013). Preparation and characteristics of sugarcane low alcoholic drink by submerged

alcoholic fermentation. Sugar Tech. 15, 412–416. doi: 10.1007/s12355-013-0248-3”.

The authors apologize for this error and state that this does not change the scientific

conclusions of the article in any way. The original article has been updated.
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Colorectal cancer (CRC) accounts for the third highest morbidity burden among

malignant tumors worldwide. Previous studies investigated gut microbiome

changes that occur during colorectal adenomas (CRA) progression to overt

CRC, thus highlighting the importance of the gut microbiome in carcinogenesis.

However, few studies have examined gut microbiome characteristics across the

entire spectrum, from CRC development to treatment. The study used 16S

ribosomal ribonucleic acid and internal transcribed spacer amplicon sequencing

to compare the composition of gut bacteria and fungi in a Chinese cohort of

healthy controls (HC), CRC patients, CRA patients, and CRC postoperative patients

(PP). Our analysis showed that beta diversity was significantly di�erent among the

four groups based on the gut bacterial and fungal data. A total of 51 species of

bacteria and 8 species of fungi were identified in the HC, CRA, CRC, and PP groups.

Correlation networks for both the gut bacteria and fungi in HC vs. CRA, HC vs. CRC,

and HC vs. PP indicated some hub bacterial and fungal genera in each model, and

the correlation between bacterial and fungal data indicated that a highly significant

negative correlation exists among groups. Quantitative polymerase chain reaction

(qPCR) analysis in a large cohort of HC, CRC, CRA, and PP patients demonstrated

a significantly increasing trend of Fusobacterium nucleatum, Bifidobacterium

bifidum, Candida albicans, and Saccharomyces cerevisiae in the feces of CRC

patients than that of HC patients (p < 0.01). However, the abundance levels of

CRA and PP were significantly lower in HC patients than those in CRC patients.

Further studies are required to identify the functional consequences of the altered

bacterial/fungal composition on metabolism and CRC tumorigenesis in the host.

KEYWORDS

colorectal cancer, colorectal adenomas, feces, biomarker, OTUs

Introduction

Colorectal cancer (CRC) is a common malignancy of the colon and rectum, accounting

for approximately 10% of all new cancer cases globally. Moreover, it carries the third highest

burden of morbidity among all malignant tumors worldwide (Wong and Yu, 2019; Yang

et al., 2019). In China, CRC is the second most common malignancy, with a notably

rapid increase in its incidence in recent years (Thanikachalam and Khan, 2019; Guo et al.,

2021). The pathogenesis of CRC includes chronic inflammation and the accumulation of
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genetic, epigenetic, dietary, and environmental factors; however,

the exact etiology of CRC remains underexplored (Song et al.,

2015; Plummer et al., 2016; Vacante et al., 2020). Colorectal

adenomas (CRA) are defined as benign tumors derived from

the colorectal mucosa, with the transformation process referred

to as the adenoma-carcinoma sequence. Approximately 60–90%

of sporadic CRCs start as premalignant lesions known as CRAs

(Kim et al., 2020; Vacante et al., 2020). Surgery, radiation therapy,

and chemotherapy remain the main therapeutic strategies, with

an average 5-year overall survival rate of approximately 40%

(Aguiar et al., 2020; Lohsiriwat et al., 2021). Despite the availability

of various methods to screen for CRC, colonoscopy remains

the gold standard for accurate diagnosis. However, colonoscopy’s

invasive and unpleasant nature often causes patients to experience

unwanted pain and discomfort, leading to more than half of the

preference for non-invasive screening methods.

Despite improvements in imaging technologies, the accurate

diagnosis of CRC remains a clinical challenge, and over the past

few decades, the gut microbiome has been preferred as a molecular

biomarker and non-invasive screening method in humans (Marx,

2014; Sinha et al., 2016; Flemer et al., 2017). The current belief

is that gut microbiota dysbiosis and a subsequent inappropriate

or altered immune response confer a predisposition to chronic

inflammation, which is known to contribute to the development

of diseases, including cancer. Several studies have investigated the

roles of changes in the gut microbiome in the development of

adenomas and carcinomas, highlighting the impact of this process

on carcinogenesis (Fearon and Carethers, 2015; Sun et al., 2016;

Alhinai et al., 2019; Wong and Yu, 2019; Kim et al., 2020). Indeed,

the gut microbiota has recently emerged as a central player linking

various risk factors to CRC pathogenesis, and many studies have

investigated the changes and its role in adenoma and carcinoma

development, highlighting the impact of the gut microbiota on

the development of CRA and the subsequent progression to CRC

(Round and Mazmanian, 2009; Collins et al., 2011; Kamada et al.,

2013; Rooks and Garrett, 2016; Gao et al., 2017; Pickard et al.,

2017; Yoshii et al., 2019; Zhang et al., 2019; Kim et al., 2020).

Several clinical studies have identified that the abundance and

structure of gut microbiota are significantly different between

patients with CRA and healthy individuals (Shen et al., 2010;

Sanapareddy et al., 2012; Lu et al., 2016). Moreover, it has been

reported that patients with CRC have distinct qualitative differences

in their gut microbiota compared to healthy controls (HC). Patients

with CRC also present with changes in microbial composition,

function, and ecology (Chen et al., 2013; Louis et al., 2014;

Drewes et al., 2016; Marchesi et al., 2016; Peters et al., 2016;

Hibberd et al., 2017; Murphy et al., 2021). Investigations of the

impact of CRA endoscopic surgery on the intestinal flora revealed

that despite no alterations in the overall microbiome structure

after CRA excision, the protective microbiota demonstrated an

ascending trend, whereas tumor-associated microbiota exhibited

a declining trend (Yu et al., 2017). Thus, the findings of these

and other studies suggest that gut microbiota play complex and

key roles in CRA and CRC. There is accumulating evidence that

the etiology of CRC/CRA is related to the gut microbiota and

that gut microbiota composition is a major risk factor for CRC

and CRA (Hibberd et al., 2017; Yu et al., 2017; Murphy et al.,

2021).

A considerable number of studies have suggested

Fusobacterium nucleatum (Fn), Bifidobacterium bifidum (Bb),

Candida albicans, and Saccharomyces cerevisiae as potential

markers for CRC detection (Sokol et al., 2017; Yu et al., 2017).

Fn and Bb are important gut bacteria in humans; Fn has been

suggested by a considerable number of studies as a potential

marker for CRC detection, and the abundance of this species

was significantly increased in CRA and CRC (Yu et al., 2017).

Bb typically represents the most abundant bacteria in healthy

humans, supporting its specific adaptation to the human gut and

its implications in terms of supporting host health. Moreover, Bb

is one of a few probiotic strains that are effective in the treatment

of gastrointestinal cancer and its symptoms, and the abundance

ratio of Fn/Bbmight favor the progression of CRC (Andresen et al.,

2020). Fungal dysbiosis is known to play a role in the development

of CRC and is characterized by decreased community diversity

in addition to a higher abundance of detrimental fungi, such as

C. albicans and S. cerevisiae. C. albicans and S. cerevisiae were

also revealed to have a close association with gastrointestinal

disturbances, and fungal internal transcribed spacer 2 (ITS2)

library sequencing revealed the abundance of S. cerevisiae

decreased, while that of C. albicans increased in inflammatory

bowel disease (IBD); a shift in the gut microbiota environment was

demonstrated by analyzing the correlation between bacteria and

fungi (Sokol et al., 2017).

Previous studies have revealed that shifts in gut microbiota

may play an important role in the initiation and progression of

CRC; however, only a few studies have focused on the “biomarker”

characteristics of the gut microbiota during the development of

CRC and the treatment process. Therefore, a better understanding

of the role of alterations in the gut microbiota is urgently needed to

improve diagnostic, therapeutic, and prognostic strategies against

CRC. This study aimed to explore the combined data of gut

bacterial and fungal profiles in the initiation, progression, and

prognosis of CRC and to further screen microbial biomarkers

associated with CRC. We profiled the combined data of bacterial

and fungal communities of feces in CRC, CRA, postoperative

patients (PP), and HC to identify biomarker microbiomes using

high-throughput sequencing of the 16S ribosomal ribonucleic acid

(rRNA) and ITS gene regions. We also combined multiple data

points on bacteria and fungi in CRC and used them for correlation

analyses. In addition, we detected variations in the abundance

of Fn, Bb, C. albicans, and S. cerevisiae in an independent

large cohort of patients with CRC, CRA, PP, and HC using

quantitative polymerase chain reaction (qPCR). Through these

efforts, we aimed to investigate the different gut bacterial and

fungal profiles among CRC, CRA, and HC to identify the marker

microbiota that likely contributes to CRC development and impact

treatment progression.

Materials and methods

Ethics statement

Written oral consent was obtained from each participant

before sample collection. All of the methods were performed in

accordance with relevant guidelines and regulations, including
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any relevant details. Informed consent was obtained from all the

patients, and the study was approved by the Institutional Review

Board of Anhui No. 2 Provincial People’s Hospital.

Study patients

The clinical phenotype was determined by endoscopic

and pathological diagnoses. Patients with no abnormalities on

colonoscopy were included in the HC group. Additionally,

CRA and CRC were diagnosed according to both clinical and

pathological criteria, and all CRC subjects had intact colonic

lesions at the time of stool collection. Patients who had undergone

CRC radical surgery with regular follow-up within 1 month

to 3 years after surgery and without relapse were included

in the PP group. The inclusion criteria for the four groups

were as follows: (a) all participants were older than 40 years

at the time of sample collection. (b) Diagnosis of CRC/CRA

was defined according to clinical, radiological, endoscopic, and

histological criteria and without other diseases. The tumor, node,

and metastasis (TNM) classification system was used for staging

patients with CRC as having TNM stage II/III disease. (c) None

of the patients or HC were treated with antibiotics, colon-

cleansing products, or hormones within 1 month. (d) All of the

participants had no history of uninterested tract neoplasia or upper

gastrointestinal tract surgery. (e) No eating habit changes in the

last 4 weeks and no active gastrointestinal tract bleeding in the last

6 months.

Sample collection

A total of 68 fecal samples were collected from 15 CRC

patients, 19 CRA patients, 19 PP, and 15 HC for combined

gut bacterial and fungal analyses (Supplementary Table 1). An

independent cohort of 402 patients consisting of 92 HC patients,

119 CRC patients, 95 CRA patients, and 96 PP was used to detect

the abundance variation of Fn, Bb, C. albicans, and S. cerevisiae

(Supplementary Table 1). All fecal samples were collected at Anhui

No. 2 Provincial People’s Hospital and the First Affiliated Hospital

of Anhui Medical University, China. All patients were asked to

maintain a steady diet and lifestyle and to leave fecal samples

(>0.5 g) in a germ-free containment. All fresh fecal samples were

collected from the patients and placed in a sterile box, which was

immediately transported to the lab on ice. All the fecal samples were

collected and stored at−20◦Cwithin 4 h and−80◦Cwithin 24 h for

long-term storage.

DNA extraction, amplification, high
sequencing, and qPCR analysis

Microbiota sequencing and data analysis are presented in

Supplementary Figure 1. Fecal samples (50–100mg) were weighed

using a 2.0ml centrifuge tube containing glass beads (200mg)

on ice, and deoxyribonucleic acid (DNA) was isolated from fecal

samples using a MagPure Soil DNA LQ Kit (Magen, Guangdong,

China) according to the manufacturer’s instructions. The extracted

DNA was diluted to 1 ng/µl and used as the template for PCR

amplification. 343F/798R (343F: 5
′
-TAC GGR AGG CAG CAG-3

′
;

798R: 5
′
-AGGGTA TCT AAT CCT-3

′
) was used to amplify the 16S

rRNA gene of gut bacteria, and ITS primers (ITS1F: 5
′
-CTT GGT

CAT TTA GAG GAA GTA A-3
′
; ITS2: 5

′
-GCT GCG TTC TTC

ATC GAT GC-3
′
) were used to amplify the ITS gene of gut fungi.

Moreover, PCR was performed as described by Allali et al. (2015)

and Sokol et al. (2017). The amplified products were then evaluated

by 2% agarose gel electrophoresis, purifiedwith Agencourt AMPure

XP beads (Beckman Coulter Co., USA), and quantified using the

Qubit dsDNA assay kit. The PCR products were sequenced using

an Illumina HiSeq platform (PE250) at Shanghai Oebiotech Co.,

Ltd., China. The raw data were submitted to the Sequence Read

Archive of the NCBI database (https://www.ncbi.nlm.nih.gov/sra)

under the accession numbers SRR19633851–SRR19633918 and

SRR24782233–SRR24782286. The primers for Fn, Bb, C. albicans,

and S. cerevisiae are listed in Supplementary Table 2. Furthermore,

10 µl SYBR Green II was used as the qPCR system by TAKARA

in cooperation with SYBR R©Premix Ex TaqTMII (TliRNaseH Plus).

Stepone R©plus by ABI company was used in qPCR with all

the operation and configuration according to the manufacturer’s

instruction with 40 cycles of 95◦C denaturation for 5 s and 60◦C

annealing and extension for the 30 s in total after 30 s of pre-

denaturation at 95◦C.

Bioinformatics analysis and potential
biomarker identification

Raw sequencing data were provided in the Fastq format.

Bioinformatics analysis of bacterial 16S rRNA and fungal ITS

gene amplicon pyrosequencing data was performed using the

Quantitative Insights Into Microbial Ecology (QIIME v.1.8.0)

software pipeline, and the combined raw sequencing data were

demultiplexed and filtered. Poor quality (below an average quality

score of 30) and short sequences (shorter than 200 bp) of all reads

were removed using Trimmomatic software (version 0.35). Clean

reads were subjected to primer sequence removal and clustered

to generate operational taxonomic units (OTUs) using Vsearch

software with a 97% similarity cutoff using USEARCH. Alpha

diversity indices (Shannon and Simpson) were calculated using

Mothur software. Differences between the bacterial and fungal

compositions of the two populations were analyzed based on

orthogonal partial least squares-discriminant analysis (OPLS-DA)

using the mixOmics package in R (v3.2.1). To identify significant

differences among the four groups of gut bacteria/fungi, linear

discriminant analysis effect size (LEfSe), which performs a non-

parametric factorial Kruskal–Wallis rank-sum test followed by the

linear discriminant analysis (LDA) coupled with measurements

to assess the effect size of each differentially abundant taxon,

was carried out through the LEfSe tool with an LDA of 2.0.

Functional predictions were made based on 16S rRNA OTU

membership using a phylogenetic investigation of communities

by reconstruction of unobserved states (PICRUSt), according

to the online protocol (http://picrust.github.io/picrust/). Network

analyses were performed to categorize the core fungal taxa using

OeBiotech tools available at https://cloud.oebiotech.cn/task/ and

the Tutool platform at https://www.cloudtutu.com.
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Statistical analysis

Differences in the gut microbial communities between the two

groups were analyzed using the non-parametric Kruskal–Wallis

rank-sum test. All PCR samples were analyzed in triplicate, and

Ct values >5 (Ctmax – Ctmin) or underdetermined readouts were

excluded. The average Ct value from triplicates was calculated,

and the relative abundance of the target gut microbiota was

based on the Ct value, which was defined as the target Ct value

minus the Ct value for 16s rRNA. All values are expressed as

mean ± standard deviation. A two-tailed p-value < 0.05 was

considered statistically significant. Pairwise multiple comparisons

were conducted using analysis of variance (ANOVA), followed by

the Bonferroni post hoc test. Associations were determined using

Spearman’s rank correlation. All statistical analyses and associated

plots, such as OPLS-DA, pairwise Spearman’s correlations, R scores,

and p-values, were performed using GraphPad Prism v 7.0 and

SPSS 22.0.

Results

Bacterial composition, diversity analysis,
and taxonomic alterations

The 16S rRNA gene was amplified and sequenced from 68 fecal

samples from four groups, which were designated as HC (n = 15,

designated sample numbers HC1–15), while the patient groups

included CRA (n = 15, sample numbers XH1–15), CRC (n = 19,

sample numbers WC1–19), and PP (n= 19, sample numbers ZL1–

19). The sequencing results produced 4,933,539 raw reads. After

removing low-quality reads, 4,207,009 clean reads corresponding

to 8,501 OTUs were retained. Each sample contained an average of

1,283 OTUs (range, 679–2,407 per sample). In total, 2,629 unique

OTUs were identified in the four groups: 482 in the HC, 683 in the

CRC, 301 in the CRA, and 1,154 in the PP group. Venn analysis

revealed 39 unique core OTUs in 68 samples. Gut bacteria from

fecal samples collected from HC comprised 27 phyla, 57 classes,

156 orders, 270 families, and 581 genera; those from CRA included

33 phyla, 73 classes, 182 orders, 298 families, and 623 genera;

those from CRC included 34 phyla, 82 classes, 198 orders, 321

families, and 660 genera; and those from PP comprised 33 phyla,

88 classes, 213 orders, 351 families, and 727 genera. The dominant

bacterial phyla were Bacteroidetes, Firmicutes, and Proteobacteria,

accounting for 48.17, 37.35, and 10.40% of the OTUs, respectively

(Supplementary Figure 2A). The dominant bacterial classes were

the Bacteroidia, Clostridia, Gammaproteobacteria, Negativicutes,

and Actinobacteria (Supplementary Figure 2B). The predominant

bacterial orders were Bacteroidales, Oscillospirales, Lachnospirales,

Enterobacterales, and Lactobacillales (Supplementary Figure 2C).

The dominant bacterial families were the Bacteroidaceae,

Lachnospiraceae, Prevotellaceae, Ruminococcaceae, and

Enterobacteriaceae (Supplementary Figure 2D). The dominant

bacterial genera in the four groups were Bacteroides, Prevotella,

Faecalibacterium, Muribaculaceae, and Lachnoclostridium

(Supplementary Figure 2E).

To determine potential shifts in the gut bacterial composition

among patients and HC, we compared the alpha and beta

diversities among the four groups. However, no changes in alpha

diversity (Simpson and Shannon indices) were detected between

HC vs. CRC, HC vs. CRA, or HC vs. PP. Moreover, beta

diversity comparisons among the samples evaluated by OPLS-DA

demonstrated that all CRC samples clustered together, except for

CRC2, whereas all HC samples clustered together, except HC8

(Figure 1A). All CRA individuals clustered together, except for

CRA1 and CRA2 (Figure 1B), whereas all PP individuals clustered

together, except for PP16, PP17, and PP18 (Figure 1C).

High-throughput sequencing data were analyzed to determine

which gut bacteria were significantly associated with the HC

or patient groups. A total of 51 species of bacteria were

identified in the HC, CRA, CRC, and PP groups. Bacteroides

vulgatus, Bacteroides plebeius, Parabacteroides merdae, Romboutsia

ilealis, and Sutterella wadsworthensis were the top five most

dramatically different species among the four groups. Additionally,

LEfSe was used to determine the taxa that most likely revealed

differences between CRA/CRC patients and healthy controls, and

Alphaproteobacteria were increased in the CRA group (Figure 2A).

Comparing the HC with CRC groups, Subdoligranulum was

increased in CRC while Bacteroides, Bacteroidaceae, Tannerellaceae

and Parabacteroides were increased in HC samples (Figure 2B).

Other comparisons revealed that Firmicutes, Bacill, Lactobacillales,

Lactobacillus, and Lactobacillaceae were significantly enriched in

the PP group, whereas Bacteroidales, Bacteroidia, Bacteroidota,

Bacteroides, and Bacteroidaceae were more abundant in the HC

group than in the PP group (Figure 2C).

In different sample groups, PICRUSt was implemented as a

predictive tool for the gut bacterial communities. Overall, 24 Kyoto

Encyclopedia of Genes and Genomes (KEGG) orthologs were

identified in the KEGG database. Among all samples, PICRUSt

analysis indicated that carbohydrate transport and metabolism,

transcription, amino acid transport and metabolism, and cell

wall/membrane/envelope biogenesis accounted for 11.33, 9.04,

8.42, 7.75, and 6.96% of all functional predictions, respectively

(Supplementary Figure 3). Moreover, most of the major functions

of the gut bacterial communities in the HC, CRA, CRC, and

PP groups (except RNA processing and modification, chromatin

structure and dynamics, cell wall/membrane/envelope biogenesis,

inorganic ion transport and metabolism, intracellular trafficking,

secretion, vesicular transport, defense mechanisms, extracellular

structures, and nuclear structure) were significantly different

among the four groups.

Fungal composition, diversity analysis, and
taxonomic alterations

The ITS gene region was sequenced and analyzed from the

same fecal samples, except 15 samples. A total of 54 fecal samples

from four designated groups were collected: healthy subjects were

designated as HC (n = 14, designated sample numbers HC1–14),

while the patient groups included CRA (n = 14, sample numbers

CRA1–14), CRC (n = 11, sample numbers CRC1–11), and PP (n

= 15, sample numbers PP1–15). A total of 4,017,759 reads were

retained, and after removing low-quality reads, 3,271,674 clean

reads corresponding to 2,970 OTUs were retained. Each sample
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FIGURE 1

Group-wise comparisons by OPLS-DA analysis of the gut bacteria in HC vs. CRC (A), HC vs. CRA (B), and HC vs. PP (C).

FIGURE 2

The most di�erentially abundant gut bacterial taxa in HC vs. CRA (A), HC vs. CRC (B), and HC vs. PP (C) based on LEfSe analysis, respectively.
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FIGURE 3

Group-wise comparisons by OPLS-DA analysis of the gut fungi in HC vs. CRC (A), HC vs. CRA (B), and HC vs. PP (C).

FIGURE 4

The most di�erentially abundant gut fungal taxa in HC vs. CRA (A), HC vs. CRC (B), and HC vs. PP (C) based on LEfSe analysis, respectively.
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contained 60,586± 9,877 reads (range, 34,481–69,982 per sample),

and an average of 55 OTUs (range, 14–311) and 96.5% (mean) were

classified as fungal phyla.

Gut fungi from the fecal samples collected from HC

comprised 11 phyla, 27 classes, 58 orders, 123 families, and

186 genera; those from CRA included 8 phyla, 20 classes, 41

orders, 71 families, and 89 genera; those from CRC included

8 phyla, 18 classes, 31 orders, 52 families, and 58 genera; and

samples collected from PP comprised 8 phyla, 22 classes, 37

orders, 64 families, and 80 genera. The dominant bacterial

phyla were Ascomycota, Basidiomycota, and Glomeromycota,

accounting for 70.59, 25.29, and 1.22%, respectively

(Supplementary Figure 4A). The dominant fungal classes were

Saccharomycetes,Agaricomycetes, Eurotiomycetes,Dothideomycetes,

and Sordariomycetes (Supplementary Figure 4B). The main fungal

orders identified were Saccharomycetales, Eurotiales, Pleosporales,

Hypocreales, and Agaricales (Supplementary Figure 4C). The

main fungal families identified were Thermoascaceae, Nectriaceae,

Phaeosphaeriaceae, Mycosphaerellaceae, and Saccharomycetaceae

(Supplementary Figure 4D). The main fungal genera in all four

groups were Candida, Byssochlamys, Phaeosphaeria, Gibberella,

andMycosphaerella (Supplementary Figure 4E).

Similar to gut bacterial alpha diversity, gut fungal alpha

diversity was estimated using the observed Simpson and Shannon

indices. The alpha diversity of the HC samples was significantly

higher than those of the CRC, CRA, and PP samples, as indicated by

the number of observed OTUs. The results exhibited no changes in

alpha diversity (Simpson and Shannon indices) among the groups,

except for the Shannon indices, which demonstrated that alpha

diversity differed significantly between HC and CRC and between

HC and PP samples. Moreover, individuals from each group were

irregularly distributed according to their clade as identified by

OPLS-DA (Figures 3A–C).

To explore the variations in fungal community compositions

between the two groups, the relative abundances of several taxa

were compared among the four groups using LEfSe analysis

(Figures 4A–C). High-throughput sequencing data were analyzed

to determine which gut fungi were significantly associated with the

HC or patient groups. Eight fungal species were identified in the

HC, CRA, CRC, and PP groups. Byssochlamys spectabilis, Russula

sanguinea, Cortinarius bovarius, Geminibasidium hirsutum, and

Tricholoma bonii were the top five dramatically different fungal

species among the four groups.

Network analysis, heatmap, and
bacteria-fungi associations

We constructed genus-level correlation networks for both gut

bacteria and fungi in the HC vs. CRA, HC vs. CRC, and HC

vs. PP groups. The results indicated that Clavaria, Botryotrichum,

and Olpidium were the hub fungal genera in each model of

the HC vs. CRC (Supplementary Figure 5A). Cladophialophora

and Ganoderma were the hub fungal genera, and Haemophilus

was the hub bacterial genus in each model of HC vs. CRA

(Supplementary Figure 5B). Ceratobasidium, Cutaneotrichosporon,

Parastagonospor, and Saitozyma were the hub fungal genera, and

Mucispirillum and Klebsiella were the hub bacterial genera in each

model of the HC vs. PP (Supplementary Figure 5C).

To investigate the relationship between bacterial and fungal

taxa, we analyzed the correlations between the top 20 bacterial

genera and the top 20 fungal profiles. Comparison of HC with CRC

samples exhibited positive correlations between the abundance of

the Klebsiella genera with Cortinarius, Sebacina with Tricholoma,

Dialister with Inocybe, Cutaneotrichosporon with Agathobacter,

Fn with Aspergillus; however, there was no negative correlation

(Figure 5A). Comparison of HC with CRA samples identified

positive correlations between the abundance ofMycosphaerella and

Parasutterella, Paraprevotella and Archaeorhizomyces, Phomopsis

and Lachnospira, Escherichia-Shigella, Parasutterella, Collinsella,

and Blautia (Figure 5B). Faecalibacterium was found to be

positively correlated with Gibberella, Archaeorhizomyces, Russula,

Geminibasidium, and Klebsiella with Meyerozyma (Figure 5C). We

calculated the correlations between bacterial and fungal data forHC

vs. CRC, HC vs. CRA, and HC vs. PP comparisons. We established

a highly significant negative correlation between the bacterial and

fungal data for HC vs. CRC (R = −0.17, p = 0.46) (Figure 5D),

with similar results obtained between the bacterial and fungal data

for HC vs. CRA (R = −0.29, p = 0.17; Figure 5E) and HC vs. PP

(R=−0.32, p= 0.12; Figure 5F).

qPCR analysis of some microbial species in
HC, CRC, CRA, and PP

The 402 patients in the test cohort consisted of 92 HC, 119

CRC patients, 95 CRA patients, and 96 PP. We discovered that Fn

demonstrated a significantly increasing trend in the feces of CRC

patients compared to that in HC (p < 0.01); however, the abundant

levels in CRA and PP were significantly lower than those in CRC

(p < 0.05) (Figure 6A). The relative abundance of Fn exhibited a

mild increase in CRA and PP, which was higher than that in HC,

but lower than that in CRC (Figure 6A). Our results indicated the

abundance of C. albicans and S. cerevisiae in CRC, as described

in Fn (Figures 6C, D). In our cohort, the relative abundance of Bb

exhibited different results; it demonstrated a statistically significant

difference in CRC compared to HC, CRA, and PP. Compared to

healthy controls, the relative abundance of Bb in HC was higher

than that in CRA, CRC, and PP; however, the relative abundance of

Bb in CRA and PP was higher than that in HC, but lower than that

in CRC (Figure 6B).

Discussion

The incidence of CRC is rising worldwide; sporadic CRC

accounts for 95% of all cases, with various pathways, including the

adenoma-adenocarcinoma pathway, inflammatory pathway, and

de novo pathway. Additionally, CRA is regarded as one of the

major precancerous lesions of CRC, of which 60–90% arises via the

traditional adenoma-carcinoma pathway (Conteduca et al., 2013;

Feng et al., 2019; Kim et al., 2020). Genetic and environmental

factors play important roles in the pathogenesis of CRC as gut

bacteria and fungi contribute to the gut ecosystem through their

key roles in host interactions (Bhopal, 2015; Printz, 2015; Yang
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FIGURE 5

Heatmaps illustrating correlations between the top 20 di�erential bacterial genera and top 20 di�erential fungal genera in HC vs. CRC (A), HC vs. CRA

(B), and HC vs. PP (C), respectively. Correlation between bacterial and fungal data for HC vs. CRC (D), HC vs. CRA (E), and HC vs. PP (F). *p < 0.05,

**p < 0.01, and ***p < 0.001. Red: positive correlation; blue: negative correlation.

FIGURE 6

The abundance of Fusobacterium nucleatum (A), Bifidobacterium bifidum (B), Candida albicans (C), and Saccharomyces cerevisiae (D) in HC, CRC,

CRA, and PP, respectively. *p < 0.05 and **p < 0.01.
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et al., 2019). Accumulating evidence has revealed that gut dysbiosis

is one of the most essential environmental factors in the initiation

and progression of CRC, and several studies have indicated that gut

bacteria and fungi can act as drivers to initiate precancerous lesions

by promoting the accumulation of gene mutations, thereby directly

implicating them in the development of CRA and subsequent

progression to CRC (Gao et al., 2017; Coker et al., 2019; Liang

et al., 2020; Liu et al., 2020). Although colonoscopy is an effective

screening tool for CRC diagnosis, it remains unpopular with the

subjects being tested.Moreover, studies have increasingly addressed

the role of the gut microbiome in CRC since a dysbiotic state

has been reported in the gut microbiome of CRA and CRC

patients (Allali et al., 2015). Hence, there is an unmet need to

develop effective non-invasive examinations to detect the early

development of CRC (Feng et al., 2023). High-throughput gene

sequencing and metagenomic studies have exhibited decreased

overall diversity and increased abundance of certain tumor-

promoting bacteria and fungi in tumor tissues (Wang et al., 2012).

Our study aimed to test whether the gut microbiome composition

of patients with CRC and CRA differs from that of HC. We

observed changes in the composition and structure of gut bacteria

and fungi in patients with CRC or CRA, similar to previous reports

revealing abnormalities in normal bacterial and fungal community

composition in the guts of patients with CRC or CRA (Lu et al.,

2016; Coker et al., 2019).

The gut microbiome plays complex and key roles in numerous

diseases, and a structural imbalance does exist in the gut

microbiome of patients. Furthermore, accumulating evidence

indicates that the etiology of CRC is related to the gut microbiota

(Sheng et al., 2020). Over the last few decades, an increasing

number of studies have indicated that the assemblage of the gut

microbiota influences the formation and progression of CRC (Geng

et al., 2013; Garcia-Castillo et al., 2016; Guthrie et al., 2017). In

this study, we investigated the structure of gut bacterial and fungal

communities in HC, CRA, CRC, and PP samples. The analysis

enabled the elucidation of differences in the guts of CRC, CRA,

and PP groups from the HC group. For the bacterial data, alpha

diversity analysis did not reveal any difference in the observed

species; however, the diversity indicated by the Simpson index in

the HC group was higher than that in the CRC group. There was

also no significant difference between the CRA and PP groups,

which has also been observed in previous studies (Shen et al.,

2010; Sanapareddy et al., 2012; Feng et al., 2015; Lu et al., 2016).

For fungal data, the Shannon diversity index results established

that alpha diversity differed significantly between HC and CRC

and between HC and PP. However, beta diversity analyses of HC

vs. CRA, HC vs. CRC, and HC vs. PP demonstrated dramatic

differences in both bacterial and fungal structures, revealing that

the process from CRA to CRC resection had a strong effect on

diversity (Shen et al., 2010; Sanapareddy et al., 2012; Feng et al.,

2015; Lu et al., 2016). Therefore, this confirmed the perspective that

the changes in bacterial and fungal profiles were not entirely elicited

by CRA or CRC itself and that bacteria and fungi might play vital

roles in CRA or CRC development, while the existing abnormal

environment after adenoma resection might also contribute to

adenoma recurrence (Yu, 2018). Many studies have confirmed

increased microbial diversity in CRC patients compared to HC,

suggesting that microbial diversity can be distinguished from HC

even when the CRC is excised (Yu, 2018). It was discovered that

not only the removal of CRC provided gut microbiota with great

alterations but also these alterations encouraged a more normal

microbiota, confirming the view that the gut microbial community

was not entirely produced by CRC itself and might play a vital role

in CRC formation, while the still existing abnormal environment

after CRC resection might also lay the groundwork for CRC

recurrence (Sze et al., 2017).

Bacteria and fungi are important members of the gut microbial

ecosystem that interact with the host, and many factors, such as

age, sex, and types of cancer, affect the diversity and composition of

the gut mycobiota; however, limited evidence has been proposed

that relies on a high-throughput platform to explore the role of

bacteria and fungi in CRC development and impact treatment

progression (Gao et al., 2017; Rahwa et al., 2020). Some microbial

pathogens directly promote CRC progression, and some microbial

metabolites may reduce the risk of CRC. Previous research has

established that gut bacteria and fungi are greatly altered in patients

with the removal of colorectal CRA/CRC, with post-operative

gut bacteria characterized by reductions in commensal bacterial

species and the growth of detrimental bacterial and fungal strains

(Keku et al., 2015; DeGruttola et al., 2016; Yu et al., 2017). In

this study, we identified 51 species of bacteria and 8 species of

fungi with significantly altered abundance, especially 2 bacterial

species (Fn and Bb) and 2 fungal species (C. albicans and S.

cerevisiae). A considerable number of studies have identified Fn

as a potential marker for CRC detection, and it is one of the

most widely studied bacteria associated with CRC (Yu et al., 2017).

As an obligate anaerobic gram-negative bacillus, Fn commonly

colonizes the oral cavity, and it has also been detected in CRC

and CRA (Castellarin et al., 2012). A previous study identified

that Fn was abundant in tissues of CRC patients with recurrence

after chemotherapy and was associated with clinicopathological

characteristics. Enriched Fn in CRC has an invasive role in colonic

epithelial cells. Furthermore, bioinformatic and functional studies

have demonstrated that Fn promotes colorectal cancer resistance

to chemotherapy (Yu et al., 2017). Among the various fecal

microbiological tests for CRC diagnosis, qPCR testing for fecal

Fn abundance exhibits the potential for popularization and may

serve as a possible indicator of CRC prognosis (Suehiro et al.,

2016). In this study, we discovered that radical surgery may lead

to a rapid decline in fecal Fn abundance. As for the role of Fn in

CRC prognosis, it was discovered that CRC patients with higher

Fn count had a poor prognosis, suggesting its potential value as

a non-invasive prognosis indicator for CRC. Some studies have

displayed that fecal Fn plays a vital part in CRC prognosis and

seems to be firmly linked to its treatment response (Flanagan

et al., 2014). Despite accumulating achievements in the non-

invasive microbial diagnosis of CRC, few studies have investigated

cancer prognosis, and most studies are limited to tests relying

on Fn. Due to the negative correlation between the abundance

and survival of Fn, it may serve as a promising prognostic

indicator for CRC (Mima et al., 2015; Yamaoka et al., 2018).

In humans, Bb is distributed across seven different ecological

niches, including the gastrointestinal tract and oral cavity, and

displays notable physiological and genetic features encompassing
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adhesion to epithelia as well as the metabolism of host-derived

glycans (Turroni et al., 2019). Preclinical reports have displayed

that Bb can be applied as a biotherapeutic agent in the inhibition

or therapy of colorectal cancer through the modification of gut

bacteria, and it can play a relevant role in inhibiting colon

cancer cell growth, which can be used to prevent some incurable

diseases such as cancer (Agah et al., 2019). Previous studies have

indicated that the oral consumption of Bb probiotics significantly

decreased the levels of triglycerides, alkaline phosphatase, low-

density lipoprotein, VDR, and LPR gene expression in mouse colon

cancer (Tjalsma et al., 2012; Feng et al., 2015; Yang et al., 2019;

Kim et al., 2020; Vacante et al., 2020). C. albicans has emerged

as a major public health problem over the past two decades. The

spectrum of diseases caused byCandida species ranges from vaginal

infections to deep infections in hospitalized patients, which leads

to high morbidity and mortality rates and may also play a role

in the persistence or worsening of some chronic IBDs (Poulain,

2015). The association between C. albicans and cancer has been

observed for decades, and most of the current clinical and animal

evidence supports C. albicans as a member of the oral microbiota

that acts as an opportunistic pathogen, along with changes in

the epithelium that can predispose individuals to pre-malignancy

and/or malignancy (Febriyanti et al., 2022). S. cerevisiae is a

ubiquitous yeast widely used in industry, and it is also a common

colonizer of human mucosae; however, the incidence of invasive

infection by these fungi has significantly increased in recent decades

(Souza et al., 2013). S. cerevisiae has been a key experimental

organism for the study of infectious diseases, it has revealed that

the abundance of S. cerevisiae decreased, while that of C. albicans

increased in CRC, and a shift in the gut microbiota environment

was demonstrated by analyzing the correlation between bacteria

and fungi (Coker et al., 2019). We identified CRA-, CRC-, and

PP-specific shifts in bacterial and fungal composition by qPCR

analysis reflected by the enrichment of Fn, Bb, C. albicans,

and S. cerevisiae. The shift has been previously highlighted,

suggesting that the aforementioned species may constitute

“biomarker” bacteria associated with cancer-predisposing CRA or

outright CRC.

In conclusion, omics initiatives have reached the forefront of

biomedical research by highlighting the significance of biological

functions and processes. Thus, multi-omic profiling has yielded

important insights into CRC biology by identifying potential

biomarkers and therapeutic targets. In this study, the gut bacteria

and fungi were altered in affected patients compared to those

in normal subjects. Thus, our results identified several gut

bacteria and fungi that could act as potential “biomarkers”

in the traditional adenoma-carcinoma axis using bacterial and

fungal data. However, we acknowledge some limitations to our

study. The sample numbers were relatively small; therefore, the

putative biomarkers, bacteria/fungi, require further validation.

This necessitates alternative, larger cohorts to further validate our

findings. However, as no single biomarker screen can provide

definitive evidence, the findings of this study make significant

contributions to the field. Moreover, diet is an important factor

to be considered in associating specific fungi with diseases and

may affect their universal application as diagnostic markers. The

gut microbiota are significantly influenced by food colonization.

Further studies are required to identify the functional consequences

of the altered bacterial/fungal composition on metabolism and

CRC tumorigenesis in the host.

Data availability statement

The raw data were submitted to the Sequence Read Archive

at the NCBI database (https://www.ncbi.nlm.nih.gov/sra)

under accession numbers SRR19633851-SRR19633918 and

SRR24782233-SRR24782286.

Author contributions

XL, GL, and FW designed the experiments of this manuscript.

JF, ZW, and XL conducted the sample collection and data analysis.

JF, XL, and GL wrote the manuscript. All authors read and

approved the manuscript.

Funding

This research was supported by the Natural Science Foundation

for the Higher Education Institutions of Anhui Province of China

(Grant No. KJ2021A0246).

Acknowledgments

The authors thank Rick F. Thorne and Prof. Xiaoying Liu for

their useful suggestions.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fmicb.2023.

1236583/full#supplementary-material

Frontiers inMicrobiology 10 frontiersin.org

94

https://doi.org/10.3389/fmicb.2023.1236583
https://www.ncbi.nlm.nih.gov/sra
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1236583/full#supplementary-material
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Li et al. 10.3389/fmicb.2023.1236583

References

Agah, S., Alizadeh, A.M.,Mosavi, M., Ranji, P., Khavari-Daneshvar, H., et al. (2019).
More protection of Lactobacillus acidophilus than bifidobacterium bifidum probiotics
on azoxymethane-induced mouse colon cancer. Probiotics Antimicrob Proteins. 11,
857–864. doi: 10.1007/s12602-018-9425-8

Aguiar, S., Oliveira, M. M. D., Mello, C. A. L. D., Calsavara, V. F., and Curado,
M. P. (2020). Survival of patients with colorectal cancer in a cancer center. Arqu.
Gastroenterol. 57, 172–177. doi: 10.1590/s0004-2803.202000000-32

Alhinai, E. A., Walton, G. E., and Commane, D. M. (2019). The role of
the gut microbiota in colorectal cancer causation. Int. J. Molec. Sci. 20, 5295.
doi: 10.3390/ijms20215295

Allali, I., Delgado, S., Marron, P. I., Astudillo, A., Yeh, J. J., et al. (2015). Gut
microbiome compositional and functional differences between tumor and non-tumor
adjacent tissues from cohorts from the US and Spain. Gut Microbes. 6, 161–172.
doi: 10.1080/19490976.2015.1039223

Andresen, V., Gschossmann, J., and Layer, P. (2020). Heat-inactivated
Bifidobacterium bifidum MIMBb75 (SYN-HI-001) in the treatment of irritable
bowel syndrome: a multicentre, randomised, double-blind, placebo-controlled clinical
trial. Lancet Gastroenterol. Hepatol. 5, 658–666. doi: 10.1016/S2468-1253(20)30056-X

Bhopal, R. S. (2015). Diet and colorectal cancer incidence. JAMA Internal Med. 175,
1726–1727. doi: 10.1001/jamainternmed.2015.4016

Castellarin, M., Warren, R. L., Freeman, J. D., Dreolini, L., Krzywinski, M., et al.
(2012). Fusobacterium nucleatum infection is prevalent in human colorectal carcinoma.
Genome Res. 22, 299–306. doi: 10.1101/gr.126516.111

Chen, H. M., Yu, Y. N., Wang, J. L., Lin, Y. W., Kong, X., et al. (2013).
Decreased dietary fiber intake and structural alteration of gut microbiota in
patients with advanced colorectal adenoma. Am. Clin. Nutr. 97, 1044–1052.
doi: 10.3945/ajcn.112.046607

Coker, O. O., Nakatsu, G., Dai, R. Z., Wu, W. K. K., Wong, S. H., et al. (2019).
Enteric fungal microbiota dysbiosis and ecological alterations in colorectal cancer.Gut.
68, 654–662. doi: 10.1136/gutjnl-2018-317178

Collins, D., Hogan, A. M., and Winter, D. C. (2011). Microbial and viral pathogens
in colorectal cancer. Lancet Oncol. 12, 504–512. doi: 10.1016/S1470-2045(10)70186-8

Conteduca, V., Sansonno, D., Russi, S., and Dammacco, F. (2013). Precancerous
colorectal lesions. Int. J. Oncol. 43, 973–984. doi: 10.3892/ijo.2013.2041

DeGruttola, A. K., Low, D., Mizoguchi, A., and Mizoguchi, E. (2016). Current
understanding of dysbiosis in disease in human and animal models. Infelam. Bowel
Dis. 22, 1137–1150. doi: 10.1097/MIB.0000000000000750

Drewes, J. L., Housseau, F., and Sears, C. L. (2016). Sporadic colorectal cancer:
microbial contributors to disease prevention, development and therapy. Br. J. Cancer.
115, 273–280. doi: 10.1038/bjc.2016.189

Fearon, E. R., and Carethers, J. M. (2015). Molecular subtyping of colorectal cancer:
time to explore both intertumoral and intratumoral heterogeneity to evaluate patient
outcome. Gastroenterology. 148, 10–13. doi: 10.1053/j.gastro.2014.11.024

Febriyanti, A. N., Yasmin, M. F., Simon, P. T. A., Muhammad, C., Putri, A. V.
K., et al. (2022). Role of Candida albicans in oral carcinogenesis. Pathophysiology. 29,
650–662. doi: 10.3390/pathophysiology29040051

Feng, J., Gong, Z., Sun, Z., L,i, J., Xu, N., et al. (2023). Microbiome and metabolic
features of tissues and feces reveal diagnostic biomarkers for colorectal cancer. Front.
Microbiol. 14, 1034325. doi: 10.3389/fmicb.2023.1034325

Feng, Q., Liang, S., Jia, H., Stadlmayr, A., Tang, L., et al. (2015). Gut microbiome
development along the colorectal adenoma-carcinoma sequence. Nat. Commun. 6,
6528. doi: 10.1038/ncomms7528

Feng, Z. Q., Cao, J., Nie, Y. Q., Gong, C. H., Wang, H., et al. (2019). Analysis of
population-based colorectal cancer screening in Guangzhou, 2011-2015. Cancer Med.
8, 2496–2502. doi: 10.1002/cam4.1867

Flanagan, L., Schmid, J., Ebert, M., Soucek, P., Kunicka, T., et al. (2014).
Fusobacterium nucleatum associates with stages of colorectal neoplasia development,
colorectal cancer and disease outcome. Eur. J. Clin. Microbiol. Infect. Dis. 33,
1381–1390. doi: 10.1007/s10096-014-2081-3

Flemer, B., Lynch, D. B., Brown, J. M., Jeffery, I. B., Ryan, F. J., et al. (2017).Tumour-
associated and non-tumour-associated microbiota in colorectal cancer. Gut. 66,
633–643. doi: 10.1136/gutjnl-2015-309595

Gao, R., Gao, Z., Huang, L., and Qin, H. (2017). Gut microbiota and colorectal
cancer. Eur. J. Clin. Microbiol. Infect. Dis. 36, 757–769. doi: 10.1007/s10096-016-2881-8

Garcia-Castillo, V., Sanhueza, E., McNerney, E., Onate, S. A., and Garcia, A. (2016).
Microbiota dysbiosis: a new piece in the understanding of the carcinogenesis puzzle. J.
Med. Microbiol. 65, 1347–1362. doi: 10.1099/jmm.0.000371

Geng, J., Fan, H., Tang, X., Zhai, H., and Zhang, Z. (2013). Diversified pattern of the
human colorectal cancer microbiome. Gut Pathog. 5, 2. doi: 10.1186/1757-4749-5-2

Guo, A. J., Wang, F. J., Ji, Q., Geng, H. W., Yan, X., et al. (2021).Proteome
analyses reveal S100A11, S100P, and RBM25 are tumor biomarkers in colorectal cancer.
Proteomics Clin. Applic. 15, 2000056. doi: 10.1002/prca.202000056

Guthrie, L., Gupta, S., Daily, J., and Kelly, L. (2017). Human microbiome signatures
of differential colorectal cancer drug metabolism. NPJ Biofilms. Microbiomes. 3, 27.
doi: 10.1038/s41522-017-0034-1

Hibberd, A. A., Lyra, A., Ouwehand, A. C., and Rolny, P., Lindegren, H.,
et al. (2017). Intestinal microbiota is altered in patients with colon cancer
and modified by probiotic intervention. BMJ Open Gastroenterol. 4, e000145.
doi: 10.1136/bmjgast-2017-000145

Kamada, N., Chen, G. Y., Inohara, N., and Núñez, G. (2013). Control of
pathogens and pathobionts by the gut microbiota. Nat. Immunol. 14, 685–690.
doi: 10.1038/ni.2608

Keku, T. O., Dula, S., Deveaux, A., Jovov, B., andHan, X. (2015). The gastrointestinal
microbiota and colorectal cancer. Am. J. Physiol. Gastrointest. Liver Physiol. 308,
G351–G363. doi: 10.1152/ajpgi.00360.2012

Kim, M., Vogtmann, E., Ahlquist, D. A., Devens, M. E., Kisiel, J. B., et al. (2020).
Fecal metabolomic signatures in colorectal adenoma patients are associated with
gut microbiota and early events of colorectal cancer pathogenesis. Microbiome. 11,
e03186–e03119. doi: 10.1128/mBio.03186-19

Liang, S., Mao, Y., Liao, M., Xu, Y., Chen, Y., et al. (2020). Gut microbiome
associated with APC gene mutation in patients with intestinal adenomatous polyps.
Int. J. Biol. Sci. 16, 135–146. doi: 10.7150/ijbs.37399

Liu,W., Zhang, R., Shu, R., and Yu, J., Li, H., et al. (2020). Study of the relationship
between microbiome and colorectal cancer susceptibility using 16S rRNA sequencing.
Biomed. Res. Int. 2020, 7828392. doi: 10.1155/2020/7828392

Lohsiriwat, V., Lertbannaphong, S., Polakla, B., and Riansuwan, W. (2021).
Implementation of enhanced recovery after surgery and its increasing compliance
improved 5-year overall survival in resectable stage III colorectal cancer. Updates Surg.
73, 2169–2179. doi: 10.1007/s13304-021-01004-8

Louis, P., Hold, G. L., and Flint, H. J. (2014). The gut microbiota,
bacterial metabolites and colorectal cancer. Nat. Rev. Microbiol. 12, 661–672.
doi: 10.1038/nrmicro3344

Lu, Y., Chen, J., Zheng, J., Hu, G., and Wang, J. (2016). Mucosal adherent
bacterial dysbiosis in patients with colorectal adenomas. Scient. Rep. 6, 26337.
doi: 10.1038/srep26337

Marchesi, J. R., Adams, D. H., Fava, F., Hermes, G. D., Hirschfield, G. M., et al.
(2016). The gut microbiota and host health: a new clinical frontier. Gut. 65, 330–339.
doi: 10.1136/gutjnl-2015-309990

Marx, V. (2014). Cell communication: stop the microbial chatter. Nature. 511,
493–497. doi: 10.1038/511493a

Mima, K., Nishihara, R., Qian, Z. R., Cao, Y., Sukawa, Y., et al. (2015).
Fusobacterium nucleatum in colorectal carcinoma tissue and patient prognosi. Gut. 65,
1973–1980. doi: 10.1136/gutjnl-2015-310101

Murphy, C. L., Barrett, M., Pellanda, P., Killeen, S., McCourt, M., et al.
(2021). Mapping the colorectal tumor microbiota. Gut Microbes. 13, 1–10.
doi: 10.1080/19490976.2021.1920657

Peters, B. A., Dominianni, C., Shapiro, J. A., Church, T. R., Wu, J., et al. (2016).
The gut microbiota in conventional and serrated precursors of colorectal cancer.
Microbiome. 4, 69. doi: 10.1186/s40168-016-0218-6

Pickard, J. M., Zeng, M. Y., Caruso, R., and Núñez, G. (2017). Gut microbiota: role
in pathogen colonization, immune responses and inflammatory disease. Immunol. Rev.
279, 70–89. doi: 10.1111/imr.12567

Plummer,M.,Martel, C. D., Vignat, J., Ferlay, J., Bray, F., et al. (2016). Global burden
of cancers attributable to infections in 2012: a synthetic analysis. Lancet Global Health.
4, e609–e616. doi: 10.1016/S2214-109X(16)30143-7

Poulain, D. (2015). Candida albicans, plasticity and pathogenesis. Crit. Rev.
Microbiol. 41, 208–217. doi: 10.3109/1040841X.2013.813904

Printz, C. (2015). Vegetarian diet associated with lower risk of colorectal cancer.
Cancer. 121, 2667. doi: 10.1002/cncr.29582

Rahwa, T., Daniel, R. G., Lilian, N. R., Marien, I., and de, J., Clara,
B., et al. (2020). Growth rate alterations of human colorectal cancer cells
by 157 gut bacteria. Gut Microbes. 12, 1–20. doi: 10.1080/19490976.2020.179
9733

Rooks, M. G., and Garrett, W. S. (2016). Gut microbiota metabolites and host
immunity. Nat. Rev. Immunol. 16, 341–352. doi: 10.1038/nri.2016.42

Round, J. L., and Mazmanian, S. K. (2009). The gut microbiota shapes intestinal
immune responses during health and disease. Nat. Rev. Immunol. 9, 313–323.
doi: 10.1038/nri2515

Sanapareddy, N., Legge, R. M., Jovov, B., McCoy, A., Burcal, L., et al. (2012).
Increased rectal microbial richness is associated with the presence of colorectal
adenomas in humans. ISME J. 6, 1858. doi: 10.1038/ismej.2012.43

Shen, X. J., Rawls, J. F., Randall, T., Burcal, L., Mpande, C. N., et al. (2010).
Molecular characterization of mucosal adherent bacteria and associations with
colorectal adenomas. Gut Microbes. 1, 138–147. doi: 10.4161/gmic.1.3.12360

Frontiers inMicrobiology 11 frontiersin.org95

https://doi.org/10.3389/fmicb.2023.1236583
https://doi.org/10.1007/s12602-018-9425-8
https://doi.org/10.1590/s0004-2803.202000000-32
https://doi.org/10.3390/ijms20215295
https://doi.org/10.1080/19490976.2015.1039223
https://doi.org/10.1016/S2468-1253(20)30056-X
https://doi.org/10.1001/jamainternmed.2015.4016
https://doi.org/10.1101/gr.126516.111
https://doi.org/10.3945/ajcn.112.046607
https://doi.org/10.1136/gutjnl-2018-317178
https://doi.org/10.1016/S1470-2045(10)70186-8
https://doi.org/10.3892/ijo.2013.2041
https://doi.org/10.1097/MIB.0000000000000750
https://doi.org/10.1038/bjc.2016.189
https://doi.org/10.1053/j.gastro.2014.11.024
https://doi.org/10.3390/pathophysiology29040051
https://doi.org/10.3389/fmicb.2023.1034325
https://doi.org/10.1038/ncomms7528
https://doi.org/10.1002/cam4.1867
https://doi.org/10.1007/s10096-014-2081-3
https://doi.org/10.1136/gutjnl-2015-309595
https://doi.org/10.1007/s10096-016-2881-8
https://doi.org/10.1099/jmm.0.000371
https://doi.org/10.1186/1757-4749-5-2
https://doi.org/10.1002/prca.202000056
https://doi.org/10.1038/s41522-017-0034-1
https://doi.org/10.1136/bmjgast-2017-000145
https://doi.org/10.1038/ni.2608
https://doi.org/10.1152/ajpgi.00360.2012
https://doi.org/10.1128/mBio.03186-19
https://doi.org/10.7150/ijbs.37399
https://doi.org/10.1155/2020/7828392
https://doi.org/10.1007/s13304-021-01004-8
https://doi.org/10.1038/nrmicro3344
https://doi.org/10.1038/srep26337
https://doi.org/10.1136/gutjnl-2015-309990
https://doi.org/10.1038/511493a
https://doi.org/10.1136/gutjnl-2015-310101
https://doi.org/10.1080/19490976.2021.1920657
https://doi.org/10.1186/s40168-016-0218-6
https://doi.org/10.1111/imr.12567
https://doi.org/10.1016/S2214-109X(16)30143-7
https://doi.org/10.3109/1040841X.2013.813904
https://doi.org/10.1002/cncr.29582
https://doi.org/10.1080/19490976.2020.1799733
https://doi.org/10.1038/nri.2016.42
https://doi.org/10.1038/nri2515
https://doi.org/10.1038/ismej.2012.43
https://doi.org/10.4161/gmic.1.3.12360
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Li et al. 10.3389/fmicb.2023.1236583

Sheng, Q. S., He, K. X., Li, J. J., Zhong, Z. F., Wang, F. X., et al. (2020). Comparison
of gut microbiome in human colorectal cancer in paired tumor and adjacent normal
tissues. Onco. Targets Ther. 13, 635–646. doi: 10.2147/OTT.S218004

Sinha, R., Ahn, J., Sampson, J. N., Shi, J., Yu, G., et al. (2016). Fecal microbiota,
fecal metabolome, and colorectal cancer interrelations. PLoS ONE. 11, e0152126.
doi: 10.1371/journal.pone.0152126

Sokol, H., Leducq, V., Aschard, H., Pham, H. P., Jegou, S., et al. (2017). Fungal
microbiota dysbiosis in IBD. Gut. 66, 1039–1048. doi: 10.1136/gutjnl-2015-310746

Song, M. Y., Garrett, W. S., and Chan, A. T. (2015). Nutrients, foods, and colorectal
cancer prevention.Gastroenterology. 148, 1244–1260. doi: 10.1053/j.gastro.2014.12.035

Souza, G. C., deMattos, O. F., and Severo, L. C. (2013). Infección por Saccharomyces
cerevisiae [Saccharomyces cerevisiae infections]. Rev. Iberoam. Micol. 30, 205–208.
doi: 10.1016/j.riam.2013.03.001

Suehiro, Y., Sakai, K., Nishioka, M., Hashimoto, S., Takami, T.,
et al. (2016). Highly sensitive stool DNA testing of Fusobacterium
nucleatum as a marker for detection of colorectal tumours in a Japanese
population. Ann. Clin. Biochem. 54, 86–91. doi: 10.1177/00045632166
43970

Sun, T., Liu, S. L., Zhou, Y. B., Yao, Z. W., Zhang, D. F., et al. (2016). Evolutionary
biologic changes of gut microbiota in an ‘adenoma-carcinoma sequence’ mouse
colorectal cancer model induced by 1, 2-Dimethylhydrazine. Oncotarget. 8, 444–457.
doi: 10.18632/oncotarget.13443

Sze, M. A., Baxter, N. T., Ruffin, M. T. 4th., Rogers, M. A. M., and Schloss, P. D.
(2017). Normalization of the microbiota in patients after treatment for colonic lesions.
Microbiome. 5, 150. doi: 10.1186/s40168-017-0366-3

Thanikachalam, K., and Khan, G. (2019). Colorectal cancer and nutrition.Nutrients.
11, 164. doi: 10.3390/nu11010164

Tjalsma, H., Boleij, A., Marchesi, J. R., and Dutilh, B. E. A. (2012). Bacterial driver-
passenger model for colorectal cancer: beyond the usual suspects. Nat. Rev. Microbiol.
10, 575–582. doi: 10.1038/nrmicro2819

Turroni, F., Duranti, S., Milani, C., Lugli, G. A., van Sinderen, D., et al.
(2019). Bifidobacterium bifidum: a key member of the early human gut microbiota.
Microorganisms. 7, 544. doi: 10.3390/microorganisms7110544

Vacante, M., Ciuni, R., Basile, F., and Biondi, A. (2020). Gut microbiota and
colorectal cancer development: a closer look to the adenoma-carcinoma sequence.
Biomedicines. 8, 489. doi: 10.3390/biomedicines8110489

Wang, T., Cai, G., Qiu, Y., Fei, N., Zhang, M., et al. (2012). Structural segregation
of gut microbiota between colorectal cancer patients and healthy volunteers. ISME J. 6,
320. doi: 10.1038/ismej.2011.109

Wong, S. H., and Yu, J. (2019). Gut microbiota in colorectal cancer: mechanisms
of action and clinical applications. Nat. Rev. Gastroenterol. Hepatol. 16, 690–704.
doi: 10.1038/s41575-019-0209-8

Yamaoka, Y., Suehiro, Y., Hashimoto, S., Hoshida, T., Fujimoto, M., et al. (2018).
Fusobacterium nucleatum as a prognostic marker of colorectal cancer in a Japanese
population. J. Gastroenterol. 2017, 1–8. doi: 10.1007/s00535-017-1382-6

Yang, T. W., Lee, W. H., Tu, S. J., Huang, W. C., Chen, H. M., et al.
(2019). Enterotype-based analysis of gut microbiota along the conventional
adenoma-carcinoma colorectal cancer pathway. Scient. Rep. 9, 10923.
doi: 10.1038/s41598-019-45588-z

Yoshii, K., Hosomi, K., Sawane, K., and Kunisawa, J. (2019). Metabolism of dietary
and microbial vitamin b family in the regulation of host immunity. Front. Nutr. 6, 48.
doi: 10.3389/fnut.2019.00048

Yu, S. Y. (2018). The impact of colorectal neoplasm resection on gut microbiota. PhD
dissertation of Shanghai Jiao Tong University.

Yu, T., Guo, F., Yu, Y., Sun, T., Ma, D., et al. (2017). Fusobacterium nucleatum
promotes chemoresistance to colorectal cancer by modulating autophagy. Cell. 170,
548–563. doi: 10.1016/j.cell.2017.07.008

Zhang, Z., Tang, H., Chen, P., Xie, H., and Tao, Y. (2019). Demystifying the
manipulation of host immunity, metabolism, and extraintestinal tumors by the gut
microbiome. Signal Trans. Targ. Ther. 4, 41. doi: 10.1038/s41392-019-0074-5

Frontiers inMicrobiology 12 frontiersin.org96

https://doi.org/10.3389/fmicb.2023.1236583
https://doi.org/10.2147/OTT.S218004
https://doi.org/10.1371/journal.pone.0152126
https://doi.org/10.1136/gutjnl-2015-310746
https://doi.org/10.1053/j.gastro.2014.12.035
https://doi.org/10.1016/j.riam.2013.03.001
https://doi.org/10.1177/0004563216643970
https://doi.org/10.18632/oncotarget.13443
https://doi.org/10.1186/s40168-017-0366-3
https://doi.org/10.3390/nu11010164
https://doi.org/10.1038/nrmicro2819
https://doi.org/10.3390/microorganisms7110544
https://doi.org/10.3390/biomedicines8110489
https://doi.org/10.1038/ismej.2011.109
https://doi.org/10.1038/s41575-019-0209-8
https://doi.org/10.1007/s00535-017-1382-6
https://doi.org/10.1038/s41598-019-45588-z
https://doi.org/10.3389/fnut.2019.00048
https://doi.org/10.1016/j.cell.2017.07.008
https://doi.org/10.1038/s41392-019-0074-5
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Frontiers in Microbiology 01 frontiersin.org

Associations between gut 
microbiota and sleep: a 
two-sample, bidirectional 
Mendelian randomization study
Jun Wu 1, Baofu Zhang 1, Shengjie Zhou 2, Ziyi Huang 1, 
Yindong Xu 1, Xinwu Lu 1,3, Xiangtao Zheng 1* and Dong Ouyang 1,2*
1 Department of Vascular Surgery, The Second Affiliated Hospital of Wenzhou Medical University, 
Wenzhou, China, 2 Department of Obstetrics and Gynecology, Taizhou Women and Children’s Hospital 
of Wenzhou Medical University, Taizhou, Zhejiang, China, 3 Department of Vascular Surgery, Shanghai 
Ninth People’s Hospital Affiliated to Shanghai Jiao Tong University School of Medicine, Shanghai, China

Introduction: Previous research has reported that the gut microbiota performs 
an essential role in sleep through the microbiome–gut–brain axis. However, the 
causal association between gut microbiota and sleep remains undetermined.

Methods: We performed a two-sample, bidirectional Mendelian randomization 
(MR) analysis using genome-wide association study summary data of gut 
microbiota and self-reported sleep traits from the MiBioGen consortium and 
UK Biobank to investigate causal relationships between 119 bacterial genera 
and seven sleep-associated traits. We calculated effect estimates by using the 
inverse-variance weighted (as the main method), maximum likelihood, simple 
model, weighted model, weighted median, and MR-Egger methods, whereas 
heterogeneity and pleiotropy were detected and measured by the MR pleiotropy 
residual sum and outlier method, Cochran’s Q statistics, and MR-Egger regression.

Results: In forward MR analysis, inverse-variance weighted estimates concluded that 
the genetic forecasts of relative abundance of 42 bacterial genera had causal effects 
on sleep-associated traits. In the reverse MR analysis, sleep-associated traits had a 
causal effect on 39 bacterial genera, 13 of which overlapped with the bacterial genera 
in the forward MR analysis.

Discussion: In conclusion, our research indicates that gut microbiota may be 
involved in the regulation of sleep, and conversely, changes in sleep-associated 
traits may also alter the abundance of gut microbiota. These findings suggest an 
underlying reciprocal causal association between gut microbiota and sleep.

KEYWORDS

sleep, gut microbiota, Mendelian randomization, instrumental variable, causal 
relationship

1. Introduction

Sleep disorders have become a global public health issue, affecting approximately 15–30% 
of adults and causing significant burdens on quality of life, as well as occupational, psychological, 
and economic well-being (Ohayon, 2002; Morin et al., 2006). In modern society, owing to the 
negative effects of modern work patterns and screen time, the prevalence of sleep disorders and 
circadian rhythm disorders is growing (Thomée et al., 2011; Jehan et al., 2017; Murdock et al., 
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2017; Harknett et al., 2021; Di et al., 2022). Moreover, recent studies 
have indicated that insufficient sleep and sleep disturbances are 
correlated with countless adverse outcomes (Itani et al., 2017; Jike 
et al., 2018; Sun et al., 2020; Winer et al., 2021; Sun et al., 2022; Han 
et al., 2023). However, the molecular mechanisms underlying sleep–
wake cycles are unclear. Early research focused on the central nervous 
system’s role in sleep regulation and dysregulation (Raven et al., 2018; 
Van Someren, 2021; Sulaman et al., 2023). However, sleep is not only 
regulated by the central system but also affected by signals from 
peripheral tissues. Recently, researchers have focused on specific 
interactions between circadian rhythm processes and the 
gut microbiome.

The gut microbiome is a highly complex microbial community 
that may directly or indirectly participate in the regulation of the 
sleep–wake cycle through the microbiome–gut–brain axis (Neuman 
et al., 2015; Sen et al., 2021; Wang et al., 2022). Moreover, dietary 
composition, rhythms of feeding, and loss of the microbiome influence 
the composition of the gut cycling transcriptome and the expression 
of rhythm genes, independently and together (Leone et  al., 2015; 
Zhang et  al., 2023). For example, intraperitoneal injection of 
components of bacterial cell walls or bacteria-derived metabolites, 
such as lipopolysaccharides, lipoteichoic acid, and butyrate, were 
found to increase non-REM sleep in mice (Szentirmai and Krueger, 
2014; Szentirmai et al., 2019, 2021). Some randomized controlled 
trials have suggested that Bifidobacteria and Lactobacillaceae may help 
enhance sleep quality, especially sleep induction, and relieve 
subclinical signs of anxiety and depression (Nishida et al., 2019; Ho 
et  al., 2021; Lee et  al., 2021). Additionally, sleep disturbances are 
associated with the disruption of gut bacteria, which results in a 
dysfunctional colonic barrier and the development of intestinal 
illnesses (Benedict et al., 2016; Gao et al., 2023). However, owing to 
the existence of confounding factors, such as lifestyle, diet, and age 
(Rinninella et al., 2019), and the limitations of experimental ethics, it 
is difficult to carry out randomized controlled trials (RCT) to uncover 
the causal association between gut microbiota and sleep. Moreover, 
previous observational studies were not robust because they contained 
small numbers of participants and the direction of the effects was 
difficult to judge. As a result, it is unclear whether gut microbiota and 
sleep disturbances are causally related.

In genetic epidemiology, Mendelian randomization is a method 
that involves using genetic variants to compose instrumental variables 
(IVs) of traits to investigate the causal relationship between traits and 
outcomes. Since genetic variants are generally randomly assigned at 
meiosis and are not affected by disease states, MR analysis can 
minimize common confounding factors, avoid confounding factors 
measurement error, and overcome reverse causation (Smith and 
Ebrahim, 2003; Davey Smith and Hemani, 2014).

We conducted a two-sample, bidirectional MR study using single 
nucleotide polymorphisms (SNPs) from the most recent genome-wide 
association studies (GWASs) to identify whether gut microbiota affect 
sleep disturbances and whether such associations are directional.

2. Materials and methods

2.1. Description of study design

A two-sample, bidirectional MR design was performed to uncover 
the possible causal effects of gut microbiota on sleep-related traits 
(Figure 1). There were three core assumptions that genetic variants 
had to meet in order to be included as IVs in our study (Swerdlow 
et  al., 2016; Davies et  al., 2018): (i) relevance—the relationship 
between genetic variants and exposure was robust; (ii) independence—
the genetic variants were independent of confounding factors affecting 
exposure and outcome; and (iii) exclusion restriction—the genetic 
variants influenced the risk of the outcome through exposure rather 
than other potential pathways. The forward MR analyses considered 
gut microbiota as the exposure and each sleep phenotype as the 
outcome. By contrast, reverse MR analyses took each sleep phenotype 
as the exposure and gut microbiota as the outcome. We  used a 
two-sample MR computational model to investigate if there were 
bidirectional causal relationships between gut microbiota and sleep 
traits. Finally, several sensitivity analyses (the heterogeneity  
test, the pleiotropy test, and leave-one-out analysis) were 
performed sequentially.

2.2. Data sources

The GWAS summary statistics used in our study were compiled 
and are shown in Supplementary Table S1. The individuals from the 
data sources we  used for the MR analysis were primarily of 
European ancestry.

2.2.1. Gut microbiota
GWAS summary data for intestinal bacteria were assessed from 

the MiBioGen consortium. This consortium conducted the largest 
GWAS of the intestinal microbiome. The GWAS gathered whole-
genome genotyping data from 18,340 participants (24 cohorts) as well 
as the 16S rRNA genes from participant’s fecal microbiomes. Then, 
using three distinct variable regions (V1-V2, V3-V4, and V4) of the 
16S rRNA gene, the study profiled the composition of intestinal 
microbial species. By performing microbiome trait loci mapping, 
genetic variants were identified that affected the relative abundance or 
presence of nine phyla, 16 classes, 20 orders, 35 families, and 131 
genera (included 12 unknown genera). Finally, we  included 119 
genera taxa for our bidirectional MR study.

2.2.2. Sleep-related traits
GWAS summary data for seven sleep-related traits, namely 

daytime napping (n = 452,633), daytime sleepiness (n = 452,071), 
insomnia (n = 386,533), sleep duration (n = 446,118), long sleep 
duration (n = 339,926), short sleep duration (n = 411,934), and 
chronotype (n = 403,195) were obtained from United  Kingdom 
Biobank. Sleepiness and napping during the day are recognized as 
related clinical features of the attenuated arousal continuum (Dashti 
et al., 2021). Moreover, daytime napping may result from a lack of 
sleep at night or underlying poor health (Sayón-Orea et al., 2013; 
Celis-Morales et al., 2017), which makes causal inferences difficult 
in observational studies. Excessive daytime sleepiness is a main sign 
of chronic sleep deficiency and several primary sleep disorders; it 

Abbreviations: MR, Mendelian randomization; OR, Odds ratio; CI, Confidence 

interval; REM, Rapid eye movement; RCT, Randomized controlled trials; SNP, 

Single-nucleotide polymorphism; GWAS, Genome-wide association study; MR-

PRESS, MR pleiotropy residual sum and outlier; IVW, Inverse-variance weighted; 

IV, Instrumental variables.
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affects 10–20% of the population (Ohayon, 2008; Cohen et  al., 
2010). Insomnia is a common disorder, and up to 33% of the 
population experience transient insomnia symptoms at any given 
time (Morin et al., 2015). Sleep duration, as judged by self-reported 
data, is traditionally regarded as a continuous variable and divided 
into two distinct categories: short sleep duration (<7 h/night) and 
long sleep duration (≥9 h/night). In addition, we excluded extreme 
cases of sleep duration of less than 3 h or more than 18 h. 
Chronotype is determined by individual tendencies to sleep earlier 
or later, often referred to as circadian preference. Chronotype is 
generally treated as a continuous variable, but to provide 
interpretable OR in this GWAS study, a binary phenotype was also 
defined by using the same data field as for chronotype (Jones 
et al., 2019).

2.3. Selection of instrumental variables

For forward MR analysis, a sufficient number of SNPs need to 
be included as IVs for subsequent sensitivity analysis and horizontal 
pleiotropic detection. Therefore, we extracted SNPs closely related 
to the gut microbiota from the published data, with p < 1.0 × 10−5 as 
the primary filter. For the reverse MR analysis, SNPs were associated 
with sleep-related traits and reached the conventional GWAS 
significance threshold (p < 5.0 × 10−8). Then, to make sure that the 
IVs applied to exposure were independent, European sample data 
from the 1,000 Genomes project was used as the reference panel; 
SNPs in linkage disequilibrium (r2 < 0.001, clumping 
window = 10,000 kb) were excluded. We extracted SNPs associated 
with exposure for each outcome, and where exposed SNPs were not 
available they were discarded. After harmonizing exposure as well 
as outcome SNPs, we  excluded palindromic SNPs, outliers 
eliminated by the MR pleiotropy residual sum and outlier 
(MR-PRESSO) global test, and SNPs with minor allele 
frequency ≤ 0.01.

2.4. Mendelian randomization analysis

For MR analysis, multiple statistical models including inverse-
variance weighted (IVW), simple model, weighted model, weighted 
median, maximum likelihood method, and MR-Egger regression were 
utilized to estimate the potential bidirectional causal relationships 
between gut microbiota and sleep traits. We used the random-effects 
IVW method as the principal statistical method, and the overall 
estimate obtained by this method is equivalent to weighted linear 
regression for Wald estimates for each SNP, regardless of intercept 
(Burgess et  al., 2013). However, in the presence of horizontal 
pleiotropic SNPs, the IVW results would be severely biased (Burgess 
et  al., 2016). Therefore, we  used the MR-Egger method, which 
provides a valid test for causal effects consistent with the IVW method, 
after excluding SNPs that are directly related to the results or have 
horizontal pleiotropy (Bowden et al., 2015). The maximum likelihood 
method, similar to the IVW method, can provide results with a 
smaller standard error than IVW in the absence of heterogeneity or 
horizontal pleiotropy (Hartwig et al., 2017). Complementary analyses 
using the simple model, weighted model, and weighted median 
method were used as supplements to IVW. The weighted median 
method gives a credible estimate even if up to half of the results come 
from invalid SNPs (Bowden et al., 2016). When the largest number of 
similar individual SNPs causal effect estimates are from efficient SNPs, 
the weighted model was consistent even if SNPs were invalid (Hartwig 
et al., 2017). And the simple mode is an unweighted mode of the 
empirical density function of causal estimation (Hemani et al., 2018).

2.5. Sensitivity analysis

The intercept term of MR-Egger regression was used to determine 
the presence of pleiotropy. When the intercept term approaches zero, 
it suggests that there is no horizontal pleiotropy for the SNP used in 
the bidirectional MR analysis. In addition, we  performed the 

FIGURE 1

Study design of the bidirectional Mendelian randomization study on the associations of gut microbiota and sleep. IVs, instrumental variables. GWAS, 
genome-wide association studies. SNPs, single nucleotide polymorphisms. MR-PRESSO, Mendelian randomization pleiotropy residual sum and outlier. 
MAF, minor allele frequency. IVW, inverse variance weighted.
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MR-PRESSO global test to judge horizontal pleiotropy. Furthermore, 
we  used Cochran’s Q statistics and funnel plots to assess the 
heterogeneity of the IVW method. Moreover, to evaluate whether a 
single SNP impacted the main causal association, we conducted the 
“leave-one-out” analysis by eliminating each SNP in turn. In order to 
appraise the strength of IVs, we computed the F-statistic according to 

the following formula:
 
F

R N K

R K
=

× − −( )
−( )×

2

2

1

1

 . All the bidirectional MR 

analyses were performed using the two-sample MR (version 0.5.6) R 
packages in R (version 4.2.2). Finally, when the IVW-derived p-value 
<0.05 and the estimates of all methods were in the same direction, 
we considered the results of MR analysis to be nominally significant. 
In addition, taking into account multiple hypothesis testing, we set the 
p-value for Bonferroni correction in the forward MR analysis to 0.05/9 
(0.0055) and in the reverse MR analysis to 0.05/119 (4.20 × 10−4).

3. Results

3.1. Causal effects of gut microbiota on 
sleep-related traits

Based on the selection criteria of the IVs, we selected 460 SNPs 
for 42 bacterial taxa to uncover the potential causal associations 
between gut microbiota and sleep-related traits in the forward MR 
analysis. rs9393920 (in MR analysis of Oscillibacter on sleep duration) 
and rs736744 (in MR analysis of Oxalobacter on daytime sleepiness) 
were detected as outliers by MR-PRESSO and removed. All the 
F-statistics of IVs were larger than 10, which indicated weak 
instrument bias was unlikely. Supplementary Table S2 shows the 
details of the selected IVs of 42 bacterial taxa, including Beta, standard 
error, and p-values.

As shown in Figure 2 and Supplementary Table S3, genetically 
predicted abundances of nine genera were associated with daytime 
napping, 11 genera were associated with daytime sleepiness, seven 
genera were associated with insomnia, seven genera were associated 
with sleep duration, five genera were associated with long sleep 
duration, eight genera were associated with short sleep duration, and 
six genera were associated with chronotype, according to the estimates 
of the IVW method.

3.1.1. Daytime napping
The genetic forecast of abundance ratio of Holdemanella (OR: 

0.989, 95% CI: 0.979–0.998, p = 0.020) and Ruminococcaceae UCG-002 
(OR: 0.990, 95% CI: 0.981–0.999, p = 0.032) showed a negative 
correlation with daytime napping. The genetic forecast of abundance 
ratio of seven intestinal flora genera was positively correlated with 
daytime napping, specifically, Ruminococcus (gnavus group) (OR: 
1.010, 95% CI: 1.000–1.019, p = 0.041), Defluviitaleaceae UCG-011 
(OR: 1.011, 95% CI: 1.000–1.021, p = 0.046), Oxalobacter (OR: 1.011, 
95% CI: 1.001–1.021, p = 0.034), Eisenbergiella (OR: 1.011, 95% CI: 
1.001–1.021, p = 0.040), Butyricimonas (OR: 1.013, 95% CI: 1.001–
1.024, p = 0.035), Ruminococcaceae UCG-013 (OR: 1.015, 95% CI: 
1.000–1.029, p = 0.049), and Lachnospiraceae UCG-010 (OR: 1.017, 
95% CI: 1.001–1.034, p = 0.033).

3.1.2. Daytime sleepiness
The IVW estimates suggested that the genetic forecast of 

abundance ratio of 11 intestinal flora genera was positively associated 
with daytime sleepiness, specifically, Alloprevotella (OR: 1.007, 95% CI: 
1.000–1.014, p = 0.048), Peptococcus (OR: 1.009, 95% CI: 1.002–1.015, 
p = 0.008), Oxalobacter (OR: 1.014, 95% CI: 1.007–1.021, p = 2.79E-05), 
Ruminococcus (gnavus group) (OR: 1.010, 95% CI: 1.002–1.018, 
p = 0.011), Collinsella (OR: 1.013, 95% CI: 1.000–1.025, p = 0.045), 
Slackia (OR: 1.013, 95% CI: 1.001–1.026, p = 0.006), Clostridium sensu 
stricto 1 (OR: 1.014, 95% CI: 1.002–1.025, p = 0.021), Coprococcus 2 
(OR: 1.014, 95% CI: 1.002–1.026, p = 0.020), Coprococcus 3 (OR: 1.018, 
95% CI: 1.005–1.031, p = 0.005), Eubacterium (eligens group) (OR: 
1.016, 95% CI: 1.003–1.030, p = 0.021), and Butyricimonas (OR: 1.014, 
95% CI: 1.006–1.023, p = 0.001).

Moreover, the protective effects of Coprococcus 3 and 
Butyricimonas on daytime sleepiness were still significant after 
Bonferroni correction. However, after adjustment for body mass 
index, the effect of Alloprevotella (OR: 1.007, 95% CI: 1.000–1.014, 
p = 0.051) on daytime sleepiness was not nominally significant.

3.1.3. Insomnia
Genetically predicted relative abundance of Odoribacter (OR: 

0.976, 95% CI: 0.954–1.000, p = 0.044) and Oscillibacter (OR: 0.985, 
95% CI: 0.974–0.996, p = 0.005) decreased the risk of insomnia. After 
Bonferroni correction, the effect of Oscillibacter on insomnia risk 
remained. By contrast, five bacterial taxa increased the risk of 
insomnia, namely, Rikenellaceae RC9 gut group (OR: 1.007, 95% CI: 
1.000–1.015, p = 0.046), Prevotella 7 (OR: 1.009, 95% CI: 1.002–1.017, 
p = 0.017), Marvinbryantia (OR: 1.014, 95% CI: 1.000–1.029, 
p = 0.049), Clostridium (innocuum group) (OR: 1.018, 95% CI: 1.005–
1.031, p = 0.006), and Lachnoclostridium (OR: 1.029, 95% CI: 1.007–
1.052, p = 0.009).

3.1.4. Sleep duration
Alistipes (OR: 0.967, 95% CI: 0.938–0.997, p = 0.032) and 

Eubacterium (hallii group) (OR: 0.977, 95% CI: 0.959–0.997, p = 0.022) 
showed a negative correlation with sleep duration. By contrast, five 
intestinal flora genera were positively correlated with sleep duration 
according to the IVW estimates, namely, Victivallis (OR: 1.016, 95% CI: 
1.003–1.028, p = 0.013), Anaerofilum (OR: 1.018, 95% CI: 1.002–1.035, 
p = 0.032), Oscillibacter (OR: 1.024, 95% CI: 1.005–1.043, p = 0.012), 
Lachnospiraceae UCG-004 (OR: 1.033, 95% CI: 1.004–1.064, p = 0.026), 
and Odoribacter (OR: 1.038, 95% CI: 1.001–1.077, p = 0.043).

3.1.5. Long sleep duration
The IVW estimates suggested that the genetic forecast of 

abundance ratio of Alistipes (OR: 0.988, 95% CI: 0.980–0.997, 
p = 0.011), Ruminococcaceae NK4A214 group (OR: 0.990, 95% CI: 
0.983–0.998, p = 0.009), and Butyricimonas (OR: 0.994, 95% CI: 0.988–
1.000, p = 0.050) showed a negative correlation with long sleep 
duration. However, Slackia (OR: 1.007, 95% CI: 1.000–1.014, p = 0.037) 
and Ruminiclostridium 6 (OR: 1.009, 95% CI: 1.001–1.016, p = 0.020) 
were positively correlated with long sleep duration.

3.1.6. Short sleep duration
Coprococcus 1 (OR: 0.987, 95% CI: 0.975–1.000, p = 0.043), 

Lachnospiraceae UCG-004 (OR: 0.987, 95% CI: 0.978–0.997, 
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p = 0.013), Oscillibacter (OR: 0.990, 95% CI: 0.981–0.998, p = 0.017), 
Anaerofilum (OR: 0.991, 95% CI: 0.985–0.997, p = 0.003), and 
Eubacterium (fissicatena group) (OR: 0.994, 95% CI: 0.988–1.000, 
p = 0.041) showed a negative correlation with short sleep duration. 
Three genera were positively correlated with short sleep duration, 
namely, Eubacterium (hallii group) (OR: 1.010, 95% CI: 1.002–1.018, 
p = 0.020), Barnesiella (OR: 1.010, 95% CI: 1.001–1.019, p = 0.030), and 
Collinsella (OR: 1.014, 95% CI: 1.001–1.027, p = 0.037). Furthermore, 
the causal link between Anaerofilum and short sleep duration was still 
significant after Bonferroni correction.

3.1.7. Chronotype
The IVW method yielded nominal associations of four intestinal 

flora genera with chronotype, namely, Bacteroides (OR: 0.955, 95% CI: 
0.918–0.993, p = 0.019), Parabacteroides (OR: 0.952, 95% CI: 0.916–
0.989, p = 0.011), Eubacterium (coprostanoligenes group) (OR: 0.961, 
95% CI: 0.927–0.998, p = 0.036), and Prevotella 7 (OR: 0.982, 95% CI: 
0.968–0.997, p = 0.015). Genetically predicted relative abundance of 
Intestinibacter (OR: 1.026, 95% CI: 1.003–1.049, p = 0.025) and 

Tyzzerella 3 (OR: 1.030, 95% CI: 1.009–1.052, p = 0.006) had positive 
causal contributions to chronotype.

After using the binary phenotype of the chronotype, the 
significant difference of all these associations persisted except for 
Eubacterium (coprostanoligenes group) (OR: 0.987, 95% CI: 0.974–
1.000, p = 0.065). Furthermore, nominal significant effects on 
chronotype were observed for Bifidobacterium (OR: 0.987, 95% CI: 
0.977–0.996, p = 0.006), Ruminococcus 1 (OR: 0.986, 95% CI: 0.975–
0.998, p = 0.019), Catenibacterium (OR: 1.009, 95% CI: 1.001–1.017, 
p = 0.025), Victivallis (OR: 1.006, 95% CI: 1.000–1.012, p = 0.032), and 
Alloprevotella (OR: 0.992, 95% CI: 0.985–1.000, p = 0.037). In addition, 
the influence of Tyzzerella 3 on chronotype was more significant.

3.1.8. Sensitivity analysis
For the forward MR analysis, p-values derived from Cochran’s Q 

were all >0.05, except for estimates of Clostridium (innocuum group) 
on insomnia, Oxalobacter on daytime napping and daytime sleepiness, 
Lachnoclostridium on insomnia, and Tyzzerella 3 on chronotype, 
which showed that there was no significant heterogeneity. Except for 

FIGURE 2

In the forward MR analysis, IVW estimates from 42 bacterial genera on seven sleep-associated traits (daytime napping, daytime sleepiness, insomnia, 
sleep duration, long sleep duration, short sleep duration and chronotype). The color of each block represents the OR of every MR analysis (blue, OR  <  1; 
orange, OR  >  1). p-values of <0.05 were marked with “+,” p-values of <0.0055 were marked with “*” and p-values of <0.05 with potential pleiotropy 
were marked with “−”.
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Eisenbergiella, all p-values of MR-Egger intercept tests were > 0.05 
(Supplementary Table S4), suggesting that no horizontal pleiotropy 
appeared in forward MR analysis. This was also confirmed by “leave-
one-out” analysis and funnel plots (Supplementary Figures S1–S73).

3.2. Causal effects of sleep-related traits on 
gut microbiota

According to the selection criteria of the IVs, we selected 78 SNPs 
for daytime napping, 33 SNPs for daytime sleepiness, 34 SNPs for 
insomnia, 58 SNPs for sleep duration, four SNPs for long sleep 
duration, 23 SNPs for short sleep duration, and 117 SNPs for 
chronotype. Details about the selected SNPs are displayed in 
Supplementary Tables S5–S13. Except for IVs for long sleep duration 
and short sleep duration, the F-statistics for IVs were larger than 10.

As shown in Figure 3 and Supplementary Table S14, the results of 
reverse MR analysis indicated that daytime napping was correlated 
with three bacterial taxa, daytime sleepiness was correlated with eight 
bacterial taxa, insomnia was correlated with five bacterial taxa, sleep 

duration was correlated with eight bacterial taxa, long sleep duration 
was correlated with four bacterial taxa, short sleep duration was 
correlated with eight bacterial taxa, and chronotype was correlated 
with five bacterial taxa.

The IVW estimates indicated that daytime napping had causal 
contribution to the reduction of Fusicatenibacter abundance (OR: 
0.739, 95% CI: 0.554–0.987, p = 0.040), while being positively 
correlated with Akkermansia (OR: 1.530, 95% CI: 1.081–2.166, 
p = 0.017) and Ruminococcaceae NK4A214 group (OR: 1.527, 95% CI: 
1.115–2.092, p = 0.008).

The IVW estimates indicated that daytime sleepiness was 
negatively correlated with five bacterial taxa, namely, Oxalobacter 
(OR: 0.302, 95% CI: 0.101–0.904, p = 0.032), Slackia (OR: 0.339, 95% 
CI: 0.135–0.854, p = 0.022), Coprococcus 3 (OR: 0.541, 95% CI: 0.304–
0.962, p = 0.037), Blautia (OR: 0.555, 95% CI: 0.324–0.950, p = 0.032), 
and Dorea (OR: 0.556, 95% CI: 0.322–0.961, p = 0.035). In addition, 
there were suggestive associations between daytime sleepiness with 
three bacterial taxa, namely, Dialister (OR: 2.122, 95% CI: 1.093–4.117, 
p = 0.026), Flavonifractor (OR: 2.292, 95% CI: 1.140–4.608, p = 0.020), 
and Anaerofilum (OR: 3.688, 95% CI: 1.246–10.916, p = 0.018). 

FIGURE 3

In the reverse MR analysis, IVW estimates from seven sleep-associated traits (daytime napping, daytime sleepiness, insomnia, sleep duration, long sleep 
duration, short sleep duration and chronotype) on 39 bacterial genera. The color of each block represents the OR of every MR analysis (blue, OR  <  1; 
orange, OR  >  1). p-values of <0.05 were marked with “+,” p-values <0.05 in both forward and reverse MR analyses were marked with “/” and p-values of 
<0.05 with potential pleiotropy were marked with “−”.
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However, after additional adjustment for body mass index, the effects 
of daytime sleepiness on Slackia, Dialister, Blautia, Dorea, and 
Coprococcus 3 were not significant.

Insomnia was negatively correlated with Eubacterium (nodatum 
group) (OR: 0.310, 95% CI: 0.100–0.961, p = 0.043) and 
Ruminococcaceae UCG-013 (OR: 0.522, 95% CI: 0.345–0.791, 
p = 0.002), while being positively correlated with three bacterial taxa, 
namely, Clostridium sensu stricto 1 (OR: 1.708, 95% CI: 1.085–2.687, 
p = 0.021), Oxalobacter (OR: 2.434, 95% CI: 1.104–5.369, p = 0.027), 
and Butyrivibrio (OR: 2.656, 95% CI: 1.005–7.016, p = 0.049).

The results of the IVW method revealed that sleep duration was 
negatively correlated with five intestinal flora genera, namely, 
Senegalimassilia (OR: 0.709, 95% CI: 0.507–0.991, p = 0.044), 
Lactobacillus (OR: 0.726, 95% CI: 0.534–0.988, p = 0.041), Prevotella 9 
(OR: 0.776, 95% CI: 0.604–0.998, p = 0.048), Eubacterium (ventriosum 
group) (OR: 0.786, 95% CI: 0.641–0.964, p = 0.021) and Eubacterium 
(rectale group) (OR: 0.794, 95% CI: 0.655–0.962, p = 0.018). It was 
positively correlated with three bacterial taxa, namely, Bacteroides 
(OR: 1.225, 95% CI: 1.016–1.477, p = 0.033), Catenibacterium (OR: 
1.649, 95% CI: 1.017–2.672, p = 0.042), and Alloprevotella (OR: 1.946, 
95% CI: 1.104–3.427, p = 0.021).

The F-statistic of SNPs for long sleep duration and short sleep 
duration was less than 10. Therefore, weak instrumental bias could 
disturb the conclusions of reverse MR analysis (Supplementary  
Table S15).

Chronotype was negatively correlated with the genetic forecast of 
abundance ratio of four bacterial taxa, specifically, Ruminococcus 
(gnavus group) (OR: 0.781, 95% CI: 0.654–0.933, p = 0.006), 
Parabacteroides (OR: 0.858, 95% CI: 0.768–0.957, p = 0.006), 
Butyricicoccus (OR: 0.870, 95% CI: 0.782–0.969, p = 0.011), and 
Ruminiclostridium 6 (OR: 0.884, 95% CI: 0.783–0.998, p = 0.047). It 
was positively correlated with Streptococcus (OR: 1.129, 95% CI: 
1.011–1.260, p = 0.031). However, after using the binary phenotype of 
the chronotype, the associations of chronotype with Ruminococcus 
(gnavus group), Butyricicoccus, and Ruminiclostridium 6 became 
insignificant. In addition, significant effects of chronotype on 
Eggerthella (OR: 2.124, 95% CI: 1.145–3.941, p = 0.017), Alistipes (OR: 
0.689, 95% CI: 0.489–0.972, p = 0.034), Bacteroides (OR: 0.736, 95% 
CI: 0.543–0.997, p = 0.048), and Faecalibacterium (OR: 1.399, 95% CI: 
1.001–1.954, p = 0.049) were observed.

For the reverse MR analysis, p-values derived from Cochran’s Q 
were all >0.05 (Supplementary Table S15). In other words, there was 
no evidence of significant heterogeneity. Except for Fusicatenibacter, 
Lactobacillus, and Alistipes, all p-values of MR-Egger intercept tests 
were > 0.05, suggesting that no horizontal pleiotropy appeared. 
Furthermore, through funnel plots and “leave-one-out” analysis, 
we  found no causal associations between sleep-related traits and 
bacterial genera that were primarily driven by any single SNP 
(Supplementary Figures S74–S123).

4. Discussion

To the best of our knowledge, this is the first bidirectional MR 
analysis that comprehensively clarifies causal relationships between 
gut microbiota and sleep-related traits. As shown in Figures 2, 3, our 
findings indicate that a total of 68 bacterial taxa are causally associated 
with seven sleep-related traits. Furthermore, 13 bacterial taxa related 

to sleep-related features in forward MR analysis were regulated by 
sleep-related traits, including Alistipes, Alloprevotella, Anaerofilum, 
Bacteroides, Catenibacterium, Coprococcus 3, Oxalobacter, 
Parabacteroides, Ruminiclostridium 6, Ruminococcaceae NK4A214 
group, Ruminococcaceae UCG-013, Ruminococcus gnavus group, and 
Slackia. Nevertheless, the potential causal effects of Coprococcus 3, 
Oxalobacter, and Slackia on daytime sleepiness, and the potential 
causal effect of Parabacteroides and Bacteroides on chronotype in 
forward MR analysis were not supported by the results of reverse MR 
analysis. However, these findings did not exclude the possibility that 
the effects are interactive. Moreover, owing to potential pleiotropy, 
some causal effects (Eisenbergiella on daytime napping, daytime 
napping on Fusicatenibacter, sleep duration on Lactobacillus, and 
binary chronotype on Alistipes) were not credible. After excluding the 
above uncertain causal effects, a total of 40 bacterial taxa had potential 
causal effects on seven sleep-related traits, which in the other direction 
may be related to 34 bacterial taxa, and most of the bacterial taxa were 
of Bacillota (Figure 4).

Growing evidence from observational studies indicates that gut 
microbiota is correlated with sleep-related traits and disorders, and 
that the absence of gut microbes and their metabolites may alter sleep 
traits and architecture (Leone et  al., 2015; Paulsen et  al., 2017; 
Szentirmai et al., 2019). Szentirmai et al. found that the intestinal 
microbiome induces non-REM sleep through butyrate-sensitive 
mechanisms (Szentirmai et al., 2019). Cross-feeding is the central 
metabolic mechanism of the gut microbiota. Faecalibacterium can 
produce butyrate from acetate and lactate, which are produced by 
Bifidobacteria from fermented carbohydrates. Moreover, the coculture 
of Eubacterium hallii group with Bifidobacterium promotes the 
accumulation of butyrate through cross-feeding (Belenguer et  al., 
2006). Butyricimonas, Marvinbryantia, Holdemanella, Intestinibacter, 
Ruminococcaceae NK4A214 group, Clostridium sensu stricto 1, and 
Oscillibacter have also been associated with the production of butyrate, 
while Eggerthella is involved in the depletion of butyrate (Chen et al., 
2021; Liu et al., 2022). Consistent with these previous studies, our 
study found that these butyrate-producing bacteria (Bifidobacterium, 
Clostridium sensu stricto 1, Eubacterium hallii group, Holdemanella, 
Intestinibacter, Marvinbryantia, Oscillibacter, and Ruminococcaceae 
NK4A214 group) all had a nominally significant causal association 
with sleep (Figure  5). This finding suggests that these intestinal 
microbiotas associated with butyrate metabolism are involved in 
sleep-related regulatory mechanisms (Figure 6). Lipopolysaccharides 
and peptidoglycans, which are components of bacterial cell walls, are 
released during the decomposition or division of bacteria and then 
produce an inflammatory response by activating the expression of 
proinflammatory factors (Motta et al., 2015; Krueger and Opp, 2016). 
Previous research has confirmed that these inflammatory responses 
are related to the sleep that occurs during bacterial infections. 
However, the butyrate produced by intestinal flora has a strong anti-
inflammatory effect and can inhibit inflammation in the colon and 
liver as well as the expression of inflammatory factors induced by 
lipopolysaccharides and NF-κB activation (Perez et  al., 1998; 
Thangaraju et al., 2009; D'Souza et al., 2017).

Metabolites of gut microbes such as short-chain fatty acids, 
butyrate and, acetate may also regulate circadian rhythms by 
influencing the expression of circadian clock genes (Figure 6). Wang 
et  al. have demonstrated that the gut microbiome modulates the 
expression of the circadian transcription factor NFIL 3 (Wang et al., 
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2017). Furthermore, the absence of gut microbiota and gut microbial 
metabolites such as butyrate and acetic can led to significant 
differential expression of hepatic and central circadian clock genes 
regardless of dietary changes (Leone et al., 2015). An observational 
study determined that short-chain fatty acids, propionate, and 
butyrate in feces were associated with nighttime sleep duration  
in infants (Heath et  al., 2020). Another observational study also  
found that changes in abundance of Lachnospira, Bacteroides, 
Faecalibacterium, and Blautia were significantly associated with sleep 
quality and disorders (Li et  al., 2020), which correspond to our 
findings. Yu et al. found that after giving mice oral high doses of 
gamma-aminobutyric acid fermented milk, the relative abundance of 
Ruminococcus, Allobaculum, and Adlercreutzia, and the levels of short-
chain fatty acids increased significantly and sleep time was significantly 
prolonged (Yu et al., 2020). This result suggests that diet may affect 
sleep by regulating the intestinal microbiota. These previous studies 
and our research show that the gut microbiota and its metabolites can 
participate in the regulation of sleep.

The relative abundance of gut microbiota is unique between 
individuals, and under healthy conditions, the gut microbiota displays 
resilience and stability. However, the “healthy” microbiome can 
be disrupted by changes in age, disease and environmental factors 

(Hou et al., 2022). Sleep disturbances or circadian rhythm disturbances 
have also been reported to disrupt the balance of the gut microbiota. 
Circadian rhythms are essential for maintaining normal physiological 
functions of the gastrointestinal tract, and circadian rhythm disorders 
are closely related to certain diseases of the digestive system 
(Schernhammer et al., 2003; Hoogerwerf et al., 2007; Nojkov et al., 
2010). In vitro experiments by Summa et al. proved that circadian 
rhythm disturbance and sleep fragmentation lead to the destruction 
of the integrity of intestinal barrier function, which in turn increased 
intestinal permeability (Summa et al., 2013). This increased intestinal 
permeability may lead to translocations of gut microbiota and its 
metabolites, which alters the variety and abundance of gut microbiota. 
Poroyko et al. also demonstrated through in vitro experiments that 
sleep fragmentation can induce selective changes in intestinal flora, 
such as reducing the abundance of Bacteroidetes, Actinobacteria, and 
Bifidobacteriaceae (Poroyko et al., 2016). However, the disruption of 
the integrity of the intestinal barrier caused by sleep disorder may 
be related to its suppression of melatonin levels (Gao et al., 2019). Gao 
et al. found that the decrease in the abundance of Faecalibacterium, 
Bacteroides, and Akkermansia caused by sleep deprivation was 
associated with decreased levels of melatonin (Gao et  al., 2019). 
Consistent with these conclusions, we also found nominally causal 

FIGURE 4

The chord plot showed the causal relationships between gut microbiota and sleep. 1: Eubacterium fissicatena group; 2: Catenibacterium; 3: 
Coprococcus 1; 4: Clostridium sensu stricto 1; 5: Defluviitaleaceae UCG011; 6: Coprococcus 2; 7: Coprococcus 3; 8: Ruminococcus gnavus group; 9: 
Holdemanella; 10: Marvinbryantia; 11: Lachnospiraceae UCG004; 12: Lachnospiraceae UCG010; 13: Oscillibacter; 14: Peptococcus; 15: 
Ruminiclostridium 6; 16: Ruminococcaceae NK4A214 group; 17: Ruminococcaceae UCG002; 18: Intestinibacter; 19: Lachnoclostridium; 20: 
Ruminococcus 1; 21: Ruminococcaceae UCG013; 22: Tyzzerella 3; 23: Eubacterium coprostanoligenes group; 24: Blautia; 25: Dorea; 26: Anaerofilum; 
27: Flavonifractor; 28: Dialister; 29: Butyrivibrio; 30: Eubacterium nodatum group; 31: Eubacterium eligens group; 32: Eubacterium ventriosum group; 
33: Eubacterium rectale group; 34: Lachnospiraceae ND3007 group; 35: Allisonella; 36: Eubacterium oxidoreducens group; 37: Eubacterium 
xylanophilum group; 38: Sellimonas; 39: Streptococcus; 40: Butyricicoccus; 41: Faecalibacterium; 42: Clostridium innocuum group; 43: Eubacterium 
hallii group; 44: Bifidobacterium; 45: Collinsella; 46: Slackia; 47: Senegalimassilia; 48: Adlercreutzia; 49: Eggerthella; 50: Bacteroides; 51: Barnesiella; 
52: Butyricimonas; 53: Rikenellaceae RC9 gut group; 54: Odoribacter; 55: Prevotella7; 56: Alloprevotella; 57: Prevotella9; 58: Parabacteroides; 59: 
Alistipes; 60: Oxalobacter; 61: Haemophilus; 62: Victivallis; 63: Akkermansia; 64: Desulfovibrio.
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FIGURE 5

Scatter plots for the causal association between several bacteria associated with butyrate-producing and sleep.

FIGURE 6

The summary of the findings in our study and the existing knowledge in literature about different mechanisms that affect the sleep. Black indicated 
known evidence, bold orange italics indicated the findings by forward MR analysis, and bold blue italics indicated the findings by reverse MR analysis.
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effects of sleep disorder or sleep fragmentation on these bacterial taxa 
(Figure 6).

The previous studies mentioned above demonstrate that gut 
microbiota are involved in circadian rhythm regulation and show that 
circadian rhythm disturbances may cause changes in gut microbiota 
abundance by damaging the intestinal barrier or inducing changes in 
melatonin. This is consistent with the results from 13 bacterial taxa 
found in our study that were both involved in and subject to sleep 
regulation, which suggests that regulation between gut microbiota and 
sleep may be bidirectional.

A major advantage of this study was that MR analysis effectively 
excluded the interference of reverse causation and possible 
confounding factors in inferring causal effects between gut microbiota 
and sleep-related traits. The SNPs of the intestinal microbiota came 
from the largest GWAS meta-analysis available, and the sample sizes 
were large enough to ensure the strength of the IVs and the robustness 
of the results. The design of the two-sample MR further avoided bias 
resulting from overlapping data on exposure and outcome pools. 
Utilization of various statistical models (such as IVW, weighted 
median, and maximum likelihood method) as well as sensitivity 
analyses (such as MR-PRESSO and MR-Egger regression intercept 
term tests) ensured the confidence of causal effect estimates.

However, our study also had some limitations. First, genus level 
was the lowest classification level in the data for gut microbiota, which 
limited the ability to uncover causal relationships between gut 
microbes and sleep at the species level. Second, the SNPs we utilized 
in the forward MR analysis did not meet the conventional GWAS 
threshold (p < 5 × 10−8), but were rescued by Bonferroni correction, 
which ruled out false positive results to the greatest extent. Third, the 
participants of gut microbiota and sleep in the GWAS meta-analysis 
were primarily of European ancestry. The same genetic variant may 
have different pleiotropic effects in different ethnic populations; 
therefore, the inference of causal effects derived in our study may not 
be applicable in non-European populations. Fourth, in the reverse MR 
analysis, estimates of effects may have been biased by weak IVs 
because of the small sample size of the GWAS meta-analysis for sleep-
related traits. Finally, we applied a number of exclusion criteria to 
select IVs; however, many internal and external factors affect gut 
microbes and sleep. Thus, bias resulting from SNPs being associated 
with potential risk factors cannot be completely ruled out.

In conclusion, this study represents the first bidirectional MR 
analysis to systematically reveal the causal association between gut 
microbiota and sleep. Our findings suggest the possible causal effect 
of 42 bacterial genera on sleep-related traits. Conversely, sleep-related 
traits may also be involved in the regulation of the abundance of 39 
bacterial genera. In addition, 13 of these bacterial genera overlapped, 
which provides suggestive evidence for a reciprocal role between gut 
microbiota and sleep. The demonstration of a causal relationship 
between sleep and gut microbiota provides support for techniques to 
modify sleep by manipulating the gut microbiome. However, the basic 
mechanism of gut microbiota on sleep is still unknown, and more 
research is needed to provide theoretical support for targeted 
intervention in sleep by regulating specific gut microbiota.
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Probiotic Escherichia coli Nissle 
1917-derived outer membrane 
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microbiome and host gut-liver 
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Introduction: Obesity and diabetes are common chronic metabolic disorders 
which can cause an imbalance of the intestinal flora and gut-liver metabolism. 
Several studies have shown that probiotics, including Escherichia coli Nissle 
1917 (EcN), promote microbial balance and metabolic health. However, there 
are no studies on how EcN outer membrane vesicles (EcN-OMVs) influence 
the intestinal microflora and affect the metabolic disorders of obesity and 
diabetes.

Methods: In this study, we  evaluated the effects of EcN-OMVs on high-fat 
diet (HFD)-induced obesity and HFD + streptozotocin (STZ)-induced diabetes.

Results: EcN-OMVs could reduce body weight, decrease blood glucose, and 
increase plasma insulin in obese mice. Similarly, EcN-OMVs treatment could 
modify the ratio of Firmicutes/Bacteroidetes in the gut, elevate intestinal 
short-chain fatty acid (SCFA)-producing flora, and influence the SCFA content 
of the intestine. Furthermore, the intestinal metabolites ornithine and fumaric 
acid, hepatic ω-6 unsaturated fatty acids, and SCFAs were significantly 
increased after administering EcN-OMVs.

Discussion: Overall, this study showed that EcN-OMVs might act as post-
biotic agents that could modulate gut-liver metabolism and ameliorate the 
pathophysiology of obesity and diabetes.

KEYWORDS

probiotics, Escherichia coli Nissle 1917, outer membrane vesicles, diabetes, obesity, gut 
microbiota, metabolomics
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1. Introduction

The incidences of obesity and diabetes are increasing dramatically, 
the rates are assuming pandemic proportions. It has been estimated 
that approximately 57.8% of the world’s adult population will be obese 
or overweight by 2030 (Kelly et al., 2008; Meldrum et al., 2017). The 
global incidence of diabetes has been predicted to increase from 451 
million (age 18–99 years) people in 2017 to 693 million cases in 2045 
(Cho et al., 2018; Khan et al., 2020). Obesity and diabetes can also 
cause a variety of associated health problems, such as elevated blood 
glucose, cardiovascular disease, osteoarthritis, kidney disease, fatty 
liver, sleep apnoea and intestinal microbial flora disorder (Bluher, 
2019; Harding et  al., 2019). Therefore, there is an urgent need to 
discover new prevention and treatment strategies.

Interestingly, a previous study found that the gut microbiota 
influences nutrient acquisition and energy regulation in the host, as well 
as the development of obesity, insulin resistance, and diabetes (Durack 
and Lynch, 2019). Hence, microbiota manipulation through diet 
changes has been postulated as a promising therapeutic approach. It is 
increasingly recognized that probiotics can contribute to preventing 
obesity and alleviating diabetes by manipulating the intestinal 
microbiota composition and the production of various metabolites 
(Sommer and Backhed, 2013). Many probiotics have been promoted as 
pharmaceutical products or dietary supplements to improve obesity, 
diabetes, and intestinal dysfunction (Sanders et al., 2019; Vallianou et al., 
2020). Escherichia coli Nissle 1917 (EcN) is a probiotic strain isolated by 
Alfred Nissle from the stools of a soldier who was not infected during 
an outbreak of shigellosis, and is used in several probiotic products. EcN 
is not pathogenic because its lacks virulence factor genes in its genome. 
It has been reported that EcN colonizes the human gut readily and 
promotes intestinal homeostasis and microflora balance (Hancock et al., 
2010; Scaldaferri et al., 2016; Geervliet et al., 2022).

There is a large amount of evidence indicating that probiotic-
mediated effects are mostly achieved indirectly. Studies have shown that 
almost all Gram-negative, and some Gram-positive, bacteria release 
nanometer-sized membrane vesicles called extracellular vesicles (EVs) 
(Ahmadi Badi et al., 2017; Woith et al., 2019). EVs produced by Gram-
negative bacteria are derived from the outer membrane and are thus 
termed as outer membrane vesicles (OMVs). These spherical bilayered 
phospholipid structures could act as vehicles to mediate gut microbiota-
host communication (Kim et al., 2015, 2017). Purified OMVs contain 
a diverse array of bioactive molecules, such as lipids, proteins, 
lipopolysaccharides (LPS), phospholipids, and nucleic acids, that could 
reach host cells, modulate essential biological functions and influence 
host health (Furuyama and Sircili, 2021). EVs derived from specific 
bacteria can induce different physiological responses. For example, 
Raftar and colleagues have shown that Akkermansia muciniphila EVs 
can act as a mucosal delivery vector to reduce the deleterious 
consequences of obesity in mice. A. muciniphila EV treatment caused 
a significantly greater loss in body weight and fat in HFD mice than 
treatment with the bacterium itself. Similarly, the same authors found 
that both A. muciniphila and its EVs improved blood glucose and lipid 
levels in obese mice, and were significantly correlated with intestinal 
homeostasis (Raftar et al., 2021, 2022). In addition, Qu et al. (2022) 
have suggested that probiotic-derived vesicles could repair tissue 
damage associated with the infection by upregulating the levels of anti-
inflammatory factors, downregulating pro-inflammatory factors, and 
regulating cellular biological behaviors. Furthermore, Hu et al. (2020) 

demonstrated that EcN-OMVs could modulate the functions of host 
immune cells by stimulating RAW264.7 macrophage proliferation, 
phagocytic functions, and immune-related enzymatic activities. 
Another study has shown that EcN-OMVs could ameliorate dextran 
sodium sulfate-induced mucosal injury and inflammation in the gut, 
and maintain the intestinal barrier function (Fabrega et  al., 2017). 
However, there is no study investigating the EcN-OMV regulation of 
metabolic disorder the effect of EcN-OMVs on microbial flora 
composition in obese and diabetic mice.

In this study, we aimed to investigate the effects of EcN-OMVs on 
metabolic dysfunctions in mice (obesity and diabetes) by using 
microbiome and metabolomic approaches. We  also studied the 
mechanism of how EcN-OMVs act as a probiotic-derived therapeutic 
approach to alleviate obesity and diabetes.

2. Materials and methods

2.1. Bacterial culture

The probiotic E. coli strain Nissle 1917 (EcN) was purchased from 
Biobw (Beijing, China). The bacteria were grown at 37°C in Luria-
Bertani (2 g/L, LB) broth with continuous shaking at 180 rpm until the 
culture reached exponential phase.

2.2. OMV isolation

Outer membrane vesicles (OMVs) were isolated from the EcN 
culture supernatant as described previously (Fabrega et al., 2016). In 
brief, the E. coli cells were removed from the culture by centrifugation 
at 5,000×g for 30 min at 4°C. Then the supernatant was centrifuged at 
10,000×g for 30 min at 4°C. The collected supernatant was sequentially 
filtered through 0.45 μm and 0.22 μm pore size polyethersulfone 
membranes (Sorfabio, Beijing, China) to remove large particles such as 
bacterial residues and cellular debris. The filtered supernatant was then 
ultracentrifuged at 150,000×g for 3 h at 4°C to isolate EcN-OMVs. The 
EcN-OMV pellet was resuspended in sterile phosphate buffered saline 
(PBS; pH = 7.4). The EcN-OMVs were stored at −80°C for later use.

2.3. Transmission electron microscopy

Isolated OMVs were imaged by transmission electron microscopy 
(TEM) after negative staining as described by Aguilera et al. (2014). A 
drop of OMV suspension was placed on Formvar/carbon coated-grids 
that were previously activated by UV light, for 2 min. Grids were 
washed with deionized water, stained with 2% uranyl acetate for 
1 min, air dried, and evaluated by TEM (Jeol, JEM 1010, Japan).

2.4. NanoSight tracking analysis

A NanoSight NS300 (United Kingdom) optical nanoparticle 
Brownian motion imager was used to measure the size of OMVs. The 
number of particles and their movement was recorded for 5 × 60 s 
(camera level = 11). Particle sizes were quantified by nanotracking 
analysis (detection threshold = 5) using the NS500 software.
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2.5. Immunoblotting

The OMVs were mixed with SDS–PAGE sample buffer, heated for 
5 min at 95°C, and the proteins were separated using 12% SDS-PAGE 
gels (Beyotime, China) followed by transferring onto 0.45 μm PVDF 
membranes (Millipore, United States). The membranes were blocked 
with PBS-0.05% Tween-20 and 5% skimmed milk and incubated with 
primary antibodies (OMPA and OMPC, Abcam, United States) in 8% 
BSA solution overnight at 4°C. After washing, the blots were incubated 
with appropriate secondary antibodies (Beyotime, China) for 1 h at room 
temperature. Lastly, the blots were visualized using the Genegenome 
XRQ Chemiluminescence system (Syngen, United Kingdom).

2.6. Establishment of obesity and diabetes 
mouse models

Mice were raised in accordance with the “Guide for the care and the 
Use of Laboratory Animals” as promulgated by the Institutional Animal 
Care and Use Committee (IACUC) of the Chongqing Medical University. 
The methodology was approved by the Ethics Committee of the 

Chongqing Medical University. Male C57BL/6 J mice (8-weeks-old; 
approximately 18 g) were obtained from the Experimental Animal 
Center of Chongqing Medical University. Firstly, all mice were 
collectively reared adaptively for 2 weeks, and then randomly assigned 
into five groups: normal diet group (ND), obesity group (HFD), diabetes 
group (T2D), obesity with EcN-OMVs treatment group (HFD + OMV), 
and diabetes with EcN-OMVs treatment group (T2D + OMV) 
(Figure 1A). Moreover, the success rates of the induction mice model in 
each group were 100, 75, 75, 100, and 100% for ND, HFD, T2D, 
HFD + OMV, and T2D + OMV, respectively. The ND group was fed with 
the normal mouse growth diet (20.6% kcal protein, 67.4% kcal 
carbohydrate, and 12% kcal fat with 3.6 kcal/g), and the other four groups 
(HFD, T2D, HFD + OMV, T2D + OMV) were fed with the high-fat diet 
(20% kcal protein, 20% kcal carbohydrate, and 60% kcal fat with 
5.24 kcal/g) for a total of 15 weeks. Animal body weight and blood 
glucose were measured weekly. The diabetic mice (T2D and T2D + OMV) 
were given 40 mg/kg of streptozotocin (STZ) by intraperitoneal injection 
for 3 days in the sixth week. The obesity mice (HFD and HFD + OMV) 
did not receive any other intervention and were maintained on a high-fat 
diet. All groups were subjected to an oral glucose tolerance test (OGTT) 
in the eighth week. The experimental design is shown in Figure 1A.

FIGURE 1

(A) Schematic diagram of study design. The important events are indicated on the timeline. There are five experimental groups abbreviated as  
follows; ND, normal diet; HFD, high-fat diet; T2D (type 2 diabetes), high-fat diet + STZ; HFD  +  OMV, high-fat diet + OMVs; T2D  +  OMV, high-fat 
diet  +  STZ  +  OMVs. (B) Data comparisons in this study. Comparison 1 compares the fecal metabolites between the HFD  +  OMV group and the HFD 
group. Comparison 2 compares the fecal metabolites between the T2D  +  OMV group and the T2D group. Comparison 3 compares the gut metabolites 
between the HFD  +  OMV group and the HFD group. Comparison 4 compares the gut metabolites between the T2D  +  OMV group and the T2D group. 
Comparison 5 compares the liver metabolites between the HFD  +  OMV group and the HFD group. Comparison 6 compares the liver metabolites 
between the T2D  +  OMV group and the T2D group.
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2.7. Gastric gavage with OMVs

After the mouse models were stably established in the 15th week, 
the treatment groups were given 500 μL of OMVs (17.5 μg 
protein/500 μL) by gavage every day for 2 weeks, and the same amount 
of PBS was given to the control group. The 2-weeks OMV treatment 
was adopted based on previous studies (Fabrega et al., 2017; Chelakkot 
et al., 2018; Du et al., 2021). The concentration of OMVs was measured 
using a BCA Protein Assay Kit (Beyotime, Shanghai, China).

2.8. 16S rRNA gene sequencing of gut 
microbiota

The gut microbiota was analysed by 16S rRNA gene sequencing 
of the fecal samples of all groups of mice. This was performed by the 
Chongqing Puroton Institute of Genetic Medicine Co., Ltd.; the 
main sequencing process was as follows: (1) DNA extraction and 
PCR amplification: Fecal microbial DNA was extracted using a DNA 
extraction kit (Qiagen, United States). Universal primers for 16S 
rRNA (338F and 806R) containing inducers and sequencing 
adaptors were employed to amplify the V3-V4 gene regions. The 
sequencing read length for MiSeq was 2 × 300 bp. PCR amplification 
was performed using a polymerase mix (New England Biolabs). (2) 
Purification and recovery of amplification products: DNA amplicons 
were analyzed using 2% agarose gel electrophoresis, and the 
GeneJET gel recovery kit (Thermo Scientific) was used to recover the 
amplification products. (3) Quantification of amplification products: 
the PCR products were quantified using the Quant-iT PicoGreen 
dsDNA Assay Kit. (4) Preparation of sequencing library: the TruSeq 
NanoDNA LT Library Prep Kit (Illumina) was used to prepare the 
sequencing library, and the sequencing libraries were quantified 
using Qubit. (5) High-throughput sequencing: After performing 
sequencing library quality control, MiSeq was used to obtain the 16S 
rRNA sequences. Sequences were binned into OTUs and taxonomy 
was assigned by QIIME software using Greengenes database (version 
gg_13_8). All the sequencing data are available in the NCBI 
Sequence Read Archive database (Citation accession: 
PRJNA971528).

2.9. Glucose measurement and mouse 
sample collection

All blood samples were collected from the tail vein, and glucose 
was measured by the glucose oxidase method using a hand-held 
OneTouch Ultra glucometer (Sinocare, Beijing, China). To perform 
the oral glucose tolerance test (OGTT), basal blood glucose levels 
were first measured after 15 h overnight fasting. A 40% (wt/vol) of 
glucose solution was then intragastrically administrated at 2 g/kg, and 
blood glucose levels were measured at 15, 30, 60 and 120 min after 
the glucose loading. If the glucose level was greater than 599.4 mg/
dL, the value of 599.4 mg/dL was recorded. The fecal samples were 
collected weekly throughout the whole feeding period. Two weeks 
after the completion of the vesicle gavage intervention, the mice were 
sacrificed by neck dislocation and samples of liver, gut, and plasma 
were obtained. The samples for metabolic analysis were frozen 
at −80°C.

2.10. Histological analyses

Liver and gut biopsies were fixed in 4% formaldehyde/phosphate 
buffer for 24 h at 4°C, then dehydrated and embedded in paraffin. Tissue 
sections (5 μm) were stained with hematoxylin and eosin. Light 
microscopy with Dino-lite digital lens and Dino Capture 2 software 
(AnMo Electronics Corp., Taiwan) was used for histopathological analysis.

2.11. Short-chain fatty acid (SCFA) 
quantification by solid phase 
micro-extraction (SPME) GC–MS

2.11.1. Preparation of mouse fecal samples
A salt solution containing 1.26 g/mL of (NH4)2SO4/NaH2PO4 

in a 3.7:1 ratio and 0.5 mM of internal standard D4-acetic acid was 
prepared to improve SCFA extraction efficiency and reproducibility. 
Fecal samples (20 mg) were transferred to a 2 mL screw cap tube 
with 400 µL of the salt solution and tungsten carbide beads (3 mm 
diameter). The fecal mixture was homogenized using a TissueLyser 
II (QIAGEN, United States) and transferred into a 20 mL glass vial 
with 1.6 mL of the salt solution. The glass vials were placed in the 
autosampler (PAL RTC 120, Agilent, United  States) of the 
SPME-GC–MS machine until analysis.

2.11.2. SPME-GC–MS analysis
The SPME method used to analyze SCFA was adapted from Nylund 

et al. (2020). SCFAs were extracted with an SPME fiber on an Agilent 
Auto-sampler (PAL RTC 120), separated by a 5977A MSD gas 
chromatograph (Agilent) using a DB-FFAP (30 m × 250 μm id × 0.25 μm, 
Agilent), and analyzed with a 7890B mass spectrometer (Agilent).

SPME conditions were as follows: DVB/CAR/PDMS fiber 
(Agilent), agitation temperature 35°C with an extraction time of 
30 min. Temperature and desorption time had been preliminarily 
evaluated and set at 260°C and 5 min, respectively. The fiber post-
injection condition was performed at 270°C for 10 min.

The GC conditions were as follows. The volatile compounds were 
injected into an inlet with a splitless mode at 260°C with 1 mL/min 
flow rate of helium gas. The GC-oven program was initially held at 
35°C for 4 min. Then the temperature was elevated from 35°C to 130°C 
at a rate of 70°C/min. Then the temperature was ramped at 5°C/min 
until it reached 155°C. Lastly, the temperature was raised to 240°C at 
a rate 120°C/min and held for 4 min; the total run time was 15.06 min.

The MS conditions were as follows. The temperatures of auxiliary, 
MS quadrupole, and MS source were 250°C, 230°C, and 150°C, 
respectively. The mass range was detected from 30 μm to 550 μm. Scan 
speed was set to 1.563 μ/s, and the solvent delay was applied until 5.0 min.

2.12. Metabolomic profile by methyl 
chloroformate derivatization (MCF) based 
GC–MS analysis

2.12.1. Preparation of fecal, liver, and gut samples
Briefly, fecal and tissue samples were thawed on ice at 4°C and 

portions (30 mg) transferred from cryotubes to 1.5 mL microcentrifuge 
tubes. Sodium hydroxide (1 M) and methanol mixture (1:1 v/v; 
NaOH/MeOH 0.4 mL), two tungsten carbide beads (3 mm diameter), 
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and 10 μL of D4-alanine (10 mM) were added to each sample followed 
by 30 s vortex mixing. The samples were homogenized using a 
TissueLyser II (QIAGEN, United States) at 30 Hz for 1 min. Then the 
supernatant was isolated by centrifugation at 12,000 rpm (4°C) for 
15 min and stored at 4°C prior to derivitization.

2.12.2. OMV sample preparation
Isolated OMVs (500 μL) were concentrated by freeze-drying using 

a SpeedVac (Labconco, United States) for 4 h at 0.8 HPa. The dried 
pellets were resuspended in 0.4 mL of NaOH/MeOH and 10 μL of 
D4-alanine (10 mM) was added followed by 30 s vortex mixing. Then 
the supernatant was isolated by centrifugation at 12,000 rpm (4°C) for 
15 min and stored at 4°C prior to derivitization.

2.12.3. MCF derivitization
To stored supernatants 34 μL of pyridine and 20 μL MCF was 

added, followed by 30 s of vortex mixing, then another 20 μL of MCF 
was added followed by 30 s of vortexing. Then, 200 μL of chloroform 
and 400 μL of sodium bicarbonate (50 mM) were added and the 
solutions vortexed for 10 s. Subsequently, the aqueous layer was 
separated from the chloroform layer by centrifugation at 2,000 rpm for 
10 min. After centrifugation, the aqueous layer was removed and the 
remaining chloroform extract was dehydrated by the addition of 
sodium sulphate (~0.3 g), then transferred to an amber glass GC–MS 
vial. Negative controls were produced by subjecting an empty 
microcentrifuge tube to the same processing as the samples.

2.12.4. GC–MS analysis
The GC–MS instrument parameters were set according to 

Gao et al. (2022). Specifically, the derivatized metabolites were 
analyzed using an Agilent Intuvo9000 coupled to a MSD5977B 
with 70 eV of electron impact ionization. The gas capillary 
column was a BD-1701 (30 m × 250 μm id × 0.25 μm, Agilent). 
The derivatized samples were injected into a pulsed splitless 
mode inlet at 290°C with 1 mL/min flow rate of helium gas. The 
GC-oven program was initially held at 45°C for 2 min. Then the 
temperature was elevated from 45°C to 180°C at a rate of 9°C/
min and held for 5 min. Then the temperature was ramped at a 
rate of 40°C/min until it reached 220°C and held for 5 min. Then 
the temperature was raised to 240°C at a rate of 40°C/min and 
held there for 11.5 min. Lastly, the temperature was raised to 
280°C at a rate 80°C/min. The temperatures of the guard chip, 
auxiliary, MS quadrupole, and MS source were 280°C, 250°C, 
230°C, and 150°C, respectively. The mass range was detected 
from 30 μm to 550 μm. The scan speed was set to 1.563 μ/s and 
the solvent delay was applied until 5.5 min.

2.13. Data extraction and normalization

Automated Mass Spectral Deconvolution & Identification 
System software was used for metabolite deconvolution and 
identification. The metabolites were identified by comparing the 
MS fragmentation patterns (relative intensity of mass spectra to 
the most abundant ion) and GC retention time within 0.5 min 
bins to our in-house MS library built using chemical standards. 
The MassOmics R-based program was implemented to extract 
the relative concentration of the metabolites using the peak 

height of the most abundant reference ion mass. To facilitate 
quantitative robustness along with minimizing instrumental and 
human variability, the relative concentrations of the identified 
compounds were normalized with internal standards 
(D4-alanine) and then adjusted for either protein concentration 
or weight of samples for bacterial OMVs or mice samples (fecal, 
liver, gut).

2.14. Statistical analysis

With regard to the microbiome results, alpha diversity (Simpson, 
Shannon, and evenness indices), and rarefaction curves were analyzed 
and plotted using the website https://www.bioincloud.tech/. 
Phylogenetic beta diversity measures, weighted and unweighted UniFrac 
distance matrices were calculated using QIIME and visualized with 
principal coordinate analysis (PCoA). Linear discriminant analysis effect 
size (LEfSe) analysis was used to identify taxa significantly enriched in 
the treatment groups. The linear discriminant analysis (LDA) score was 
computed for taxa differentially abundant between the control group 
and the treatment group. A taxon at p < 0.05 (Kruskal–Wallis test) and 
log10[LDA] ≥2.0 (or ≤ −2.0) were considered significant. The Analysis 
of Composition of Microbiomes (ANCOM) was performed on QIIME 
and applied to identify differentially abundant features across the five 
groups (ND, HFD, T2D, HFD + OMV, and T2D + OMV).

Metabolomic data are presented as the mean ± SEM. The 
comparisons between two groups were conducted using an unpaired 
Student’s t-test. Comparisons between five groups (ND, HFD, T2D, 
HFD + OMV, T2D + OMV) were determined using two-way ANOVA 
followed by Tukey post-hoc analysis. The false discovery rates (FDRs) 
were calculated using the q-value function in the R program for 
accounting for multiple comparisons. The important variables in the 
partial least squares discriminant analysis (PLS-DA) projection were 
determined using the ropls R-package. p < 0.05 with corresponding 
q-value (FDR) < 0.3 were considered statistically significant. Metabolic 
pathway activity was predicted based on the Pathway Activity Profiling 
(PAPi) R-algorithm. Correlations between gut microbiota and 
metabolites were analyzed by Pearson’s correlation using R. Bar graphs 
and line plots were illustrated using GraphPad Software Prism 9 
(GraphPad Software, San Diego, United  States). A graphical 
representation of the significant metabolites was displayed in heat 
maps using the ggplot2 and complexheatmap R packages.

3. Results

3.1. Identification of EcN-OMVs

The morphology of the OMVs and their size distribution were 
characterized by transmission electron microscopy (Figure 2A) and 
nanoparticle tracking analysis (Figure 2C), respectively. We observed 
that the OMVs were spherical particles with a size range of 20–300 nm, 
with the most abundant particle size being 211 nm. Furthermore, 
western blot analysis verified that the isolated OMVs shared several 
protein markers with probiotic EcN including outer membrane 
protein A (OMPA) and outer membrane protein C (OMPC) 
(Figure  2B). These results indicated that OMVs were successfully 
isolated from the EcN strain.
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3.2. Body weight, blood glucose and oral 
glucose tolerance test (OGTT) of obese 
and T2D mice prior to OMV intervention

The diabetic-related characteristics of mice prior to 13 weeks of 
OMV treatment are depicted in Figure 3. Three was a general increase 
in weight in non-diabetic mice, and the HFD group showed the 
greatest weight gain (Figure 3A). All groups of mice had similar blood 
glucose levels until week 6 when, after STZ injection, the blood 
glucose concentration increased rapidly in the T2D group and reached 
more than 288 mg/dL (Figure 3C). OGTT measurements at 8 weeks 
showed that the highest glucose levels were in the T2D group 
(Figure 3E). Thus, the T2D group displayed typical diabetes symptoms 
as upon administration of glucose, the concentration rose rapidly and 
did not return to physiological levels within 2 h.

3.3. Body weight, blood glucose and 
plasma insulin concentrations of mice after 
OMV gavage

After gastric gavage feeding with OMVs daily from week 13 to 15, 
the body weight (Figure 3B) of the OMV treatment groups (HFD + OMV 
and T2D + OMV) was significantly lower than their corresponding 
non-OMV groups (HFD and T2D). The blood glucose (Figure 3D) 
concentrations were significantly lower in the HFD + OMV group but 
there was no noticeable change for the T2D + OMV group. Similarly, the 
plasma insulin concentration (Figure 3F) was increased significantly in 
the HFD + OMV group. Unlike the findings in HFD + OMV mice, the 
T2D + OMV had no effects on plasma insulin levels. Overall, the OMVs 
exerted potential preventive effects on obesity and T2D by decreasing 
body weight, blood glucose, and increasing plasma insulin.

3.4. Histology analysis

To examine the effects of EcN-OMVs on mice in more detail, 
we assessed the histopathologies of liver and gut tissues. In the liver 
(Figure 4A), there was an excessive accumulation of lipid droplets in 
both macrovesicular and microvesicular forms in the HFD and T2D 
groups compared with the ND group. The lipid droplets were more 

prominent in the HFD group than in the T2D group. The OMV 
treatment in the T2D and HFD mice reduced the number of lipid 
droplets compared with the non-OMV treatment group. Overall, the 
histopathological examination of the liver samples indicated that 
EcN-OMVs could prevent HFD and T2D-induced hepatic steatosis.

Since a high-fat diet altered the morphology and integrity of 
HFD- and T2D-treated mouse liver, we evaluated gut tissue by H&E 
staining (Figure 4B). Compared with the ND group, the crypt depth 
and mucous layer thickness was considerably less in the HFD and 
T2D groups. Nevertheless, no obvious histopathological changes were 
observed in the OMV treatment groups.

3.5. Overview of differences in the 
metabolite profiles

A total of 132 distinct metabolites were identified in feces, gut and 
liver tissue. Three-dimensional partial least squares discriminant 
analysis (PLS-DA) was performed. We  found that the metabolite 
profiles in feces (Figure 5A), gut (Figure 5B) and liver (Figure 5C) 
tissue were all clearly segregated among five groups. The metabolites 
that were unique or shared among different groups were visualized 
using an Upset plot (Figure 5D). Interestingly, no common metabolites 
were found among all six comparisons. Ten, fourteen, one, two, two 
and seven metabolites were unique for comparisons 1–6 (Figure 1B) 
respectively (Figure 5D). In T2D comparisons, fourteen and seven 
metabolites fluctuated significantly in the feces (C2) and liver tissue 
(C6), respectively, with OMV treatment, while the concentrations of 
two metabolites significantly increased in the gut tissue with OMV 
treatment (C4). In the comparison of HFD groups, ten and two 
metabolites were significantly elevated in the feces (C1) and liver 
tissue (C5), respectively, with OMV treatment, while only one 
metabolite’s concentratin was significantly elevated in the gut tissue 
(C3) with OMV treatment. Thus, OMV treatment has a greater effect 
on metabolite changes in feces and liver tissue than in intestinal tissue.

3.6. Characteristic metabolite analysis

Heat maps and volcano plots were used to show differences in the 
concentrations of specific metabolites in comparisons 1–6 for feces, 

FIGURE 2

Characterization of EcN-OMVs. (A) Transmission electron micrograph displaying the morphology of OMVs. (B) Western blotting validating OMVs 
through expression of OMPA and OMPC. (C) The size distribution of isolated OMVs measured by nanoparticle tracking analysis.
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gut, and liver tissue (Figures 5E,F). In the fecal metabolome, the 
concentrations of four metabolites (arachidonic acid, norleucine, 
alanine, and isoleucine) were elevated, and the concentrations of 
three SCFAs (3-methyl-pentanoic acid, 3-methyl-valeric acid, and 
hexanoic acid) were decreased in the OMV group for comparison 1 
(FC > 1.5, adjusted p < 0.05). For comparison 2, the concentrations of 
seven metabolites (11-eicosenoic acid, oxidized glutathione, 
norleucine, creatinine, 11,14-eicosadienoic acid, fumaric acid, and 
oleic acid) were increased, whilst the concentrations of seven SCFAs 
(propionic acid, butyric acid, acetic acid, 2-methyl-hexanoic acid, 
hexanoic acid, 2-methyl-valeric acid, and 3-methyl-valeric acid) were 

decreased in the OMV group (FC > 1.5, p < 0.05). In the gut 
metabolome, only the concentrations of ornithine and fumaric acid 
were elevated in the OMV groups for comparison 3 and comparison 
4, respectively, (FC > 1.5, p < 0.05). In the liver metabolome, the 
concentrations of unsaturated LCFAs such as 11,14-eicosadienoic 
acid, 11-eicosenoic acid, 13,16-docosadienoic acid, arachidonic acid, 
and homo-gamma-linolenic acid were significantly increased in the 
OMV treatment group for comparison 5. Lastly, the concentrations 
of sarcosine and succinic acid in the T2D + OMV group were 
significantly higher than in the T2D group (comparison 6) (FC > 1.5, 
p < 0.05).

FIGURE 3

The effects of OMVs on body weight (A,B), blood glucose (C,D), and plasma insulin (F) in obese (HFD) and T2D mice. The levels of OGTT in normal, 
obese, and diabetes mice at 8  weeks (E). The black arrow indicates the time of STZ intraperitoneal injection (6 weeks), while the red arrow indicates the 
time of EcN-OMV intervention (13 weeks). Bar graphs (B,D,F) are outcomes after OMV treatments past 13  weeks. Data are presented as the mean  ±  SD. 
Statistical analysis was conducted by one-way or two-way ANOVA followed by the post hoc Tukey–Kramer test and Student’s t-test, as appropriate. 
*p  ≤  0.05, **p  ≤  0.01, ***p  ≤  0.001.
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3.7. Metabolic pathway enrichment analysis

To further explore the biological role of identified metabolites, 
we  annotated metabolic pathways using the KEGG metabolic 
framework as shown in Figure  6A. In fecal pathway analysis, 
comparison 1 indicated four significantly upregulated metabolic 
pathways including nitrogen metabolism, the phospholipase D 
signaling pathway, the Foxo signaling pathway, and D-alanine 
metabolism. Meanwhile, comparison 2 showed that insulin resistance, 
type II diabetes mellitus, the pentose phosphate pathway, the AMPK 
signaling pathway, arginine and proline metabolism, and insulin 
secretion were upregulated, while only the melanogenesis pathway 
was downregulated in the T2D + OMV group. In gut pathway analysis, 
comparison 3 indicated that D-arginine and D-ornithine metabolism 
and the TCA cycle were upregulated, while thyroid hormone synthesis 

was downregulated in obese mice with OMV intervention. In 
comparison 4, insulin secretion and the regulation of lipolysis were 
upregulated, whilst the AMPK signaling pathway was downregulated 
in the T2D + OMV group. For the liver pathway analysis, comparison 
5 indicated six significantly upregulated metabolic pathways including 
Fc gamma R-mediated phagocytosis, the Fc epsilon RI signaling 
pathway, arachidonic acid metabolism, the regulation of lipolysis, the 
GnRH signaling pathway, and aldosterone synthesis. Moreover, 
comparison 6 identified eight significantly upregulated metabolic 
pathways including oxidative phosphorylation, the glucagon signaling 
pathway, propanoate metabolism, pyruvate metabolism, the TCA 
cycle, arginine and proline metabolism, the cAMP signaling pathway, 
and the mTOR signaling pathway.

Then we annotated the metabolic pathways most significantly 
affected in comparisons 1–6, and the results showed that these 

FIGURE 4

The effects of EcN-OMVs on the histopathology of mouse liver and gut tissues. (A) Hematoxylin and Eosin (H&E) staining of liver sections (yellow 
arrows: lipid droplets in microvesicular form, and black arrows: lipid droplets in macrovesicular form, scale bar is 50  μm). (B) H&E staining of gut 
sections (yellow arrows indicate crypt depth, and black arrowheads indicate mucous thickness, scale bar is 50  μm). ND, normal diet; HFD, high-fat diet; 
T2D (type 2 diabetes), high-fat diet  +  STZ; HFD  +  OMV, high-fat diet  +  OMVs; T2D  +  OMV, high-fat diet  +  STZ  +  OMVs.
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FIGURE 5

Metabolite analysis. Partial least squares discriminant analysis (PLS-DA) of metabolite patterns in (A) feces, (B) gut tissue, and (C) liver tissue. (D) Upset 
plot and Venn diagram of differential (adjusted p  <  0.05) metabolite levels. The individual or connected dots represent the various intersections of 
metabolites that were either unique to, or shared among, comparisons, respectively. (E) Heatmap of the metabolites detected in feces, gut tissue, and 
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metabolic pathways involved the 21 most relevant metabolites which 
included l-glutamate, 4-aminobutanoate, d-alanine, quinolinate, 
glycine, glutathione disulfide, 5-oxoproline, pyruvate, l-proline, 
sarcosine, creatinine, l-tyrosine, 2-oxoglutarate, succinate, fumarate, 
citrate, cis-aconitate, d-alanyl-d-alanine, arachidonate, (r)-3-
hydroxybutanoate and l-leucine (Figures 6B–G).

3.8. Gut microbiota data

3.8.1. Gut microbiota in the five groups
Sequencing of the V3-V4 region of the 16S rRNA gene was 

performed on fecal samples. The alpha diversities of the gut microbiota 
analyzed using rarefaction curves showed marked differences of 
microbial species diversity between the five groups (Figure 7A). The 
gut microbiota diversity of the HFD group and T2D group was lower 
than that for the ND group. Interestingly, the alpha diversity was lower 
in the HFD group after OMV treatment, while the alpha diversity was 
higher in the T2D group after OMV intervention, indicating divergent 
modulations of the intestinal flora by OMVs. The principal coordinate 
analysis (PCoA) revealed that the normal diet group were separated 
from the other four groups (Figure 7B). The significant differences in 
bacteria among the five groups were shown by LEfSe analysis 
(Figure 7C). The differentially abundant bacteria were Sinorhizobium 
and Rhizobiaceae in the HFD group, but were Rhizobiales, 
Acinetobacter and Moraxellaceae in the HFD + OMV group. Then  
the differentially abundant bacteria were Corynebacterium, 
Corynebacteriaceae, Actinomycetales, Actinobacteria, Aerococcus and 
Aerococcaceae in the T2D group, but were Butyricimonas, 
Christensenellaceae, SMB53 and Clostridium in the T2D + OMV 
group. Finally, Prevotella, Prevotellaceae, Clostridium and 
Veillonellaceae were the markers in the ND group. These findings 
showed that the OMV treatments were capable of influencing the 
compositions of intestinal flora in the HFD group and the T2D group.

3.8.2. Gut microbial changes at phylum, family 
and genus levels

The bacterial composition of the gut contents of the mouse groups 
was determined at the phylum, family and genus levels by 16S rRNA 
sequencing (Figures 7D–F).

At the phylum level, Firmicutes and Bacteroidetes accounted for 
more than 75% of the bacterial abundance for groups without OMV 
treatment (Figure 7D). Firmicutes accounted for 62.33%, 68.12%, and 
84.84% in the ND, T2D, and HFD groups, respectively. Bacteroidetes 
accounted for 21.65%, 8.79%, and 3.36% in the ND, T2D, and HFD 
groups, respectively. Consistently, analysis of the 16S rRNA data using 
ANCOM showed that Firmicutes and Bacteroidetes accounted for the 
most number of differentially abundant OTUs at the phylum level 
when compared among HFD vs. ND, T2D vs. ND, HFD + OMV vs. 

HFD, and T2D + OMV vs. T2D (Table  1). Of note, the 
Firmicutes/Bacteroidetes ratios increased in the order of the ND, T2D, 
and HFD groups. After OMV treatment, the proportion of Firmicutes 
decreased in the HFD + OMV group (55.73%) and the T2D + OMV 
(60.42%) group. Meanwhile, the proportion of Bacteroidetes increased 
after OMV treatment in the HFD + OMV group (9.02%) and the 
T2D + OMV group (22.16%). The Firmicutes/Bacteroidetes ratios for 
the HFD + OMV group and the T2D + OMV group were similar to the 
ND group. Therefore, different diets and OMV treatments could alter 
the composition of the major intestinal microbiota.

At the family level (Figure 7E), Erysipelotrichaceae, Lachnospiraceae, 
Ruminococcaceae, Desulfovibrionaceae, and Lactobacillaceae were the 
most abundant bacterial taxa. Compared with the non-OMV treatment 
groups (HFD = 46.34%, T2D = 16.86%), Erysipelotrichaceae was 
reduced in the OMV treatment groups (HFD + OMV = 23.41%, 
T2D + OMV = 10.24%). Lachnospiraceae in the OMV treatment groups 
(HFD + OMV = 9.99%, T2D + OMV = 12.58%) was more abundant 
than in the groups without OMV treatment (HFD = 7.64%, 
T2D = 9.59%).

At the genus level (Figure 7F), Allobaculum, Oscillospira, Lactobacillus, 
Mucispirillum, and Prevotella were the most abundant genera., Allobaculum 
was reduced in the OMV treatment groups compared with the goups 
without OMV treatment (HFD = 56.14% vs. HFD + OMV = 26.81%, 
T2D = 22.80% vs. T2D + OMV = 12.84%). Likewise, Lactobacillus had 
reduced abundance in all OMV treatment groups compared with the 
goups without OMV treatment (HFD = 20.78% vs. HFD + OMV = 0.60%, 
T2D = 7.69% vs. T2D + OMV = 4.87%).

3.9. Correlation between stool metabolites 
and gut microbiota

In order to investigate potential associations between intestinal 
flora and stool metabolites, Pearson correlation coefficients were 
determined between shortlisted metabolites (Figure 5E) and dominant 
gut flora at the phylum, family, and genus levels (Figures  7D–F). 
Charts of intestinal flora-host metabolites interactions before or after 
the EcN-OMVs treatment are presented in Figure 8.

At the phylum level before OMVs treatment (Figure 8A), a total 
of six phyla were positively correlated with 11 differentially abundant 
metabolites, including Actinobacteria with 2-ethyl-1-hexanol, 
Firmicutes with butyric acid, Spirochaetes with acetic acid and 
propionic acid, Deferribacteres with six shortlisted metabolites 
(fumaric acid, alanine, glutamic acid, n-acetyl-L-phenylalanine, 
2-methyl hexanoic acid and 2-methyl valeric acid), Tenericutes with 
four shortlisted metabolites (alanine, glutamic acid, leucine, and 
n-acetyl-l-phenylalanine), and TM7 with three shortlisted metabolites 
(alanine, glutamic acid, and n-acetyl-l-phenylalanine). After OMV 
treatment (Figure  8D), Bacteroidetes was significantly negatively 

liver tissue showing the ratio of metabolite levels between groups. Red colors indicate higher metabolite concentrations in OMV treatment groups than 
the corresponding non-OMV treatment groups, while blue colors indicate lower metabolite concentrations in OMV treatment groups than the 
corresponding non-OMV treatment groups. The relative concentration of metabolites was plotted using a log2 scale. The significant metabolite 
differences (adjusted p  <  0.05, FC  >  1.5) are labelled with an asterisk*, and more signficant differences (adjusted p  <  0.001, FC  >  1.5) are labelled with a 
double asterisk**. (F) Volcano plot of the differential (p  <  0.05, FC  >  1.5) metabolite levels between groups. Red dots indicated upregulation, while blue 
dots indicated downregulation in response to the OMV treatment. HFD, high-fat diet; T2D (type 2 diabetes), high-fat diet  +  STZ; HFD  +  OMV, high-fat 
diet  +  OMVs; T2D  +  OMV, high-fat diet  +  STZ  +  OMVs.
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FIGURE 6

Metabolic pathway enrichment. (A) Activities of metabolic pathways in feces, gut tissue, and liver tissue for comparisons 1–6. Black dots represent 
metabolic activities in feces, gut tissue and liver tissue from the HFD group and the T2D group that were adjusted to 0. Red dots represent metabolic 
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correlated with eight differential metabolites (fumaric acid, gamma−
aminobutyric acid, alanine, glutamic acid, leucine, n-acetyl-l-
phenylalanine, norleucine, and arachidonic acid), while Deferribacteres 
was solely positively correlated with fumaric acid.

At the family level before OMV treatment (Figure 8B), a total 
of 18 families had significant correlations with 11 differential 
metabolites. Bacteria such as Prevotellaceae, Deferribacteraceae, 
Peptococcaceae, Bradyrhizobiaceae and F16 showed positive 
relationships with nine metabolites (fumaric acid, alanine, 
glutamic acid, n-acetyl-L-phenylalanine, norleucine, oxidized 
glutathione, 11,14-eicosadienoic acid, 11-eicosenoic acid, and 
linolelaidic acid). Veillonellaceae showed negative relationships 
with three differential metabolites (gamma-aminobutyric acid, 
isoleucine, and leucine). After OMV treatment (Figure 8E), 14 
families were correlated with 14 significant metabolites. Bacteria 
including Deferribacteraceae, Bradyrhizobiaceae, Rhizobiaceae, 
Sphingomonadaceae, Oxalobacteraceae, Helicobacteraceae, 
Enterobacteriaceae, and Moraxellaceae showed positive relationships 
with eight differential metabolites (fumaric acid, alanine, norleucine, 
oxidized glutathione, 11,14-eicosadienoic acid, 11-eicosenoic acid, 
2-methyhexanoic acid, and 2-methylvaleric acid). Bacteroidaceae, 
Prevotellaceae, S24-7, Veillonellaceae, and Mogibacteriaceae showed 
negative relationships with eight characteristic metabolites (fumaric 
acid, gamma-aminobutyric acid, alanine, glutamic acid, isoleucine, 
leucine, n-acetyl-L-phenylalanine, and norleucine).

At the genus level before OMV treatment (Figure 8C), a total of 
18 genera were correlated with 20 metabolites. Bacteria like 
Mucispirillum, Desulfovibrio, Blautia, Roseburia, and Prevotella 
showed positive relationships with 11 characteristic metabolites 
(fumaric acid, alanine, creatinine, glutamic acid, isoleucine, n-acetyl-
L-phenylalanine, norleucine, 11,14-eicosadienoic acid, 11-eicosenoic 
acid, linolelaidic acid, and nervonic acid). Enterococcus showed a 
negative correlation with 3-methylvaleric acid. After OMV treatment 
(Figure 8F), a total of 13 genera were correlated with 12 differential 
metabolites. Bacteria including Vagococcus and Acinetobacter  
showed positive correlations with two significant metabolites 
(11,14-eicosadienoic acid and 11-eicosenoic acid). Coprococcus, 
Prevotella, Phascolarctobacterium, and Bacteroides showed negative 
correlations with five differential metabolites (gamma-aminobutyric 
acid, glutamic acid, isoleucine, leucine, and arachidonic acid).

4. Discussion

EcN is a probiotic that improves microbiota balance and 
gastrointestinal homeostasis (Rozanska et  al., 2014). OMVs are 
constitutively produced by Gram-negative bacteria and have an 
important role in bacteria-host interactions. However, little is known 
about the influence of probiotic OMVs on host physiology. In this 
study, we  carried out a comparative analysis of the effects of 

EcN-OMVs on HFD mice and T2D mice to understand the 
mechanisms underlying effects on obesity and type 2 diabetes. Our 
findings indicated that administering EcN-OMVs could reduce body 
weight and blood glucose concentration, and increase plasma insulin 
levels. Through 16S rRNA gene sequencing analysis, we  found  
that EcN-OMV treatments could modify the ratio of 
Firmicutes/Bacteroidetes in the intestine and modulate the relative 
abundance by increasing beneficial microbiota (Lachnospiraceae and 
Oscillospira) and inhibiting the growth of pathobiont bacteria 
(Erysipelotrichaceae). The fecal metabolome showed that EcN-OMVs 
might regulate SCFA concentrations in the intestinal by reducing the 
abundance of SCFA-production bacteria. Gut metabolome analysis 
suggested that EcN-OMVs might influence the intestinal ornithine 
and fumaric acid levels to mediate the gut ornithine cycle. Liver 
metabolome analysis revealed that EcN-OMVs might reduce hepatic 
steatosis in HFD mice by reducing ω-6 unsaturated fatty acid 
metabolism in the liver. Thus, EcN-OMVs seem to ameliorate the 
pathophysiologiy of obesity and diabetes by modulating 
gut-hepatic homeostasis.

4.1. The beneficial effects of EcN-OMVs on 
obese and T2D mice

Recent reports have confirmed the direct association between 
gut microbiota-derived OMVs and metabolic diseases, including 
obesity and diabetes (Nah et  al., 2019; Diez-Sainz et  al., 2022). 
Consistent with those studies, we found that oral administration of 
OMVs led to a significant reduction in body weight and hepatic 
lipid droplets in both HFD and T2D groups (Figures  3B, 4A). 
Although no study has investigated the effects of EcN-OMVs on 
obesity and diabetes, several studies have shown the beneficial 
outcomes of administering other Gram-negative bacteria on 
metabolic disorders. Chelakkot et  al. (2018) showed that oral 
administration of Akkermansia muciniphila (A. muciniphila) 
OMVs to HFD-fed mice decreased gut barrier permeability, 
reduced body weight gain, and improved glucose tolerance. 
Ashrafian et al. (2019) demonstrated that A. muciniphila OMVs 
reduced body weight, lowered adiposity, and ameliorated intestinal 
inflammation in HFD-induced obese mice. In our study, mice fed 
with a HFD were prone to the effects of OMVs, including 
profoundly reduced blood glucose concentrations and elevated 
plasma insulin levels, with a similar trend in the T2D group. The 
less significant effect in the T2D group may be due to the fact that 
the HFD group was only perturbed by the dietary intervention, 
while the T2D group was administrated STZ in addition, which 
causes permanent destruction of mouse islet β cells (Szkudelski, 
2001; Gheibi et  al., 2017). Thus, the EcN-OMV treatment is 
effective in ameliorating the adverse outcomes caused by a 
high-fat diet.

activities in feces, gut tissue, and liver tissue from the HFD  +  OMV group and the T2D  +  OMV group. The metabolic activities were visualized using a 
log2 scale. The dot size indicates the number of metabolites involved in the pathway, and the intensity of the red dot color indicates the significance of 
p-value. (B–G) Circos plots display the connectivity of significant metabolites and their pathways in feces for comparison 1 (B) and comparison 2 (C). 
The connectivity between significant metabolites and pathways in the gut tissue for comparison 3 is shown in (D) and for comparison 4 is shown in (E). 
Similarly, comparisons 5 (F) and comparison 6 (G) show the connectivity between significant metabolites and pathways in the liver tissue. In (B–G), the 
red text signifies the shortlisted metabolic pathways and the blue text represents the significant metabolites.
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FIGURE 7

Gut microiota. The intestinal microbiota was different in mice in the different groups: normal diet (ND, red), high-fat diet (HFD, green), type 
2 diabetes (T2D, blue), high-fat diet + OMVs (HFD + OMV, purple), and type 2 diabetes + OMVs (T2D + OMV, cyan). (A) The alpha diversities of 
gut microbes in the five groups. (B) PCoA plots based on bray metrics. (C) In the LEfSe cladogram, the inner to outer radiating circles 
represent the taxonomic level from phylum to species, and the diameter of the circles is proportional to the relative abundance. Species 
with no significant differences between groups are colored yellow, and species with significant differences are colored according to the 
group. Only taxa with p  < 0.05 and LDA score (log10) are shown. The relative abundance of species is shown at the (D) phylum, (E) family and 
(F) genus levels across the five groups. ND, normal diet; HFD, high-fat diet; T2D (type 2 diabetes), high-fat diet + STZ; HFD + OMV, high-fat 
diet + OMVs; T2D + OMV, high-fat diet + STZ + OMVs.
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4.2. Effects of EcN-OMVs on the gut flora 
of obese and T2D mice

The gut microbiota plays a crucial role in the modulation of host 
physiological processes the alterations of which have been strongly 
associated with the onset and progression of obesity and diabetes 
(Salgaco et al., 2019; Singer-Englar et al., 2019). Growing evidence 
suggests that gut microbiota-derived OMVs could be  important 
mediators in gut microbiota-intestinal homeostasis and ultimately 
influence the pathogenesis of metabolic diseases (Diez-Sainz et al., 
2022). Hence, we performed 16S rRNA sequencing of stool samples 
in order to determine variations in the gut microbiota canused by 
EcN-OMV administration in obese and diabetic mice.

Our results demonstrated that taxonomic spectra were distinctly 
different among the five experimental groups from the genus to 
phylum level (Figures 7D–F), indicating strong perturbations of the 
intestinal flora and marked regulation by EcN-OMVs. Specifically, at 
the phylum level before EcN-OMVs treatment with a normal diet, 
Bacteroidetes (B) and Firmicutes (F) were the dominant microbes, and 
the HFD and T2D groups had an increased F/B ratio, due to more 
Firmicutes and less Bacteroidetes, which was consistent with previous 
reports (Vemuri et al., 2018). Coincidentally, this increased F/B ratio 
has been reported to possibly lead to excessive low-grade inflammation 
(Wen and Duffy, 2017). Moreover, we  found that Firmicutes and 
Spirochaetes had positive relationships with inflammatory-related 
short-chain fatty acids (SCFAs) like acetic acid, butyric acid, and 
propionic acid (Figure  8A). This result indicated that the HFD 
reshaped the gut flora such that it produced some proinflammatory 
SCFAs. After EcN-OMV treatment the F/B ratio at the phylum level 
decreased in both the HFD and T2D groups. In addition, Bacteroidetes 
abundance showed a negative correlation with metabolites such as 
arachidonic acid and leucine (Figure 8B). Previous studies have shown 
that arachidonic acid and its downstream oxylipins play a crucial role 
in the pathobiology of diabetes mellitus (Das, 2018). In addition, 
leucine concentrations have been reported to be altered between obese 
and low BMI humans and contribute to insulin resistance (Newgard 
et  al., 2009). Thus, we postulate that EcN-OMVs might influence 
intestinal flora composition and subsequently generated anti-
inflammatory metabolites that reduce insulin resistance and obesity.

Our study found that two significant bacterial families 
Erysipelotrichaceae and Lachnospiraceae which belong to the Firmicutes 

phylum play an important role in ameliorating obesity and diabetes. 
Firstly, the proportion of Erysipelotrichaceae in the HFD and T2D 
groups was higher than in the ND group prior to EcN-OMV treatment, 
while it was reduced in both of the high fat-diet groups 
(HFD + OMV&T2D + OMV) after OMV treatment. Reports 
documenting a potential role for Erysipelotrichaceae in host physiology 
and disease are increasing. For example, Chen et al. (2018) have shown 
that an HFD may increase the relative abundance of Erysipelotrichaceae 
in animals and individuals. Spencer et al. (2011) demonstrated that the 
abundance of Erysipelotrichaceae was positively associated with fatty 
liver in humans. In addition, Zschaler et al. (2014) and Palm et al. (2014) 
have found that species within the Erysipelotrichaceae phylum may have 
diverse immunogenicity profiles or respond differently to inflammation 
within the gut. We found that when we instituted a high-fat diet for the 
HFD and T2D groups, the proportion of Lachnospiraceae decreased 
significantly in comparison with the ND group. A decrease in 
Lachnospiraceae abundance is likely to have negative health implications 
resulting from the loss of the numerous beneficial functions performed 
by members of this family. For example, Lachnospiraceae can contribute 
to the microbiota’s resistance to colonization by drug-resistant 
pathogens through the conversion of primary to secondary bile acids, 
and production of the SCFAs acetate and butyrate (Buffie et al., 2015). 
Interestingly, the level of Lachnospiraceae increased in both the 
HFD + OMV and T2D + OMV groups after OMV administration. 
Therefore, the positive regulation of intestinal Erysipelotrichaceae and 
Lachnospiraceae levels may be  an important mechanism by which 
EcN-OMVs ameliorate obesity and diabetes.

4.3. Effects of EcN-OMVs on the fecal 
metabolome of obese and T2D mice

Numerous studies have confirmed that intestinal bacteria-
derived SCFA metabolites play an important role in obesity and 
diabetes. Changes in the microbiota and SCFA profile are 
profoundly associated with host metabolism. For instance, SCFAs 
are involved in various physiological functions, including 
providing energy to intestinal cells, maintaining intestinal mucosal 
barrier and immune function, and regulating blood sugar and 
insulin levels (van der Hee and Wells, 2021). Our study found that 
after instituting a high-fat diet, the abundance of Firmicutes in the 

TABLE 1  Differentially abundant OTUs at the phylum level were identified by ANCOM when comparing mice faeces collected from ND, HFD, T2D, 
HFD  +  OMV, and T2D  +  OMV groups.

HFD vs. ND T2D vs. ND HFD  +  OMV vs. HFD T2D  +  OMV vs. T2D

Number of OTUs 
considered  =  549

Number of OTUs 
considered  =  564

Number of OTUs 
considered  =  425

Number of OTUs 
considered  =  497

Phylum Sig Phylum Sig Phylum Sig Phylum Sig

Actinobacteria 19 Actinobacteria 14 Actinobacteria 7 Actinobacteria 4

Bacteroidetes 34 Bacteroidetes 48 Bacteroidetes 10 Bacteroidetes 8

Cyanobacteria 1 Cyanobacteria 1 Deferribacteres 1 Cyanobacteria 1

Firmicutes 161 Firmicutes 171 Firmicutes 37 Firmicutes 33

Proteobacteria 24 Proteobacteria 35 Proteobacteria 6 Proteobacteria 8

TM7 5 TM7 5 Tenericutes 1 Tenericutes 1

Tenericutes 4 Tenericutes 3

Total 248 Total 277 Total 62 Total 55

The sig represents significantly different OTUs.
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HFD and T2D mice increased and the abundance of Bacteroides 
decreased. Joseph et al. (2019) have shown that Firmicutes and 
Bacteroides are involved in microbial dysbiosis and the 
development of obesity, and a higher concentration of SCFAs in the 
feces of overweight children than in healthy children. Gomes et al. 
(2018) and Iatcu et al. (2021) demonstrated that an imbalance of 
the intestinal microbiome and a decrease in the amount of SCFA 

often occurs in patients with obesity or T2D. Qin et  al. (2010) 
suggested that the abundance of SCFA-producing bacteria was 
decreased in the gut microbiota of T2D patients.

Furthermore, intestinal SCFA levels can be modulated by probiotics, 
which could help restore intestinal homeostasis. We found that after 
OMV intervention the abundance of Bacteroides, Lachnospiraceae, and 
Oscillospira increased in both HFD and T2D groups. Ashrafian et al. 

FIGURE 8

Pearson’s correlations between the significant metabolites and dominant gut flora at the phylum (A), family (B) and genus (C) levels before or after 
(D–F) OMV treatment. Blue diagonal down ellipses and red diagonal up ellipses represent negative and positive relationships between metabolites and 
microbiota, respectively. *p  <  0.05, **p  <  0.01, and ***p  <  0.001.
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found that the abundance of Bacteroides could affect intestinal SCFAs 
when exposed to Akkermansia muciniphila extracellular vesicles. The 
same authors also reported that the level of Bacteroides was negatively 
correlated with colonic inflammation and proinflammatory cytokines 
in obese mice (Ashrafian et al., 2021). Byndloss et al. (2017) showed that 
Lachnospiraceae could influence acetate and butyrate production. Yang 
et al. (2021) demonstrated that Oscillospira was negatively associated 
with obesity and obesity-related chronic inflammatory and metabolic 
diseases. Meanwhile, Konikoff and Gophna (2016) have shown that 
Oscillospira is also likely to be a genus capable of producing SCFAs 
dominated by butyrate. In summary, OMVs may alleviate intestinal 
flora disturbance in obese and diabetic mice caused by a high-fat diet 
and increase the abundance of SCFA-producing bacteria.

4.4. Effects of EcN-OMVs on the gut 
metabolome of obese and T2D mice

Among the significant changes (p < 0.05, FC > 1.5) in intestinal 
metabolite concentrations, only ornithine was higher in the HFD + OMV 
group compared to non-OMV treatment (Figure 5F). Ornithine is a 
non-essential amino acid synthesized by the enzymatic action of arginase 
on arginine as part of the urea cycle (Sivashanmugam et  al., 2017). 
Ornithine in the intestine comes from dietary intake (protein-rich food), 
and endogenous synthesis occurs primarily in the gut microbiota 
through ornithine synthetases. Notably, Bergen and Wu (2009) suggested 
that microorganisms play an important role in the intestinal nitrogen 
cycle, including deaminating ornithine/arginine, hydrolyzing luminal 
urea, and reabsorbing ammonia. Our study found that arginine and 
ornithine metabolism was upregulated in gut tissue after OMV 
administration, the F/B ratio was decreased and the abundance of 
Bacteroides increased significantly. Yoshida et al. (2021) demonstrated 
that an increased abundance of Bacteroides has been negatively associated 
with obesity. Wexler reported a significant correlation between nitrogen 
utilization efficiency with the presence of Bacteroides. For example, 
Bacteroides could synthesize and degrade amino acids, using them as a 
nitrogen source to synthesize microbial proteins. It could also undertake 
several nitrogen metabolic pathways, such as the urea cycle and nitrate 
metabolism, to regulate the utilization and excretion of nitrogen in the 
gut (Wexler, 2007). Furthermore, Qi et al. (2019) demonstrated that the 
modulation of the gut nitrogen cycle through arginine and ornithine 
could benefit gut mucosal barrier function. Cynober (1994) found that 
continuous feeding of ornithine to hungry rats can lead to a significantly 
higher crypt height in the jejunum and ileum and a higher total villous 
height in the ileum. Ornithine has been shown to maintain the integrity 
and normal morphology of the intestinal barrier by regulating the 
secretion of the mucus layer and the proliferation of intestinal epithelial 
cells. Thus, OMVs might influence the intestinal ornithine level by 
affecting the gut nitrogen cycle through modulation of microbial 
metabolism. However, the exact mechanism by which OMVs modulate 
gut nitrogen metabolism requires further investigation.

In our study, the fumaric acid concentration was significantly higher 
in the T2D + OMV group than in the T2D group and both the insulin 
secretion pathway and the lipolysis pathway were upregulated after OMV 
administration (Figures 5F, 6A). STZ is well known to cause pancreatic 
β-cell damage and can also inhibit the activity of enzymes that participate 
in the TCA cycle (Lenzen, 2008). Rojas et al. (2019) found that mice at 
12 weeks post-STZ treatment showed an early TCA cycle impairment, 

and the fumaric acid level was significantly reduced. Some studies have 
demonstrated that bacterial OMVs contains proteins and enzymes 
related to the TCA cycle and oxidative phosphorylation process, such as 
NADH dehydrogenase and ATP synthase (Lee et al., 2007; Aguilera et al., 
2014). Furthermore, Qiao et  al. (2016) revealed that TCA cycle 
intermediates (fumaric acid, malic acid, citric acid, and succinic acid) in 
adipocytes exhibited oscillatory changes over time in response to insulin. 
Together, these results suggest that EcN-OMVs might alleviate TCA 
cycle damage caused by STZ by increasing fumaric acid concentrations.

4.5. Effects of EcN-OMVs on the liver 
metabolome of obese and T2D mice

The liver is a critical hub for numerous physiological processes. 
These include regulating glucose metabolism and lipid metabolism, 
and participating in inflammation and immune regulation. In this 
study, the mice’s hepatic metabolome profiles were analyzed prior to, 
and post, OMV treatment. We found that the concentrations of four 
omega-6 (ω-6) unsaturated fatty acids (11, 14-eicosadienoic acid, 13, 
16 − docosadienoic acid, dihomo-γ-linoleic acid, and arachidonic 
acid) were significantly increased in the HFD + OMV group. ω-6 fatty 
acids are a family of essential fatty acids that act as precursors for 
inflammatory metabolites. In particular, γ-linoleate is converted into 
dihomo-γ-linoleic acid and then desaturated to arachidonic acid, 
which subsequently serves as the precursor for the biosynthesis of 
inflammatory eicosanoids (e.g., prostaglandins) by cyclooxygenase-2 
(COX-2). Several studies have demonstrated that SCFAs could inhibit 
the activity of the COX-2 enzyme (Liu et al., 2016; Kurata et al., 2019). 
Therefore, we believe that EcN-OMVs might suppress the activity of 
oxygenases involved in ω-6 unsaturated fatty acid metabolism by 
increasing SCFA concentrations in the liver, leading to the 
accumulation of ω-6 unsaturated fatty acids in the liver and reducing 
inflammation. However, the specific mechanism remains unknown.

Furthermore, SCFAs seem to act as signaling molecules between the 
gut microbiota and their host. We  found that the concentration of 
2-methyl-hexanoic acid was significantly changed in both the fecal and 
hepatic metabolome. den Besten et al. (2015) suggested that SCFAs 
appear to regulate hepatic lipid and glucose homeostasis in an adenosine 
monophosphate-activated protein kinase-dependent manner involving 
peroxisome proliferator-activated receptor-g regulated effects on 
gluconeogenesis and lipogenesis. Moreover, Chambers et  al. (2015) 
demonstrated that increased SCFA flux through the liver could reduce 
intrahepatic triglyceride concentrations, likely improving hepatic fat 
accumulation. Indeed, our results showed the number of liver adipocytes 
in obese mice significantly decreased, and the intestinal SCFA-producing 
flora increased after administering EcN-OMVs. Microbiota-derived 
SCFAs are absorbed in the intestine and transported through the hepatic 
portal system to modulate liver metabolism. Thus, EcN-OMVs might 
reduce hepatic steatosis in HFD mice by increasing the concentration of 
ω-6 unsaturated fatty acids and SCFAs in the liver, and SCFAs are key 
molecules connecting liver and intestinal metabolomes (Figure 9).

4.6. Limitations

Despite the promising results, several limitations of our research 
merit discussion. Firstly, EcN has been shown to directly modulate 
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host glucose metabolism and improve postprandial glycemic response 
in mice (Chavkin et al., 2021). Thus comparisons between EcN and 
EcN-OMV administrations in obese and diabetic mice should 
be performed to evaluate their similar or different effects on host 
glucose metabolism. Secondly, we have isolated EcN-OMVs using the 
established method of differential ultracentrifugation. Nevertheless, it 
has been reported that the size-based bacterial OMV separation 
co-isolated protein contaminants, while size-based tangential flow 
filtration (TFF) followed by charge-based high-performance anion 
exchange chromatography (HPAEC) enhances purity (Piroli et al., 
2023). Future work should implement orthogonal TTF with HPAEC 
to purify EcN-OMVs.

5. Conclusion

This is the first study of the effects of EcN-OMVs in obese and 
diabetic mice based on gut-liver axis metabolomics combined with 
analysis of the gut microbiome. Overall, our findings have demonstrated 
that EcN-OMVs can regulate intestinal and liver metabolism by 

affecting gut microbiota and SCFA concentrations. Thus, this study has 
laid the foundation for applying EcN-OMVs as a post-biotic agent and 
potential adjuvant treatment for obesity and diabetes.
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FIGURE 9

Summary of EcN-OMV regulation of the intestinal flora and gut-liver metabolism in obese and diabetic mice. Firstly, EcN-OMV administration modifies 
the ratio of Firmicutes/Bacteroidetes in the gut. This leads to the elevation of short-chain fatty acid (SCFA)-producing flora and increasing the 
concentrations of SCFAs in the intestine. Furthermore, intestinal ornithine cycle intermediates such as ornithine and fumaric acid are altered in 
response to EcN-OMV administration. Then, SCFAs are transported from the intestine to the liver through the hepatic portal vein. Finally, higher hepatic 
SCFA concentrations may suppress COX2 and subsequently downregulate the ω-6 unsaturated fatty acid metabolism. The upward arrow indicates a 
higher concentration/upregulation, and the downward arrow indicates a lower concentration/downregulation.

125

https://doi.org/10.3389/fmicb.2023.1219763
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Shi et al.� 10.3389/fmicb.2023.1219763

Frontiers in Microbiology 18 frontiersin.org

Author contributions

JS contributed to the sample and data collection, performed the 
statistical analysis, interpreted the results, and wrote the manuscript. 
DM contributed to interpreting the results and wrote the manuscript. 
SG, FL, XW, and XP contributed to the samples collection. RC 
commented on the experimental design and revised the manuscript. 
T-LH devised the original laboratory study, interpreted the results, 
supported the writing of the manuscript, directed the project, 
guarantor of this work and, as such, had full access to all the data in 
the study and takes responsibility for the integrity of the data and the 
accuracy of the data analysis. All authors contributed to the article and 
approved the submitted version.

Funding

This study was supported by the Foundation of State Key 
Laboratory of Ultrasound in Medicine and Engineering 
(2023KFKTOO2), Chongqing Science & Technology Commission 
(cstc2021jcyj-msxmX0213), Chongqing Municipal Education 

Commission (KJZD-K202100407), and Senior Medical Talents 
Program of Chongqing for Young and Middle-aged (2022) 15, and the 
Kuanren Talents Program of the Second Affiliated Hospital of 
Chongqing Medical University.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

References
Aguilera, L., Toloza, L., Gimenez, R., Odena, A., Oliveira, E., Aguilar, J., et al. (2014). 

Proteomic analysis of outer membrane vesicles from the probiotic strain Escherichia coli 
Nissle 1917. Proteomics 14, 222–229. doi: 10.1002/pmic.201300328

Ahmadi Badi, S., Moshiri, A., Fateh, A., Rahimi Jamnani, F., Sarshar, M., Vaziri, F., 
et al. (2017). Microbiota-derived extracellular vesicles as new systemic regulators. Front. 
Microbiol. 8:1610. doi: 10.3389/fmicb.2017.01610

Ashrafian, F., Keshavarz Azizi Raftar, S., Lari, A., Shahryari, A., Abdollahiyan, S., 
Moradi, H. R., et al. (2021). Extracellular vesicles and pasteurized cells derived from 
Akkermansia muciniphila protect against high-fat induced obesity in mice. Microb. Cell 
Factories 20:219. doi: 10.1186/s12934-021-01709-w

Ashrafian, F., Shahriary, A., Behrouzi, A., Moradi, H. R., Keshavarz Azizi Raftar, S., 
Lari, A., et al. (2019). Akkermansia muciniphila-derived extracellular vesicles as a 
mucosal delivery vector for amelioration of obesity in mice. Front. Microbiol. 10:2155. 
doi: 10.3389/fmicb.2019.02155

Bergen, W. G., and Wu, G. (2009). Intestinal nitrogen recycling and utilization in 
health and disease. J. Nutr. 139, 821–825. doi: 10.3945/jn.109.104497

Bluher, M. (2019). Obesity: global epidemiology and pathogenesis. Nat. Rev. 
Endocrinol. 15, 288–298. doi: 10.1038/s41574-019-0176-8

Buffie, C. G., Bucci, V., Stein, R. R., McKenney, P. T., Ling, L., Gobourne, A., et al. 
(2015). Precision microbiome reconstitution restores bile acid mediated resistance to 
Clostridium difficile. Nature 517, 205–208. doi: 10.1038/nature13828

Byndloss, M. X., Olsan, E. E., Rivera-Chavez, F., Tiffany, C. R., Cevallos, S. A., 
Lokken, K. L., et al. (2017). Microbiota-activated PPAR-gamma signaling inhibits dysbiotic 
Enterobacteriaceae expansion. Science 357, 570–575. doi: 10.1126/science.aam9949

Chambers, E. S., Viardot, A., Psichas, A., Morrison, D. J., Murphy, K. G., 
Zac-Varghese, S. E., et al. (2015). Effects of targeted delivery of propionate to the human 
colon on appetite regulation, body weight maintenance and adiposity in overweight 
adults. Gut 64, 1744–1754. doi: 10.1136/gutjnl-2014-307913

Chavkin, T. A., Pham, L. D., and Kostic, A. (2021). E. coli Nissle 1917 modulates host 
glucose metabolism without directly acting on glucose. Sci. Rep. 11:23230. doi: 10.1038/
s41598-021-02431-8

Chelakkot, C., Choi, Y., Kim, D. K., Park, H. T., Ghim, J., Kwon, Y., et al. (2018). 
Akkermansia muciniphila-derived extracellular vesicles influence gut permeability 
through the regulation of tight junctions. Exp. Mol. Med. 50:e450. doi: 10.1038/
emm.2017.282

Chen, G., Xie, M., Wan, P., Chen, D., Dai, Z., Ye, H., et al. (2018). Fuzhuan brick tea 
polysaccharides attenuate metabolic syndrome in high-fat diet induced mice in 
association with modulation in the gut microbiota. J. Agric. Food Chem. 66, 2783–2795. 
doi: 10.1021/acs.jafc.8b00296

Cho, N. H., Shaw, J. E., Karuranga, S., Huang, Y., da Rocha Fernandes, J. D., 
Ohlrogge, A. W., et al. (2018). IDF diabetes atlas: global estimates of diabetes prevalence 
for 2017 and projections for 2045. Diabetes Res. Clin. Pract. 138, 271–281. doi: 10.1016/j.
diabres.2018.02.023

Cynober, L. (1994). Can arginine and ornithine support gut functions? Gut 35, S42–
S45. doi: 10.1136/gut.35.1_suppl.s42

Das, U. N. (2018). Arachidonic acid in health and disease with focus on hypertension 
and diabetes mellitus: a review. J. Adv. Res. 11, 43–55. doi: 10.1016/j.jare.2018.01.002

den Besten, G., Bleeker, A., Gerding, A., van Eunen, K., Havinga, R., van Dijk, T. H., 
et al. (2015). Short-chain fatty acids protect against high-fat diet-induced obesity via a 
PPARgamma-dependent switch from lipogenesis to fat oxidation. Diabetes 64, 
2398–2408. doi: 10.2337/db14-1213

Diez-Sainz, E., Milagro, F. I., Riezu-Boj, J. I., and Lorente-Cebrian, S. (2022). Effects 
of gut microbiota-derived extracellular vesicles on obesity and diabetes and their 
potential modulation through diet. J. Physiol. Biochem. 78, 485–499. doi: 10.1007/
s13105-021-00837-6

Du, C., Quan, S., Nan, X., Zhao, Y., Shi, F., Luo, Q., et al. (2021). Effects of oral milk 
extracellular vesicles on the gut microbiome and serum metabolome in mice. Food 
Funct. 12, 10938–10949. doi: 10.1039/d1fo02255e

Durack, J., and Lynch, S. V. (2019). The gut microbiome: relationships with disease 
and opportunities for therapy. J. Exp. Med. 216, 20–40. doi: 10.1084/jem.20180448

Fabrega, M. J., Aguilera, L., Gimenez, R., Varela, E., Alexandra Canas, M., Antolin, M., 
et al. (2016). Activation of immune and defense responses in the intestinal mucosa by 
outer membrane vesicles of commensal and probiotic Escherichia coli strains. Front. 
Microbiol. 7:705. doi: 10.3389/fmicb.2016.00705

Fabrega, M. J., Rodriguez-Nogales, A., Garrido-Mesa, J., Algieri, F., Badia, J., 
Gimenez, R., et al. (2017). Intestinal anti-inflammatory effects of outer membrane 
vesicles from Escherichia coli Nissle 1917 in DSS-experimental colitis in mice. Front. 
Microbiol. 8:1274. doi: 10.3389/fmicb.2017.01274

Furuyama, N., and Sircili, M. P. (2021). Outer membrane vesicles (OMVs) produced 
by gram-negative Bacteria: structure, functions, biogenesis, and vaccine application. 
Biomed. Res. Int. 2021, 1490732–1490716. doi: 10.1155/2021/1490732

Gao, S., Long, F., Jiang, Z., Shi, J., Ma, D., Yang, Y., et al. (2022). The complex metabolic 
interactions of liver tissue and hepatic exosome in PCOS mice at young and middle age. 
Front. Physiol. 13:990987. doi: 10.3389/fphys.2022.990987

Geervliet, M., de Vries, H., Jansen, C. A., Rutten, V., van Hees, H., Wen, C., et al. 
(2022). Effects of E scherichia coli Nissle 1917 on the porcine gut microbiota, intestinal 
epithelium and immune system in early life. Front. Microbiol. 13:842437. doi: 10.3389/
fmicb.2022.842437

Gheibi, S., Kashfi, K., and Ghasemi, A. (2017). A practical guide for induction of 
type-2 diabetes in rat: incorporating a high-fat diet and streptozotocin. Biomed. 
Pharmacother. 95, 605–613. doi: 10.1016/j.biopha.2017.08.098

Gomes, A. C., Hoffmann, C., and Mota, J. F. (2018). The human gut microbiota: 
metabolism and perspective in obesity. Gut Microbes 9, 1–18. doi: 
10.1080/19490976.2018.1465157

Hancock, V., Vejborg, R. M., and Klemm, P. (2010). Functional genomics of probiotic 
Escherichia coli Nissle 1917 and 83972, and UPEC strain CFT073: comparison of 

126

https://doi.org/10.3389/fmicb.2023.1219763
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1002/pmic.201300328
https://doi.org/10.3389/fmicb.2017.01610
https://doi.org/10.1186/s12934-021-01709-w
https://doi.org/10.3389/fmicb.2019.02155
https://doi.org/10.3945/jn.109.104497
https://doi.org/10.1038/s41574-019-0176-8
https://doi.org/10.1038/nature13828
https://doi.org/10.1126/science.aam9949
https://doi.org/10.1136/gutjnl-2014-307913
https://doi.org/10.1038/s41598-021-02431-8
https://doi.org/10.1038/s41598-021-02431-8
https://doi.org/10.1038/emm.2017.282
https://doi.org/10.1038/emm.2017.282
https://doi.org/10.1021/acs.jafc.8b00296
https://doi.org/10.1016/j.diabres.2018.02.023
https://doi.org/10.1016/j.diabres.2018.02.023
https://doi.org/10.1136/gut.35.1_suppl.s42
https://doi.org/10.1016/j.jare.2018.01.002
https://doi.org/10.2337/db14-1213
https://doi.org/10.1007/s13105-021-00837-6
https://doi.org/10.1007/s13105-021-00837-6
https://doi.org/10.1039/d1fo02255e
https://doi.org/10.1084/jem.20180448
https://doi.org/10.3389/fmicb.2016.00705
https://doi.org/10.3389/fmicb.2017.01274
https://doi.org/10.1155/2021/1490732
https://doi.org/10.3389/fphys.2022.990987
https://doi.org/10.3389/fmicb.2022.842437
https://doi.org/10.3389/fmicb.2022.842437
https://doi.org/10.1016/j.biopha.2017.08.098
https://doi.org/10.1080/19490976.2018.1465157


Shi et al.� 10.3389/fmicb.2023.1219763

Frontiers in Microbiology 19 frontiersin.org

transcriptomes, growth and biofilm formation. Mol. Gen. Genomics. 284, 437–454. doi: 
10.1007/s00438-010-0578-8

Harding, J. L., Pavkov, M. E., Magliano, D. J., Shaw, J. E., and Gregg, E. W. (2019). 
Global trends in diabetes complications: a review of current evidence. Diabetologia 62, 
3–16. doi: 10.1007/s00125-018-4711-2

Hu, R., Lin, H., Li, J., Zhao, Y., Wang, M., Sun, X., et al. (2020). Probiotic Escherichia 
coli Nissle 1917-derived outer membrane vesicles enhance immunomodulation and 
antimicrobial activity in RAW264.7 macrophages. BMC Microbiol. 20:268. doi: 10.1186/
s12866-020-01953-x

Iatcu, C. O., Steen, A., and Covasa, M. (2021). Gut microbiota and complications of 
Type-2 diabetes. Nutrients 14:166. doi: 10.3390/nu14010166

Joseph, N., Vasodavan, K., Saipudin, N. A., Yusof, B. N. M., Kumar, S., and 
Nordin, S. A. (2019). Gut microbiota and short-chain fatty acids (SCFAs) profiles of 
normal and overweight school children in Selangor after probiotics administration. J. 
Funct. Foods 57, 103–111. doi: 10.1016/j.jff.2019.03.042

Kelly, T., Yang, W., Chen, C. S., Reynolds, K., and He, J. (2008). Global burden of 
obesity in 2005 and projections to 2030. Int. J. Obes. 32, 1431–1437. doi: 10.1038/
ijo.2008.102

Khan, M. A. B., Hashim, M. J., King, J. K., Govender, R. D., Mustafa, H., and Al 
Kaabi, J. (2020). Epidemiology of type 2 diabetes – global burden of disease and 
forecasted trends. J. Epidemiol. Glob. Health 10, 107–111. doi: 10.2991/jegh.k.191028.001

Kim, O. Y., Lee, J., and Gho, Y. S. (2017). Extracellular vesicle mimetics: novel 
alternatives to extracellular vesicle-based theranostics, drug delivery, and vaccines. 
Semin. Cell Dev. Biol. 67, 74–82. doi: 10.1016/j.semcdb.2016.12.001

Kim, J. H., Lee, J., Park, J., and Gho, Y. S. (2015). Gram-negative and gram-positive 
bacterial extracellular vesicles. Semin. Cell Dev. Biol. 40, 97–104. doi: 10.1016/j.
semcdb.2015.02.006

Konikoff, T., and Gophna, U. (2016). Oscillospira: a central, enigmatic component of the 
human gut microbiota. Trends Microbiol. 24, 523–524. doi: 10.1016/j.tim.2016.02.015

Kurata, N., Tokashiki, N., Fukushima, K., Misao, T., Hasuoka, N., Kitagawa, K., 
et al. (2019). Short chain fatty acid butyrate uptake reduces expressions of prostanoid 
EP(4) receptors and their mediation of cyclooxygenase-2 induction in HCA-7 
human colon cancer cells. Eur. J. Pharmacol. 853, 308–315. doi: 10.1016/j.
ejphar.2019.04.014

Lee, E. Y., Bang, J. Y., Park, G. W., Choi, D. S., Kang, J. S., Kim, H. J., et al. (2007). 
Global proteomic profiling of native outer membrane vesicles derived from Escherichia 
coli. Proteomics 7, 3143–3153. doi: 10.1002/pmic.200700196

Lenzen, S. (2008). The mechanisms of alloxan- and streptozotocin-induced diabetes. 
Diabetologia 51, 216–226. doi: 10.1007/s00125-007-0886-7

Liu, R., Li, Y., and Zhang, B. (2016). The effects of konjac oligosaccharide on TNBS-
induced colitis in rats. Int. Immunopharmacol. 40, 385–391. doi: 10.1016/j.
intimp.2016.08.040

Meldrum, D. R., Morris, M. A., and Gambone, J. C. (2017). Obesity pandemic: causes, 
consequences, and solutions-but do we have the will? Fertil. Steril. 107, 833–839. doi: 
10.1016/j.fertnstert.2017.02.104

Nah, G., Park, S. C., Kim, K., Kim, S., Park, J., Lee, S., et al. (2019). Type-2 diabetics 
reduces spatial variation of microbiome based on extracellur vesicles from gut microbes 
across human body. Sci. Rep. 9:20136. doi: 10.1038/s41598-019-56662-x

Newgard, C. B., An, J., Bain, J. R., Muehlbauer, M. J., Stevens, R. D., Lien, L. F., et al. 
(2009). A branched-chain amino acid-related metabolic signature that differentiates 
obese and lean humans and contributes to insulin resistance. Cell Metab. 9, 311–326. 
doi: 10.1016/j.cmet.2009.02.002

Nylund, L., Hakkola, S., Lahti, L., Salminen, S., Kalliomaki, M., Yang, B., et al. (2020). 
Diet, perceived intestinal well-being and compositions of fecal microbiota and short 
chain fatty acids in oat-using subjects with celiac disease or gluten sensitivity. Nutrients 
12:2570. doi: 10.3390/nu12092570

Palm, N. W., de Zoete, M. R., Cullen, T. W., Barry, N. A., Stefanowski, J., Hao, L., et al. 
(2014). Immunoglobulin a coating identifies colitogenic bacteria in inflammatory bowel 
disease. Cells 158, 1000–1010. doi: 10.1016/j.cell.2014.08.006

Piroli, N. H., Reus, L. S. C., Mamczarz, Z., Khan, S., Bentley, W. E., and Jay, S. M. 
(2023). High performance anion exchange chromatography purification of probiotic 
bacterial extracellular vesicles enhances purity and anti-inflammatory efficacy. bioRxiv. 
doi: 10.1101/2023.05.01.538917

Qi, H., Li, Y., Yun, H., Zhang, T., Huang, Y., Zhou, J., et al. (2019). Lactobacillus 
maintains healthy gut mucosa by producing L-ornithine. Commun. Biol. 2:171. doi: 
10.1038/s42003-019-0424-4

Qiao, Y., Tomonaga, S., Matsui, T., and Funaba, M. (2016). Modulation of the cellular 
content of metabolites in adipocytes by insulin. Mol. Cell. Endocrinol. 424, 71–80. doi: 
10.1016/j.mce.2016.01.017

Qin, J., Li, R., Raes, J., Arumugam, M., Burgdorf, K. S., Manichanh, C., et al. (2010). 
A human gut microbial gene catalogue established by metagenomic sequencing. Nature 
464, 59–65. doi: 10.1038/nature08821

Qu, M., Zhu, H., and Zhang, X. (2022). Extracellular vesicle-mediated regulation of 
macrophage polarization in bacterial infections. Front. Microbiol. 13:1039040. doi: 
10.3389/fmicb.2022.1039040

Raftar, S. K. A., Ashrafian, F., Abdollahiyan, S., Yadegar, A., Moradi, H. R., 
Masoumi, M., et al. (2022). The anti-inflammatory effects of Akkermansia muciniphila 
and its derivates in HFD/CCL4-induced murine model of liver injury. Sci. Rep. 12:2453. 
doi: 10.1038/s41598-022-06414-1

Raftar, S. K. A., Ashrafian, F., Yadegar, A., Lari, A., Moradi, H. R., Shahriary, A., et al. 
(2021). The protective effects of live and pasteurized Akkermansia muciniphila and its 
extracellular vesicles against HFD/CCl4-induced liver injury. Microbiol. Spectr. 
9:e0048421. doi: 10.1128/Spectrum.00484-21

Rojas, D. R., Kuner, R., and Agarwal, N. (2019). Metabolomic signature of type 1 
diabetes-induced sensory loss and nerve damage in diabetic neuropathy. J. Mol. Med. 
(Berl) 97, 845–854. doi: 10.1007/s00109-019-01781-1

Rozanska, D., Regulska-Ilow, B., Choroszy-Krol, I., and Ilow, R. (2014). The role of 
Escherichia coli strain Nissle 1917 in the gastro-intestinal diseases. Postepy Hig. Med. 
Dosw. (Online) 68, 1251–1256. doi: 10.5604/17322693.1127882

Salgaco, M. K., Oliveira, L. G. S., Costa, G. N., Bianchi, F., and Sivieri, K. (2019). 
Relationship between gut microbiota, probiotics, and type 2 diabetes mellitus. Appl. 
Microbiol. Biotechnol. 103, 9229–9238. doi: 10.1007/s00253-019-10156-y

Sanders, M. E., Merenstein, D. J., Reid, G., Gibson, G. R., and Rastall, R. A. (2019). 
Probiotics and prebiotics in intestinal health and disease: from biology to the clinic. Nat. 
Rev. Gastroenterol. Hepatol. 16, 605–616. doi: 10.1038/s41575-019-0173-3

Scaldaferri, F., Gerardi, V., Mangiola, F., Lopetuso, L. R., Pizzoferrato, M., Petito, V., 
et al. (2016). Role and mechanisms of action of Escherichia coli Nissle 1917  in the 
maintenance of remission in ulcerative colitis patients: an update. World J. Gastroenterol. 
22, 5505–5511. doi: 10.3748/wjg.v22.i24.5505

Singer-Englar, T., Barlow, G., and Mathur, R. (2019). Obesity, diabetes, and the gut 
microbiome: an updated review. Expert Rev. Gastroenterol. Hepatol. 13, 3–15. doi: 
10.1080/17474124.2019.1543023

Sivashanmugam, M., Jaidev, J., Umashankar, V., and Sulochana, K. N. (2017). 
Ornithine and its role in metabolic diseases: an appraisal. Biomed. Pharmacother. 86, 
185–194. doi: 10.1016/j.biopha.2016.12.024

Sommer, F., and Backhed, F. (2013). The gut microbiota—masters of host development 
and physiology. Nat. Rev. Microbiol. 11, 227–238. doi: 10.1038/nrmicro2974

Spencer, M. D., Hamp, T. J., Reid, R. W., Fischer, L. M., Zeisel, S. H., and Fodor, A. A. 
(2011). Association between composition of the human gastrointestinal microbiome 
and development of fatty liver with choline deficiency. Gastroenterology 140, 976–986. 
doi: 10.1053/j.gastro.2010.11.049

Szkudelski, T. (2001). The mechanism of alloxan and streptozotocin action in B cells 
of the rat pancreas. Physiol. Res. 50, 537–546.

Vallianou, N., Stratigou, T., Christodoulatos, G. S., Tsigalou, C., and Dalamaga, M. 
(2020). Probiotics, prebiotics, synbiotics, postbiotics, and obesity: current evidence, 
controversies, and perspectives. Curr. Obes. Rep. 9, 179–192. doi: 10.1007/
s13679-020-00379-w

van der Hee, B., and Wells, J. M. (2021). Microbial regulation of host physiology by 
short-chain fatty acids. Trends Microbiol. 29, 700–712. doi: 10.1016/j.tim.2021.02.001

Vemuri, R., Shinde, T., Gundamaraju, R., Gondalia, S. V., Karpe, A. V., Beale, D. J., 
et al. (2018). Lactobacillus acidophilus DDS-1 modulates the gut microbiota and 
improves metabolic profiles in aging mice. Nutrients 10:1255. doi: 10.3390/nu10091255

Wen, L., and Duffy, A. (2017). Factors influencing the gut microbiota, inflammation, 
and type 2 diabetes. J. Nutr. 147, 1468S–1475S. doi: 10.3945/jn.116.240754

Wexler, H. M. (2007). Bacteroides: the good, the bad, and the nitty-gritty. Clin. 
Microbiol. Rev. 20, 593–621. doi: 10.1128/CMR.00008-07

Woith, E., Fuhrmann, G., and Melzig, M. F. (2019). Extracellular vesicles-connecting 
kingdoms. Int. J. Mol. Sci. 20:5695. doi: 10.3390/ijms20225695

Yang, J., Li, Y., Wen, Z., Liu, W., Meng, L., and Huang, H. (2021). Oscillospira – a 
candidate for the next-generation probiotics. Gut Microbes 13:1987783. doi: 
10.1080/19490976.2021.1987783

Yoshida, N., Yamashita, T., Osone, T., Hosooka, T., Shinohara, M., Kitahama, S., et al. 
(2021). Bacteroides spp. promotes branched-chain amino acid catabolism in brown fat 
and inhibits obesity. iScience 24:103342. doi: 10.1016/j.isci.2021.103342

Zschaler, J., Schlorke, D., and Arnhold, J. (2014). Differences in innate immune 
response between man and mouse. Crit. Rev. Immunol. 34, 433–454. doi: 10.1615/
CritRevImmunol.2014011600

127

https://doi.org/10.3389/fmicb.2023.1219763
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1007/s00438-010-0578-8
https://doi.org/10.1007/s00125-018-4711-2
https://doi.org/10.1186/s12866-020-01953-x
https://doi.org/10.1186/s12866-020-01953-x
https://doi.org/10.3390/nu14010166
https://doi.org/10.1016/j.jff.2019.03.042
https://doi.org/10.1038/ijo.2008.102
https://doi.org/10.1038/ijo.2008.102
https://doi.org/10.2991/jegh.k.191028.001
https://doi.org/10.1016/j.semcdb.2016.12.001
https://doi.org/10.1016/j.semcdb.2015.02.006
https://doi.org/10.1016/j.semcdb.2015.02.006
https://doi.org/10.1016/j.tim.2016.02.015
https://doi.org/10.1016/j.ejphar.2019.04.014
https://doi.org/10.1016/j.ejphar.2019.04.014
https://doi.org/10.1002/pmic.200700196
https://doi.org/10.1007/s00125-007-0886-7
https://doi.org/10.1016/j.intimp.2016.08.040
https://doi.org/10.1016/j.intimp.2016.08.040
https://doi.org/10.1016/j.fertnstert.2017.02.104
https://doi.org/10.1038/s41598-019-56662-x
https://doi.org/10.1016/j.cmet.2009.02.002
https://doi.org/10.3390/nu12092570
https://doi.org/10.1016/j.cell.2014.08.006
https://doi.org/10.1101/2023.05.01.538917
https://doi.org/10.1038/s42003-019-0424-4
https://doi.org/10.1016/j.mce.2016.01.017
https://doi.org/10.1038/nature08821
https://doi.org/10.3389/fmicb.2022.1039040
https://doi.org/10.1038/s41598-022-06414-1
https://doi.org/10.1128/Spectrum.00484-21
https://doi.org/10.1007/s00109-019-01781-1
https://doi.org/10.5604/17322693.1127882
https://doi.org/10.1007/s00253-019-10156-y
https://doi.org/10.1038/s41575-019-0173-3
https://doi.org/10.3748/wjg.v22.i24.5505
https://doi.org/10.1080/17474124.2019.1543023
https://doi.org/10.1016/j.biopha.2016.12.024
https://doi.org/10.1038/nrmicro2974
https://doi.org/10.1053/j.gastro.2010.11.049
https://doi.org/10.1007/s13679-020-00379-w
https://doi.org/10.1007/s13679-020-00379-w
https://doi.org/10.1016/j.tim.2021.02.001
https://doi.org/10.3390/nu10091255
https://doi.org/10.3945/jn.116.240754
https://doi.org/10.1128/CMR.00008-07
https://doi.org/10.3390/ijms20225695
https://doi.org/10.1080/19490976.2021.1987783
https://doi.org/10.1016/j.isci.2021.103342
https://doi.org/10.1615/CritRevImmunol.2014011600
https://doi.org/10.1615/CritRevImmunol.2014011600


TYPE Original Research

PUBLISHED 18 September 2023

DOI 10.3389/fmicb.2023.1214577

OPEN ACCESS

EDITED BY

Ren-You Gan,

Agency for Science, Technology and

Research, Singapore

REVIEWED BY

Teng-Gen Hu,

Guangdong Academy of Agricultural Sciences

(GDAAS), China

Guoyi Tang,

The University of Hong Kong, Hong Kong

SAR, China

*CORRESPONDENCE

Ying Cai

31650124@qq.com

RECEIVED 30 April 2023

ACCEPTED 07 August 2023

PUBLISHED 18 September 2023

CITATION

Peng X, Yi X, Deng N, Liu J, Tan Z and Cai Y

(2023) Zhishi Daozhi decoction alleviates

constipation induced by a high-fat and

high-protein diet via regulating intestinal

mucosal microbiota and oxidative stress.

Front. Microbiol. 14:1214577.

doi: 10.3389/fmicb.2023.1214577

COPYRIGHT

© 2023 Peng, Yi, Deng, Liu, Tan and Cai. This is

an open-access article distributed under the

terms of the Creative Commons Attribution

License (CC BY). The use, distribution or

reproduction in other forums is permitted,

provided the original author(s) and the

copyright owner(s) are credited and that the

original publication in this journal is cited, in

accordance with accepted academic practice.

No use, distribution or reproduction is

permitted which does not comply with these

terms.

Zhishi Daozhi decoction alleviates
constipation induced by a
high-fat and high-protein diet via
regulating intestinal mucosal
microbiota and oxidative stress
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Ying Cai2*

1The First A�liated Hospital of Hunan University of Chinese Medicine, Changsha, China, 2The Domestic

First-Class Discipline Construction Project of Chinese Medicine, Hunan University of Chinese Medicine,

Changsha, China

Background: A growing body of evidence has demonstrated that a high-fat

and high-protein diet (HFHPD) causes constipation. This study focuses on

understanding how the use of Zhishi Daozhi decoction (ZDD) a�ects the

intricate balance of intestinal microorganisms. The insights gained from this

investigation hold the potential to o�er practical clinical approaches to mitigate

the constipation-related issues associated with HFHPD.

Materials andmethods: Mice were randomly divided into five groups: the normal

(MN) group, the natural recovery (MR) group, the low-dose ZDD (MLD) group, the

medium-dose ZDD (MMD) group, and the high-dose ZDD (MHD) group. After

the constipation model was established by HFHPD combined with loperamide

hydrochloride (LOP), di�erent doses of ZDD were used for intervention.

Subsequently, the contents of cholecystokinin (CCK) and calcitonin gene-related

peptide (CGRP) in serum, superoxide dismutase (SOD), and malondialdehyde

(MDA) in the liver were determined. The DNA of intestinal mucosa was extracted,

and 16S rRNA amplicon sequencing was used to analyze the changes in intestinal

mucosal microbiota.

Results: After ZDD treatment, CCK content in MR group decreased and CGRP

content increased, but the changes were not significant. In addition, the SOD

content in MR group was significantly lower than in MLD, MMD, and MHD

groups, and the MDA content in MR group was significantly higher than in MN,

MLD, and MHD groups. Constipation modeling and the intervention of ZDD

changed the structure of the intestinal mucosal microbiota. In the constipation

induced by HFHPD, the relative abundance of pathogenic bacteria such as

Aerococcus, Staphylococcus, Corynebacterium, Desulfovibrio, Clostridium, and

Prevotella increased. After the intervention of ZDD, the relative abundance of

these pathogenic bacteria decreased, and the relative abundance of Candidatus

Arthromitus and the abundance of Tropane, piperidine, and pyridine alkaloid

biosynthesis pathways increased in MHD group.

Conclusion: Constipation induced by HFHPD can increase pathogenic bacteria in

the intestinal mucosa, while ZDD can e�ectively relieve constipation, reduce the

relative abundance of pathogenic bacteria, and alleviate oxidative stress injury. In

addition, high-dose ZDD can increase the abundance of beneficial bacteria, which

is more conducive to the treatment of constipation.

KEYWORDS

Zhishi Daozhi decoction, high-fat and high-protein diet, microbial diversity, intestinal

mucosal microbiota, constipation
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1. Introduction

Constipation is a common and onerous gastrointestinal disease

(Dimidi et al., 2017). Its definition includes infrequent defecation,

excessive tension, a feeling of incomplete defecation, failure, or

excessive time spent on defecation attempts (Sharma and Rao,

2017). Eating habits are one of the important factors that cause

constipation. Studies have shown that unhealthy diets, especially

HFHPD and low-fiber diets, are important predisposing factors for

constipation (Stewart and Schroeder, 2013; Tabbers et al., 2014). In

contrast, the intake of dietary fiber and the appropriate amount of

water can relieve the symptoms of constipation (Yang et al., 2012).

Studies have found that a high-fat diet can cause indigestion, cause

constipation, and delay colon transit time by reducing colon mucus

in mice (Mukai et al., 2020). Moreover, Liu et al. (2022) found that

under a high-fat diet, LOP-induced constipation in mice developed

symptoms such as oxidative stress, gastrointestinal hypomotility,

and intestinal neurotransmitter disorder. In a study involving older

adults and children, high saturated fat intake was closely related to

constipation (Lee et al., 2012; Taba Taba Vakili et al., 2015).

Numerous recent studies have shown that constipation is

closely related to the intestinal microbiota. The feces in the

intestine are stimulated by harmful substances and enrich the

harmful bacteria (Zhang X. et al., 2021). Changes in the intestinal

microbiota of patients with constipation are generally manifested

by a relative decrease in beneficial bacteria and a potential increase

in harmful bacteria. These changes may affect intestinal motility

and intestinal secretion function by changing the amount of

available physiologically active substances in the intestine and the

intestinal metabolic environment (Staller et al., 2022). In addition,

diet will also change the genetic composition and metabolic

activities of the microorganisms living in our bodies. It can be

deduced that a high-fat diet has an important relationship with

the occurrence of chronic diseases such as constipation (Tan et al.,

2021). LOP is a commonly used antidiarrheal in clinics to increase

the consistency and hardness of stool to control the symptoms of

acute and chronic diarrhea. Thus, LOP is suitable to serve as an

inducer combined with HFHPD to establish a constipation animal

model (Zhang et al., 2022).

ZDD is a prescription in traditional Chinese medicines derived

from Li Dongyuan’s Nei Wai Shang Bian Huo Lun and is used

for the treatment of constipation and indigestion (Liu F. et al.,

2020). Modern pharmacological research shows that ZDD can

promote gastric emptying and small intestine propulsion to restore

the function of the spleen and stomach transport (Li et al., 2008).

This prescription consists of Aurantii Fructus Immaturus (Citrus

aurantium L.), Rhei Radix et Rhizoma (Rheum officinale Baill.),

Poria [Poria cocos (Schw.) Wolf], Scutellariae Radix (Scutellaria

baicalensis Georgi), Coptidis Rhizoma (Coptis chinensis Franch.),

Atractylodis Macrocephalae Rhizoma (Atractylodes macrocephala

Koidz.), Alismatis Rhizoma [Alisma orientate (Sam.) Juzep.], and

Massa Medicata Fermentata (Medicated Leaven) (Lin et al., 2020).

Among them, Atractylodis Macrocephalae Rhizoma and Poria

can improve gastrointestinal hormone secretion and promote

gastric emptying. Alismatis Rhizoma has a hypoglycemic effect.

Rhei Radix, and Rhizoma can inhibit intestinal water absorption,

enhance intestinal peristalsis, and promote defecation. Aurantii

Fructus Immaturus can recover intestinal contraction rhythm,

improve gastrointestinal excitability, enhance gastrointestinal

peristalsis, and relieve gastrointestinal spasms. Massa Medicata

Fermentata can increase appetite andmaintain the normal digestive

function of the body. The combination of these drugs has a definite

effect on gastrointestinal infectious inflammation with dyspepsia

(Wang et al., 2018; Shen and Tan, 2022). The curative effect of

decoction is more obvious than that of pills, and it takes effect faster

(Zhu et al., 2022).

However, the relationship between the changes in intestinal

mucosal microbiota induced by HFHPD and constipation remains

unclear. Therefore, in this study, the constipation model of mice

was induced by LOP under the condition of HFHPD. To study

the changes in intestinal mucosal microbiota and the levels

of gastrointestinal hormones and oxidative stress in mice with

HPHFD-induced constipation under the intervention of ZDD.

2. Materials and methods

2.1. Materials

2.1.1. Animals
To exclude the influence of gender on the study, we selected 50

specific-pathogen-free male mice as the research objects (Wu et al.,

2022). Mice were purchased fromHunan Slaccas Jingda Laboratory

Animal Co., Ltd.

2.1.2. Feed
Self-made high-fat and high-protein feed consists of milk

powder (Nestle family nutritious milk powder), flour (Huiyi gluten

wheat flour), floss powder (Zhenqiao golden floss), and bean

powder (Yonghe sweet soybean milk powder) in a ratio of 1: 1: 1: 2

(He et al., 2019).

The main indexes of nutritional components of growth feed

include water, crude protein, crude fiber, crude fat, crude ash,

calcium, total phosphorus, lysine, methionine, and cystine. It

was provided by the Animal Experiment Center of the Hunan

University of Chinese Medicine.

2.1.3. Drugs
ZDD consists of 10 g of Aurantii Fructus Immaturus, 20 g

of Rhei Radix et Rhizoma, 6 g of Coptidis Rhizoma, 6 g of

Scutellariae Radix, 10 g of Massa Medicata Fermentata, 10 g of

Atractylodis Macrocephalae Rhizoma, 6 g of Poria, and 4 g of

Alismatis Rhizoma. All these ingredients were purchased from the

First Affiliated Hospital of Hunan University of Chinese Medicine.

The procedure involved soaking the aforementioned drugs in

boiling water for 10 cycles, with each cycle lasting 10min. The

resulting mixture was then filtered and concentrated using a rotary

evaporator at 75◦C. This process yielded water-based decoctions

with varying crude drug concentrations of 0.2, 0.4, and 0.8 g/mL.

LOP capsules was produced by Xian Janssen Pharmaceutical

Co., Ltd. (Batch production No. MDJ7007).

Frontiers inMicrobiology 02 frontiersin.org129

https://doi.org/10.3389/fmicb.2023.1214577
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Peng et al. 10.3389/fmicb.2023.1214577

2.2. Methods

2.2.1. Grouping of experimental animals
All the mice were fed adaptively at a temperature of 23–25◦C

and a relative humidity of 50–70% in a clean and quiet environment

for 3 days before modeling. The 50 mice were randomly divided

into five groups: the normal (MN) group, the natural recovery

(MR) group, the low-dose ZDD (MLD) group, the medium-dose

ZDD (MMD) group, and the high-dose ZDD (MHD) group. All

experiments and procedures involving animals were conducted

in accordance with the protocol approved by the Institutional

Animal Care and Use Committee of the Hunan University of

Chinese Medicine.

2.2.2. Construction of the constipation model
The procedure was divided into two stages. In the first stage, the

model mice were fed with HFHPD and gavaged with 50mg/kgmilk

twice a day. MN group was fed growth feed and gavaged with an

equal dose of sterile water for 7 days (Mai et al., 2018). In the second

stage, based on the first stage, themodel mice were intraperitoneally

injected with 3 mg/kg LOP for 7 days, once a day. MN group ate

normally and was intraperitoneally injected with equal doses of

normal saline for 7 days (Hajji et al., 2020).

2.2.3. Intervention of ZDD
After the successful model, the model mice were divided into

MR, MLD, MMD, and MHD groups. The mice in MLD, MMD,

and MHD groups were gavaged with 2.4, 4.7, and 9.4 mg/kg ZDD,

respectively, twice a day. MN andMR groups were gavaged with an

equal dose of sterile water for 7 days.

2.2.4. General characteristics
At the same time in the morning, the mice were observed and

recorded in terms of fur, mental status, activity, fecal traits and odor,

perianal cleanliness, and body weight (Li C. R. et al., 2022).

2.2.5. Measurement of CCK and CGRP in serum
and MDA and SOD in liver

We selected five mice with consistent fecal characteristics in

each group for analysis, and whole blood samples were collected by

eyeball extraction. The blood sample was allowed to stand at room

temperature for 2 h before being centrifuged at low temperature

and high speed (4◦C, 3,000 r/min) for 10min. The supernatant

was used for CCK and CGRP content determination. The CCK

and CGRP contents of serum were determined by enzyme-linked

immunosorbent assay (ELISA). After the mice were killed by

cervical dislocation on the aseptic operating platform, the liver

was removed, and 0.1 g of liver tissue was collected. Then, 1mL

of normal saline was added to the liver tissue in the ice bath

for homogenization, and the mixture was centrifuged at 8,000 g,

4◦C for 10min. The MDA and SOD contents in liver homogenate

were determined by ELISA, and the specific operation was carried

out according to the instructions of the kit. The MDA kit was

provided by Beijing Solarbio Science & Technology Co., Ltd. The

CCK, CGRP, and SOD kits were provided by Quanzhou Kenuodi

Biotechnology Co., Ltd.

2.2.6. Extraction of intestinal mucosal samples
In each group, five mice were chosen based on consistent

fecal characteristics. These mice were euthanized through cervical

dislocation on a sterile operating table, and segments spanning

from the jejunum to the ileum were collected. After the contents of

the bowel segment were extruded, the bowel was cut longitudinally.

Then, the residual contents in the intestinal wall were washed with

normal saline, and the normal saline on the intestinal wall was

sucked dry with filter paper. The intestinal mucosa was scraped off

with a cover glass and placed in an EP tube at−80◦C for subsequent

storage (Zhang et al., 2020).

2.2.7. PCR amplification and illumina Novaseq
metagenome sequencing

PCR amplification was conducted using bacteria-specific

primers targeting the 16S rRNA V3+V4 region. The primer

sequences used were as follows: Forward primer 338F (5′-barcode

+ACTCCTACGGGAGGCAGCA-3′) and reverse primer 806R (5′-

GGACTACHVGGGTWTCTAAT-3′). The template DNA was pre-

denatured at 98◦C for 30 s using the PCR instrument, ensuring

its completed denaturation for the subsequent amplification

cycle. Within each cycle, the template was subjected to a 15-s

denaturation step at 98◦C, followed by a 30-s primer annealing

step at 50◦C to ensure optimal primer-template binding. The

temperature was then maintained at 72◦C for 30 s, facilitating

primer extension, DNA synthesis, and completion of a single cycle.

This cycle was iterated between 25 an 27 times to accumulate

a substantial quantity of amplified DNA fragments. Finally, the

product was kept at 72◦C for 5min so that it was completely

extended and preserved at 4◦C. The amplification results were

subjected to 2% agarose gel electrophoresis, and the target

fragments were cut out, and then, the target fragments were

recovered using the Axygen gel recovery kit. Then, 2 × 250 bp

double-ended sequencing was performed on the Illumina NovaSeq

machine using the Novaseq 6000 SP Reagent Kit (500 cycles).

Sample DNA extraction, amplification, and library sequencing were

completed by Shanghai Personalbio Technology Co., Ltd.

2.2.8. Bioinformatics
The 16S rRNA high-throughput sequencing was used to

analyze the intestinal mucosal microbiota, and the modified and

improved process was used to analyze the biological information of

the microbiota. Moreover, 100% sequence similarity was merged

to generate characteristic sequence amplicon sequence variants

(ASV). The ASV table was used to draw a species accumulation

curve, which is used to detect the sequencing depth and evaluate

the quality of the sequence data (Qiao et al., 2023). At the same

time, various metrics at the ASV level, including Chao 1, observed

categories, Shannon, and Simpson indices, were calculated and

analyzed based on the ASV table. Beta diversity analysis uses

the Bray–Curtis distance to analyze the structural changes of

microbial communities between samples and uses non-metric
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multidimensional scaling (NMDS) for visualization (Li X. Y.

et al., 2022). The linear discriminant analysis (LDA) effect size

(LefSe) method is used to detect classification units with rich

differences between groups. To evaluate the diagnostic efficiency

of different genera selected by LefSe analysis, the statistically

significant receiver operating characteristic (ROC) curves of

different genera were constructed, and the area under the curve

(AUC) was calculated. We calculated the Spearman correlation

coefficient, constructed a correlation heat map, and explored the

relationship between different microbiota. The metabolic function

of microbial microbiota was predicted using PICRUSt2 on the

Kyoto Encyclopedia of Genes and Genomes (KEGG) (https://www.

kegg.jp/) database (Douglas et al., 2020).

2.2.9. Statistical analysis
SPSS 25.00 software was used for statistical analysis, and the

data of each group were expressed as the mean ± standard

deviation. GraphPad Prism 9 was used to draw histograms and box

charts. If the two groups of data conform to a normal distribution

and homogeneity of variance, the ANOVA test is used. The non-

parametric test was used if it did not meet the requirements. A

P-value of <0.05 was statistically significant.

3. Results

3.1. E�ects of di�erent doses of ZDD on the
general characteristics of mice with
HPHFD-induced constipation

Before modeling, the mice in each group had glossy fur and

good autonomous activity. After the modeling was completed,

the model mice had withered fur and liked to gather, and their

autonomous activity ability was reduced. After the intervention of

ZDD, the fur was smooth, and the ability to make independent

movements was improved. However, the fur of MR group was

yellow, and the mental activity was poor. As can be observed from

Figure 1, before modeling (0 d), the weight of mice in each group

was similar, and in the first (7 d) and second modeling stages (14

d), the weight of model mice was lower than MN group. However,

after the administration of ZDD (21 d), the weights of the mice in

the MLD, MMD, and MHD groups increased more than that of the

mice in the MR group, though not significantly, and the weight of

the mice in the MHD group was closer to that of the mice in the

MN group.

Before modeling, the feces of mice in each group were similar

in appearance, shaped with moderate hardness, and turned dark

brown. After the first stage of modeling, the feces of model

mice were shaped but soft, sticky, and yellow. After the second

modeling stage, the model mice had feces characterized by a beaded

appearance. These feces were sticky and soft and exhibited signs

of being incomplete during defecation, requiring more time for

the process. After the administration of ZDD, the feces of MLD,

MMD, and MHD groups had a moderate level of hardness, which

was similar to that of the MN group. However, the feces of the

mice in the MR group were harder notably harder than those of

the MN group, with a rough, uneven, and dark brown appearance.

Given the characteristics of incomplete defecation and the extended

duration of the secondmodeling stage, we believe that themodeling

process was successful.

3.2. E�ects of di�erent doses of ZDD on the
contents of CCK and CGRP in the serum of
mice with HPHFD-induced constipation

CCK is secreted by a large number of cells in the central nervous

system, duodenum, and jejunummucosa of mammals. It stimulates

the contraction of the gallbladder and relaxation of the sphincter

of Oddi to regulate the movement of the small intestine and colon

(Wang et al., 2021). Figure 2A shows the CCK content of mice.

Though not significantly, the CCK content in MR group was lower

than that in MLD, MMD, and MHD groups. In particular, the

CCK content in MHD and MN groups was similar. It could be

speculated that ZDD had a certain recovery effect on CCK content

in constipated mice.

CGRP, mainly distributed in the visceral sensory nerves,

inhibits most gastrointestinal movement and is an important

neurotransmitter for regulating the function of the digestive tract

(Zhang et al., 2018). As shown in Figure 2B, compared to the MR

group, the CGRP content in the MLD, MMD, and MHD groups

decreased but not significantly. It can be shown that the intestinal

peristalsis ability of mice had been restored to some extent after the

administration of ZDD.

3.3. E�ects of di�erent doses of ZDD on the
contents of SOD and MDA in the liver of
mice with HPHFD-induced constipation

Oxidative stress has a strong cytotoxic effect on the body,

which can damage the intestinal mucosal cells and cause intestinal

mucosal dysfunction or induce or aggravate constipation (Xiang

et al., 2019; Yi et al., 2023). SOD is an important antioxidant

enzyme in the body and can play an antioxidant role (Kim et al.,

2021). Figure 2C shows that the SOD content in the mice of the

MR groups is significantly lower than that of the MLD, MMD,

and MHD groups. At the same time, the SOD content in the

MN group is significantly lower than that in the MLD and MHD

groups. MDA is one of the products of lipid peroxidation, and

its concentration can reflect the degree of cell damage, serving as

one of the biomarkers for oxidative stress (Tangvarasittichai, 2015).

As shown in Figure 2D, the MDA content in the MR group was

significantly higher than that in the MN, MLD, and MHD groups.

Combined with the detection results of SOD content, constipation

will cause oxidative stress damage to the body, and ZDD has an

antioxidant effect.

3.4. E�ects of di�erent doses of ZDD on the
intestinal mucosal microbiota of mice with
HPHFD-induced constipation

The Chao 1 dilution curve (Figure 3A) shows that when the

sequencing amount of each sample reaches 2,000, the curve enters a
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FIGURE 1

Changes of body weight in mice.

FIGURE 2

Gastrointestinal hormone and oxidative stress level of mice. (A) CCK content in serum. (B) CGRP content in serum. (C) SOD content in the liver. (D)

MDA content in the liver. n = 5, *p < 0.05, **p < 0.01.

plateau period, and the microbial amount detected in each sample

is close to saturation. It shows that the current sequencing depth

is enough to reflect the microbial diversity in this sample batch.

The total ASV numbers of MN, MR, MLD, MMD, and MHD

groups were 209, 290, 415, 184, and 431, respectively. The ASV

number of the five groups that generated the intersection was

38 (Figure 3B). It can be seen that MHD group has the largest

number of ASVs, which is consistent with the ASV of the MHD

group in the Venn diagram above (Figure 3C). Figure 3D shows the

Alpha diversity index. Compared with the MN group, the Chao1

indices and observed species had different degrees of increase in

the MR, MLD, MMD, and MHD groups. Compared with the

MN group, the Shannon and Simpson indices were increased in

the MR, MLD, and MMD groups, while the MHD group were

decreased, though not significantly, which needs further analysis

through the structure of the intestinal microbiota. In NMDS

analysis (Figure 3E), there is no intersection between the MN and

MR groups, which indicates that constipation induced by HPHFD
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FIGURE 3

Changes in the ASV numbers and diversity of intestinal mucosal microbiota in mice. (A) Chao 1 dilution curve. (B) Venn diagram. (C) Rank abundance

distribution curve. (D) Alpha diversity indices. (E) NMDS analysis.

changes the structure of the intestinal mucosal microbiota. The

groups that had the intersection with MN and were closest to the

MMD and MHD groups indicated that medium and high doses

of ZDD were good for the recovery of the intestinal mucosal

microbiota structure.

3.5. E�ect of di�erent doses of ZDD on the
predominant microbiota in the intestinal
mucosa of mice with HPHFD-induced
constipation

At the phylum level (Figure 4A), Firmicutes is the dominant

phylum in each group, accounting for 98.57, 99.21, 76.87, 90.32,

and 96.91% in the MN, MR, MLD, MMD, and MHD groups,

respectively, followed by Bacteroidetes, the proportions were

0.61, 0.32, 18.01, 4.82, and 0.13%, respectively. The third was

Proteobacteria, with proportions of 0.57, 0.20, 1.49, 2.99, and

1.56%, respectively.

At the genus level (Figure 4B), the dominant bacterium in each

group was Lactobacillus, and the proportion in the MN, MR, MLD,

MMD, andMHDgroups was 50.05, 79.53, 56.61, 76.68, and 35.36%,

respectively, followed by Candidatus Arthromitus, accounting for

47.96, 17.92, 19.11, 13.05, and 61.44% in the MN, MR, MLD,

MMD, and MHD groups, respectively. In addition, Adlercreutzia

was abundant in the MLD and MHD groups, accounting for 3.32%

in MLD group and 1.59% in MMD group.

Then, the above species were statistically analyzed (Figure 4C),

and the relative abundance of Streptococcus in MR group was

significantly higher than that in the MHD group (p < 0.05) and

that of Staphylococcus was significantly higher than that in the

MHD group (p < 0.05) and MN (p < 0.01). The abundance of

Succinivibrio in the MR groups was significantly higher than that in

theMLD (p< 0.05) andMHD groups (p< 0.01), while in theMHD

group, it was significantly higher than that in the MMD group (p

< 0.05). Compared to the MMD group, the relative abundance of

Corynebacterium in the MR group and Candidatus Arthromitus in

the MHD group was significantly increased (p < 0.05). Bacillus in

the MN group was significantly higher than that in the MMD (p <

0.01) and MHD groups (p < 0.01).

3.6. E�ects of di�erent doses of ZDD on the
intestinal mucosal characteristic microbiota
of mice with HPHFD-induced constipation

We selected the LEfSe at a logarithmic LDA threshold

of 2.0 to identify microbiota that differed significantly. We
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FIGURE 4

Dominant microbiota of intestinal mucosa in mice. (A) Phylum level. (B) Genus level. (C) Di�erential bacteria in genus level. n = 5, *p < 0.05,

**p < 0.01.

mainly analyzed the characteristic bacteria between the MN

and MR, MR, and MLD, MR and MMD, MR, and MHD

groups. In the LEfSe analysis between the MN and MR

groups (Figure 5A), Lactobacillus, Aerococcus, Staphylococcus, and

Corynebacterium were the characteristic bacteria of the MR

group, while Akkermansia and Candidatus Arthromitus belong

to the characteristic bacteria of the MN group. In the LEfSe

analysis between the MR and MLD groups (Figure 5B), Aerococcus

and Staphylococcus were mainly enriched in the MR group.

In the LEfSe analysis between the MR and MMD groups

(Figure 5C), Succinivibrio, Aerococcus, Staphylococcus, Bacillus,

Prevotella, and Corynebacterium were characteristic bacteria in

the MR group. In the LEfSe analysis between the MR and

MHD groups (Figure 5D), the characteristic bacteria of the MR

group were Desulfovibrio, Clostridium, Streptococcus, Lactobacillus,

Aerococcus, Staphylococcus, Bacillus, and Corynebacterium, and

the characteristic bacteria of the MHD group were Shigella and

Candidatus Arthromitus.

3.7. Analysis of di�erent doses of ZDD on
the ROC curve

To further analyze the influence of different doses of ZDD on

the correlation between intestinal mucosal microbiota and indexes

in constipation mice, we established a random forest model to

screen the top eight important bacteria in the MR and MLD,

MR and MMD, and MR and MHD groups and conducted ROC

analysis on these bacteria. We used an AUC of >0.8 as the

standard to verify the accuracy of the diagnosis and the joint

evaluation of characteristics. Using ROC analysis, different groups

can determine whether they have diagnostic efficacy (Li et al.,

2023). In the analysis of the MN and MR groups (Figure 6A), the

bacteria with an AUC of >0.8 were Corynebacterium (AUC =

0.960), Akkermansia (AUC = 0.900), Aerococcus (AUC = 0.900),

Lactobacillus (AUC = 0.880), Candidatus Arthromitus (AUC =

0.920), and Bacillus (AUC = 0.800). For the analysis involving the

MLD and MR groups (Figure 6B), the following bacterial species

demonstrated prominent AUC values: Corynebacterium (AUC =

0.840), Aerococcus (AUC = 0.900), Bacillus (AUC = 0.800), and

Succinivibrio (AUC = 0.840). Similarly, in the assessment of

the MMD and MR groups (Figure 6C), specific bacterial species

stood out with noteworthy AUC scores: Prevotella (AUC =

0.900), Aerococcus (AUC = 0.900), Succinivibrio (AUC = 0.960),

Corynebacterium (AUC = 1.000), Bacillus (AUC = 1.000). Finally,

in the evaluation of the MHD and MR groups (Figure 6D) several

bacterial species were characterized by significant AUC values:

Desulfovibrio (AUC = 0.880), Aerococcus (AUC = 0.900), Shigella

(AUC= 0.900), Corynebacterium (AUC= 0.880), Bacillus (AUC=

1.000), Clostridium (AUC = 1.000), Lactobacillus (AUC = 0.880),

Streptococcus (AUC = 1.000), Candidatus Arthromitus (AUC =
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FIGURE 5

Characteristic bacteria of intestinal mucosa in mice. (A) MN and MR. (B) MR and MLD. (C) MR and MMD. (D) MR and MHD.

0.880), and Selenomonas (AUC= 0.840). Among them, the AUC of

Corynebacterium, Akkermansia, Aerococcus, Bacillus, Succinivibrio,

Desulfovibrio, Shigella, Clostridium, Lactobacillus, Selenomonas,

and Candidatus Arthromitus was >0.8, and we believe they are

diagnostic bacteria.

3.8. Correlation of mice with
HPHFD-induced constipation

Then, we selected the top eight characteristic genera in the

MR and MLD, MR and MMD, and MR and MHD groups

by random forest analysis and directly analyzed the correlation

with CCK, CGRP, MDA, and SOD. In the analysis of the top

eight characteristic bacteria and related indicators of the MN

and MR groups (Figure 7A), Candidatus Arthromitus showed a

positive correlation with SOD (p < 0.05) and a significant negative

correlation with the MDA (p < 0.05). At the same time, the

MDA groups was positively correlated with Corynebacterium (p

< 0.05) and Aerococcus (p < 0.05). Compared with the MR

and MLD groups (Figure 7B), SOD had a significantly negative

correlation with Aerococcus (p < 0.05) and Bacillus (p < 0.01).

Compared with the MR and MMD groups (Figure 7C), Prevotella

showed a significantly negative correlation with CCK (p < 0.05).

Succinivibrio (p < 0.05), Corynebacterium (p < 0.01), Aerococcus

(p < 0.01), Bacillus (p < 0.01), and Prevotella (p < 0.01) were

negatively correlated with SOD. There was a significant positive

correlation between CGRP and Streptococcus (p < 0.05). The MDA

was positively correlated with Bacillus (p < 0.05) and Prevotella

(p < 0.05). In the analysis of the top eight characteristic bacteria

and related indicators of the MR and MHD groups (Figure 7D),

CCK was negatively correlated with Clostridium (p < 0.01), and

Streptococcus (p < 0.05). SOD was positively correlated with

Shigella (p < 0.05) and negatively correlated with Bacillus (p <

0.01), Aerococcus (p < 0.01), Desulfovibrio (p < 0.01), Clostridium

(p < 0.01), and Streptococcus (p < 0.05). MDA was negatively

correlated with Shigella (p < 0.05).

3.9. Analysis of di�erent doses of ZDD on
the functions of intestinal mucosal
microbiota of mice with HPHFD-induced
constipation

The functions of the intestinal mucosal microbiota were

generally divided into six categories (Figure 8A): organismal
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FIGURE 6

ROC curve analysis. (A) MN and MR. (B) MR and MLD. (C) MR and MMD. (D) MR and MHD.

systems, metabolism, human diseases, genetic information

processing, environmental information processing, and cellular

processes. The second level includes 35 sub-functional classes.

The abundance of Cell motility, Cell growth, and Cell death was

high in the Cellular processes’ metabolic pathway. In the realm

of Environmental Information Processing, Membrane transport

is highly abundant. Translation, Replication and repair, Folding,

sorting and degradation exhibit a highly abundant presence in

Genetic Information Processing. In addition, Metabolisms of

terpenoids and polyketides, Metabolism of other amino acids,

Metabolisms of co-factors and vitamins, Lipid metabolism,

Carbohydrate metabolism, and Amino acid metabolism are

relatively abundant. Further analysis (Figures 8B, C) shows

significant upregulation in MN group relative to MR group (p <

0.05) and significant downregulation inMR group relative to MHD

group (p< 0.05) within the abundance of pathways associated with

tropone, piperidine, and pyrroline alkaloid biosynthesis.

4. Discussion

Clinically, it has been proven that ZDD can relieve constipation

caused by HFHPD. Its mechanism is related to the recovery of

intestinal transport function and the transformation of the spleen
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FIGURE 7

Heat maps of correlation between characteristic bacteria, CCK, CGRP, MDA, and SOD. (A)MN and MR. (B) MR and MLD. (C) MR and MMD. (D) MR and

MHD. n = 5, *P < 0.05, **P < 0.01.

and stomach (Hong and Hong, 2014). This will inevitably interact

with the flora in the intestine and participate in the therapeutic

mechanism of drugs.

The body weight of the mice fed HFHPD combined with LOP

decreased compared to that of MN group. Combined with the fecal

characteristics and weight changes of the mice, we considered that

HFHPD would lead to constipation, dyspepsia, and less nutrition

absorption in mice. After the administration of ZDD, the body

weight of mice increased compared with MR group, but it was not

significant. Moreover, the body weight of the mice in the MHD

group was close to that of mice in the MN group. We speculate

that ZDD can relieve dyspepsia caused by HFHPD modeling, with

high-dose ZDD having the most prominent effect.

We further analyzed the levels of gastrointestinal hormones and

oxidative stress. The results of CCK and CGRP indicated that the

intestinal peristalsis of MR group was lower than that of the mice

in the MN, MLD, MMD, and MHD groups. The results of the

analysis of MDA and SOD showed the presence of oxidative stress

damage in constipation mice induced by HFHPD. After the ZDD

intervention, the oxidative stress injury in mice was mitigated to a

level akin to that observed in the MN group. These findings suggest

that ZDD may exert antioxidant properties and yield beneficial

effects in counteracting oxidative stress injuries.

Intestinal mucosal symbiotic microbiota is a part of the

intestinal mucosal barrier, which means that intestinal mucosal

microbiota is more closely related to intestinal epithelial cells and

intestinal mucosal function than fecal microbiota (Codling et al.,

2010). Therefore, we analyzed the intestinal mucosal microbiota of

mice. From the Chao 1 dilution curve analysis, we believe that the

experimental samples meet the requirements of microbial diversity

analysis. ASV analysis showed that the HFHPD constipation model

and the ZDD intervention could alter the intestinal mucosal

microbiota in mice. In the grouping of NMDS, the HFHPD model

mice and the ZDD intervention changed the intestinal mucosal

microbiota structure, and the distance between MMD and MHD

groups was closer to MN group. It indicated that medium and

high doses of ZDD can restore the intestinal mucosal microbiota’s

structure. Therefore, by comparing the relative abundance between

groups, we can further understand the influence of ZDD on the

intestinal microbial environment.

The relative abundance of Candidatus Arthromitus in MHD

group was higher than that in MMD, and Candidatus Arthromitus
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FIGURE 8

Functional prediction analysis. (A) KEGG metabolic pathway. (B) The di�erential metabolic pathway between MN and MR. (C) The di�erential

metabolic pathway between MR and MHD (up-regulated group vs. control group, the positive horizontal axis in the figure represents up-regulated

group compared with the control group, while the negative value is down-regulated).

has a protective effect on the intestine (Ma et al., 2019; Hou et al.,

2022). The relative abundance of Staphylococcus and Streptococcus

in MR was significantly higher than that in MHD group.

Staphylococcus infection can damage the intestinal barrier and the

structure of immune organs (Liu G. et al., 2020). Streptococcus

can cause inflammatory reactions (Batista and Ferreira, 2015;

Hashizume-Takizawa et al., 2019). It indicated that HFHPD-

induced constipation can increase the relative abundance of

pathogenic bacteria. The relative abundance of Succinivibrio in

MR group was significantly higher than that in the MLD and

MMD groups, while that in the MHD group was significantly

higher than that in the MMD group. This may be due to

the dose-effect relationship of negative feedback formed by

high doses of traditional Chinese medicine, which leads to an

increase in Succinivibrio. It may also be due to the influence

of the overall environment. In a high-dose environment, the

reproduction of Succinivibrio can be promoted by stimulating a

certain bacterium. Succinivibrio can cause inflammatory reactions

(Marquez-Ortiz et al., 2023). Corynebacterium was enriched in

MR. Corynebacterium can not only damage intestinal microbial

barrier function but also cause inflammatory reactions (Yang et al.,

2022). In addition, Bacillus can inhibit the proliferation of harmful

bacteria by consuming oxygen in the intestinal tract or secreting

antibacterial substances, thereby regulating intestinal microbiota

disorders (Père and Etienne, 2007; Aly et al., 2008). However, after

ZDD intervention, the relative abundance of Bacillus was lower

than that in MN group, which may be related to the complex

chemical components in the prescription.

We further compared the other groups with MR group by

LEfSe analysis and found that MR group was rich in pathogenic

bacteria, such as Aerococcus, Corynebacterium, Desulfovibrio,

Clostridium, and Prevotella. Among them, Aerococcus is a

common harmful bacterium that can lead to an imbalance in

the intestinal microbiota (Zheng et al., 2022). Desulfovibrio can

produce H2S that is harmful to the human body and has

a pro-inflammatory effect (Figliuolo et al., 2017). Clostridium

can increase the risk of gastrointestinal inflammatory reactions

(Wang et al., 2022). Prevotella colonization leads to metabolic

changes in the microbial population and reduces the production

of interleukin-18, thus aggravating intestinal inflammation and

potential systemic autoimmune disease (Iljazovic et al., 2021).

Therefore, constipation induced by HFHPD can increase the

relative abundance of pathogenic bacteria in the intestinal mucosa,

and the administration of ZDD can reduce the relative abundance

of these pathogenic bacteria and relieve constipation by reducing

their proliferation.

As we all know, traditional Chinese medicine prescriptions

contain many chemical components, as does ZDD. Experimental

studies show that hesperidin and baicalin are anti-inflammatory

and anti-bacterial active components in ZDD, which significantly
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regulate gastrointestinal movement (Tan et al., 2006; Liu et al.,

2023). Hesperidin can selectively remove harmful intestinal

microbiota and regulate intestinal microbiota disorders through

bacteriostasis, thus affecting intestinal peristalsis. The antibacterial

mechanism of hesperidin may be related to its chemical structure,

which can coagulate or denature proteins (Guardia et al., 2001).

It was found that hesperidin can reduce the relative abundance of

harmful bacteria such as Staphylococcus and Desulfovibrio, which

is similar to our experimental results (Mas-Capdevila et al., 2020).

Baicalin can regulate the structure of the intestinal microbiota,

inhibit gram-negative and positive bacteria, and reduce endotoxin

entering the blood and the secretion of inflammatory factors, thus

alleviating metabolic inflammation, protecting intestinal epithelial

cells from damage, improving intestinal mucosal structure, and

promoting intestinal peristalsis (Zhang X. Y. et al., 2021). Our

experimental results show that the relative abundance of Gram-

positive bacteria such as Staphylococcus, Streptococcus and Gram-

negative bacteria such as Succinivibrio decreased to different

degrees after different doses of ZDD intervention. Therefore, we

speculate that hesperidin and baicalin play a key role in inhibiting

harmful bacteria in ZDD.

Among the characteristic bacteria enriched in MR group, it was

found that Corynebacterium, Aerococcus, Bacillus, and Prevotella

were positively correlated with MDA. Streptococcus was positively

correlated with CGRP. Succinivibrio, Corynebacterium, Aerococcus,

Bacillus, Prevotella, Clostridium, and Streptococcus were negatively

correlated with SOD. Prevotella, Clostridium, and Streptococcus are

negatively correlated with CCK. These correlations may be one of

the mechanisms of constipation induced by HFHPD. Candidatus

Arthromitus has a negative correlation with MDA and a positive

correlation with SOD, which is similar to the research results of

Chen et al. (2023). We speculate that Candidatus Arthromitusmay

relieve constipation by regulating the level of oxidative stress to

restore intestinal mucosal dysfunction caused by intestinal mucosal

cell damage. In addition, ZDDmay reduce the secretion of CGRP to

decrease the inhibition of gastrointestinal movement and improve

intestinal peristalsis. ZDD can also stimulate intestinal peristalsis

and relieve constipation by increasing the secretion of CCK. The

mechanism between them needs further study. We also performed

functional prediction on intestinal mucosal bacteria and found that,

compared with MR group, the abundance of tropone, piperidine,

and pyrroline alkaloid biosynthesis pathways was significantly up-

regulated in MN and MHD groups. We speculate that tropane,

piperidine, and pyridine alkaloid biosynthesis is one of the

directions of ZDD to relieve constipation caused by HFHPD.

5. Conclusion

In summary, constipation caused by HFHPD could increase

the relative abundance of pathogenic bacteria in the intestinal

mucosal microbiota. After the intervention of ZDD, constipation

was relieved, and the relative abundance of pathogenic bacteria

was reduced. In particular, the high dose of ZDD can not only

reduce the oxidative stress damage and increase the relative

abundance of beneficial bacteria such as Candidatus Arthromitus

but also increase the abundance of tropane, piperidine, and

pyridine alkaloid biosynthesis, which is of great significance for the

treatment of constipation.
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Medicine, Harbin, China

Introduction: Prolonged fasting is an intervention approach with potential benefits 
for individuals with obesity or metabolic disorders. Changes in gut microbiota 
during and after fasting may also have significant effects on the human body.

Methods: Here we conducted a 7-days medically supervised water-only fasting 
for 46 obese volunteers and characterized their gut microbiota based on whole-
metagenome sequencing of feces at five timepoints.

Results: Substantial changes in the gut microbial diversity and composition 
were observed during fasting, with rapid restoration after fasting. The ecological 
pattern of the microbiota was also reassembled during fasting, reflecting 
the reduced metabolic capacity of diet-derived carbohydrates, while other 
metabolic abilities such as degradation of glycoproteins, amino acids, lipids, and 
organic acid metabolism, were enhanced. We identified a group of species that 
responded significantly to fasting, including 130 fasting-resistant (consisting of a 
variety of members of Bacteroidetes, Proteobacteria, and Fusobacteria) and 140 
fasting-sensitive bacteria (mainly consisting of Firmicutes members). Functional 
comparison of the fasting-responded bacteria untangled the associations of taxon-
specific functions (e.g., pentose phosphate pathway modules, glycosaminoglycan 
degradation, and folate biosynthesis) with fasting. Furthermore, we found that 
the serum and urine metabolomes of individuals were also substantially changed 
across the fasting procedure, and particularly, these changes were largely affected 
by the fasting-responded bacteria in the gut microbiota.

Discussion: Overall, our findings delineated the patterns of gut microbiota 
alterations under prolonged fasting, which will boost future mechanistic and 
clinical intervention studies.
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Introduction

Diet intervention is considered an effective method to improve 
lifespan and slow the progression of various diseases (Carter et al., 
2018; Mardinoglu et al., 2018; Tang et al., 2023). Common forms of 
intervention include caloric restriction (Barquissau et  al., 2018), 
carbohydrate restriction (Harvie et al., 2013), ketogenic diet (Abbasi, 
2018), and fasting (Aon et al., 2020; Horne et al., 2020). Caloric and 
carbohydrate restrictions had been shown to have metabolic benefits, 
such as reducing body fat and insulin resistance and inducing short-
term improvement in plasma glucose and cardiovascular risk 
(Barquissau et al., 2018; Van Zuuren et al., 2018; Diaz-Ruiz et al., 2021; 
Mishra et  al., 2021), while the ketogenic diet had been proven to 
decrease triglycerides in the liver and insulin resistance level in 
individuals with nonalcoholic fatty liver disease (NAFLD) (Luukkonen 
et al., 2020). As an “unusual” intervention method, fasting had also 
shown health benefits. Early studies had revealed that intermittent 
fasting can enhance the antioxidative metabolism and improve 
neurological symptoms through effects on certain gut microbial taxa 
in mouse models (Cignarella et al., 2018; Liu et al., 2020). In humans, 
intermittent fasting can activate white adipose browning to ameliorate 
obesity (Li et al., 2017), inhibit the proliferation of colorectal cancer 
(Weng et  al., 2020), and improve metabolic abnormalities and 
healthspan (Etemadifar et al., 2016; Mattson et al., 2017; De Cabo and 
Mattson, 2019). Also, prolonged fasting (that is, food deprivation for 
over 2 days) can decrease disease activity in patients with rheumatoid 
arthritis (RA) (Hafstrom et al., 1988), improved insulin release and 
maintained glucose tolerance (Solianik et  al., 2023; Tripolt et  al., 
2023), and has potential mood-enhancing and pain-relieving effects 
in chronic pain patients (Michalsen, 2010). Many of these studies also 
underscored that further evidence was essential for reducing safety 
concerns and more accurately defining the impact mechanism of 
various diet interventions, especially fasting, on human physiology.

In recent studies, increasing evidence indicated that dietary changes 
are able to alter gut microbial composition and function with profound 
effects on human health. For example, metabolic patterns of gut 
microbiota may change in response to seasonal dietary changes of the 
Hadza of Tanzania (Smits et al., 2017). Gut microbial composition and 
metabolite profiles can rapidly change to adapt to plant- and animal-
based diets (David et al., 2014). Reduced carbohydrate consumption 
resulted in increased bacterial folate production, which may partially 
improve multiple metabolic factors, neutralize oxidative stress, and 
reduce inflammation in patients with NAFLD (Mardinoglu et al., 2018). 
Food, gut microbiota, and host are the main components of the gut 
ecosystem, which constitute a diet-microbiome-host interaction 
network. Previous studies often revealed the associations between the 
specific dietary substrate and gut microbial taxa or specific host factors, 
however, the direct interactions between microbiota and host are still 
underexplored. Human and their gut microbiota are considered as a 
holobiont and have co-evolved into a diverse and complex system for 
millions of years (Van de Guchte et al., 2018). A normal gut microbial 
ecosystem is dynamically balanced, with different bacteria having 
different niches within the environment. Some bacteria are efficient at 
breaking down food substrates and providing energy productions [e.g., 
short-chain fatty acids (SCFAs)] for other bacteria or host cells. Some 
bacteria can utilize other bacteria or host-derived substances, and these 
bacteria are most likely food-independent. The dynamic balance of the 
gut microbiota is considered to be an important factor in human health, 
and when this balance is disrupted (usually name as “gut dysbiosis”), it 

may further cause or aggravate a variety of systemic diseases such as 
inflammatory bowel disease (IBD) (Tomasello et al., 2016; Federici 
et al., 2022), colorectal cancer (CRC) (Zou et al., 2018), and autoimmune 
diseases (Kinashi and Hase, 2021; Liang et al., 2022).

Early studies had revealed that intermittent fasting or caloric 
restriction can enhance the antioxidative metabolism, improve 
neurological symptoms, and promote anti-tumor immunity through 
effects on certain gut microbial taxa in mouse models (Cignarella et al., 
2018; Liu et al., 2020; Mao et al., 2023). Some studies have also explored 
the impact of gut microbiota after dietary restrictions on human health 
(Cignarella et al., 2018; Mardinoglu et al., 2018; Maifeld et al., 2021; Von 
Schwartzenberg et al., 2021). A randomized human intervention study 
demonstrated that when gut microbiota from individuals who 
underwent a very-low-calorie diet intervention were transplanted into 
mice, the mice experienced a reduction in body weight and adiposity 
compared to those that had received microbiota before the intervention 
(Von Schwartzenberg et al., 2021). In a study for obese people with 
NAFLD, a short-term low-carbohydrate intervention rapidly altered the 
composition of the gut microbiota (Mardinoglu et al., 2018). This change 
was accompanied by an enhancement in the folate production of gut 
microbiota and an increase in folate concentration in the host’s blood. 
This may partly explain how such an intervention improves host lipid 
metabolism, balances oxidative stress, and reduces inflammation. 
Overall, although there have been many studies examining the regulatory 
impact of the gut microbiota on host health during dietary restrictions, 
most of these findings are derived from research conducted on mice 
(Cignarella et al., 2018; Liu et al., 2020; Mao et al., 2023). However, it is 
well-known that there are substantial differences between the gut 
microbiome of mice and human, and many of these findings require 
further validation. Currently, there have been only a limited number of 
studies investigating changes in the gut microbiota in response to dietary 
restrictions in human. There is still a great deal to explore concerning the 
complex interaction between the gut microbiota, dietary restriction, and 
human health.

Based on these backgrounds, we thought that prolonged fasting is 
a unique model for investigating the direct interaction between gut 
microbiota and host: when there is no food available, the gut microbiota 
and host form into a transient new ecosystem. In this study, we analyzed 
the dynamic and ecological variability of gut microbiota of 46 obese 
individuals undergoing a 7-days medically supervised water-only 
fasting procedure combined with specific exercises (collectively called 
bigu in traditional Chinese medicine). Fecal, serum and urine samples 
were collected from the individuals before fasting, on the 3rd and 7th 
day during fasting, and on the 7th and 14th day after fasting, and were 
used for multi-omics analysis by both metagenome and metabolome 
techniques. These longitudinal datasets were able to identify survival 
strategies of gut microbiota under extreme nutritional deficiency based 
on a genome-centric strategy, and to interpret the microbiota-human 
inter-associations in this transient gut ecosystem.

Results and discussion

Study design, participants, and clinical 
characteristics

This study included 46 obese volunteers who participated in a 
7-days medically supervised water-only fasting procedure and the 
subsequent recovery phase (3-days low-calorie diet and 4-days 
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gradually recover to normal diet), with 7-days follow-up (Figure 1A). 
Fasting led to significant decreases in body weight (body mass index, 
from 29.6 to 27.5 kg/m2, p < 0.001), waist circumference (from 
101.1 ± 10.3 cm to 96.1 ± 10.0 cm, p < 0.001), visceral fat rating (from 
14.2 to 12.2%, p < 0.001), and mean blood pressure (from 98.8 to 
92.1 mmHg, p < 0.001), along with a considerable decrease of visceral 
fat rate and metabolic rate (Figure  1B; Supplementary Table S1). 
Psychological evaluation during fasting revealed that the proportion 
of struggling participants decreased gradually from the first 3 days 
(71.4%) to the last day (21.4%), which effectively enhanced their 
confidence to complete the 7-days fasting procedure 
(Supplementary Figure S1A).

To further investigate the physiological variation of the 
volunteers during the whole experimental procedure, we collected 
the blood and urine specimens from each individual at five 
timepoints: T0 (n = 46), the day before fasting; T1 (n = 46) and T2 

(n = 46), the 3rd and 7th day of fasting; and T3 (n = 45) and T4 
(n = 44), the 7th and 14th day after fasting. Overall, the routine 
blood, liver, and renal function parameters of the participants had 
largely changed during the fasting period, however, most of these 
parameters returned to the original levels at the T3 and T4 
timepoints (Supplementary Table S1). Individuals’ aspartate 
transaminase (AST), alkaline phosphatase (ALP), total bilirubin 
(TBIL), and total bile acids (TBA) deviated from the baseline at T3, 
but recovered at T4; in particular, their serum creatinine level was 
significantly decreased at both T3 and T4 (Figure 1C). Similarly, the 
immune indexes of individuals had been disturbed during fasting 
and showed no obvious abnormalities at timepoints T3 and T4 
(Figure 1D). These results are in agreement with previous studies 
suggesting the safety of prolonged fasting for humans under careful 
care (Jiang et al., 2021; Tang et al., 2021), however, the potential 
benefits of fasting need to be studied further.

FIGURE 1

Experimental design and clinical characteristics of the participants. (A) Flow diagram of the clinical study. Forty-six obese volunteers who met the 
inclusion criteria were recruited and had finished the whole fasting procedure, including the pre-fasting stage (Day −6 to Day 0), fasting stage (Day 1 to 
Day 7), and post-fasting stage (Day 8 to Day 21). Clinical data and fecal samples were collected at five timepoints: T0 (Day 0, n  =  46), T1 (Day 3, n  =  46), 
T2 (Day 7, n  =  46), T3 (Day 14, n  =  45), and T4 (Day 21, n  =  44). (B) Changes in the body mass index (BMI), visceral fat rating, and mean blood pressure of 
participants between T0 and T2. (C) Changes in the clinical parameters (i.e., routine blood, liver, and renal function parameters) of the participants at 
five timepoints. (D) Changes in the immune indexes of the participants at five timepoints. For (B–D), filled dots represent the average value of the 
parameters in all individuals, and bars denote the lowest and highest values within 1.5 times the range of the first and third quartiles, respectively. 
Dotted horizontal lines represent the clinical typical ranges for each parameter. Significance levels compared with samples at T0 (Student’s t-test): *, 
p  <  0.05; **, p  <  0.01; ***, p  <  0.001.
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Dynamics of the gut microbiota across the 
fasting procedure

The stool samples of 46 volunteers were collected at the same 
timepoints (T0-T4; Figure 1A) with their blood and urine specimens. 
To characterize the dynamics of gut microbiota in response to 
prolonged fasting, we  performed whole-metagenome shotgun 
sequencing of fecal samples (representing 1,346 Gbp data; 
Supplementary Table S2) and carried out a metagenomic assembly of 
single samples and a co-assembly of samples for every individual at 
five timepoints. A total of 5,263 high-quality metagenomic-assembled 
genomes (MAGs) (≥90% complete and ≤ 5% contamination) were 
produced from the assembled contigs, which could be organized into 
433 non-redundant clusters (referring to as “species” in the later text) 
for the species-level description of the gut microbiome (Jain et al., 
2018; Supplementary Tables S3, S4). These species distributed a 
diverse range of bacterial phyla including Bacteroidetes (n = 76), 
Firmicutes (n = 204), Proteobacteria (n = 30), Actinobacteria (n = 18), 
Fusobacteria (n = 5), Verrucomicrobia (n = 2) and Synergistetes (n = 1), 
and an archaeal Euryarchaeota genome. Phylogenetic analysis showed 
that these species covered the major lineages of human gut microbiota 
(Supplementary Figure S2); especially, a majority of the species 
(55.4%) were currently uncultured. In addition, these non-redundant 
species achieved an average read mapping rate of 83.6% for the 
original fecal metagenomes (Supplementary Table S2), suggesting 
their effective representativeness of the gut microbiome.

Using principal coordinates analysis (PCoA) of the gut species 
profiles, we observed a dramatic alteration of the overall microbial 
community structure across the experimental procedure (Figure 2A). 
This change immediately occurred during fasting began (from T0 to 
T1: adonis R2 = 18.3%, p < 0.001), with a similar tendency across all 
individuals. Inversely, the degree of gut microbiota alteration from 3rd 
to 7th fasting was little (T1 vs. T2: adonis R2 = 2.1%, p = 0.018). When 
start taking food again, the gut microbiota rapidly recovered, and 
particularly, the degree of gut microbiota alteration among T0, T3, and 
T4 was comparatively small (adonis R2 = 2.4%, p = 0.006). In addition, 
the dissimilarity of individuals’ gut microbiota during fasting was 
significantly reduced compared with those at the baseline or after 
fasting (Figure  2B), in agreement with the observation in PCoA 
analysis and suggesting that the pattern of gut microbiota alteration 
may be similar across different individuals.

We estimated the total amount of micrograms in feces using a 
qPCR analysis of the universal 16S rRNA primers. Consistent with the 
above findings, this analysis revealed that fasting led to a substantial 
reduction of bacterial amount (median cells per gram of feces, T0/3/4 
vs. T1/2 = 6.0×109 vs. 1.1×108, p = 1.7×10−20), while the bacterial 
populations among T0, T3, and T4 have not differed (pairwise p > 0.05; 
Figure  2C). Some previous studies had shown that the use of 
antibiotics eliminated a large number of bacteria and led to a 
substantial reduction of the microbial diversity of gut microbiota 
(Chng et al., 2020). Unlike this, we found that both species richness 
and diversity indexes of the gut microbiota during fasting were 
approximate to or larger than those at baseline (Figure 2D). A similar 
increase was also observed in mice practicing intermittent fasting and 
in overweight women following low-calorie diets (Cignarella et al., 
2018; Liu et al., 2020; Von Schwartzenberg et al., 2021). These results 
suggested that a considerable number of species still survived in the 

human gut under extreme nutritional deficiency. It should be noted 
that an increase in the microbiome diversity is generally considered a 
positive development. This is because higher diversity is often linked 
to improved health and immune system function, in contrast to lower 
diversity (Zheng et al., 2020).

Overview of gut microbial functions and 
ecological patterns during fasting

To investigate the functional dynamics of gut microbiota, 
we profiled the microbial functions of each sample via the KEGG (The 
Kyoto Encyclopedia of Genes and Genomes) and Carbohydrate-active 
enzymes database (CAZy) databases using a genome-centric approach 
method (Supplementary Table S4). Similar to the phylogenetic 
composition, PCoA analysis also supported that the functional 
microbiome is substantially changed during the fasting period and 
rapidly recovered at the T3 and T4 timepoints 
(Supplementary Figure S3). We then used the gut metabolic module 
(GMM) framework (Vieira-Silva et al., 2016) to evaluate the ecological 
properties of the gut microbiomes during and after fasting. Each 
GMM is defined as a set of orthologue groups that represent an 
enzyme-mediated ecological process, such as the degradation of a 
specific carbohydrate or amino acid, and the metabolism of an active 
small molecule substance (Vieira-Silva et al., 2016). During the fasting 
period, the individuals’ gut microbiome had remarkedly reduced in 
the capacity of carbohydrate degradation (Figure 3A). This reduction 
involved almost all plant-derived polysaccharides, including sucrose, 
starch, rhamnose, pectin, maltose, fructose, fructan, and arabinoxylan 
(Figure 3B), which appears to be a direct result of the lack of food. 
Inversely, almost all other GMMs involved in central metabolism, 
degradation of glycoproteins, amino acids, lipids, and organic acid 
metabolism were significantly enhanced in the gut microbiomes 
during fasting (Figures 3A,B).

The enhancement of central metabolism, especially the pentose 
phosphate pathway (PPP), during fasting was a typical phenomenon. 
PPP, a pathway parallel to glycolysis that is involved in the direct 
oxidation of glucose (Horecker, 2002), is important for generating 
NADPH, which is an essential cofactor for glutathione- and 
thioredoxin-dependent enzymes that defend cells against oxidative 
damage. Since the oxidative stress of the gut environment is 
profoundly increased during fasting, this pathway might be important 
for protecting bacteria from oxidative stress. Another noteworthy 
finding was that, unlike the plant-derived polysaccharides, the 
degradation of several animal-derived carbohydrates such as lactose 
and ribose was increased during fasting (Figure 3B). This finding is 
similar to the metabolic characteristics of gut microbiota of animals 
during hibernation (Carey et  al., 2013; Sommer et  al., 2016), 
suggesting that gut bacteria may be involved in metabolizing host-
derived substances. Likewise, the metabolism of mucin, a glycoprotein 
component of the host intestinal mucosa, was increased during 
fasting. Similarly, the gut bacteria might also use certain small 
molecules, such as ethanol, nitrogen, and short-chain fatty acids (i.e., 
acetate, propionate, and butyrate), as energy sources during fasting, 
leading to a significant enhancement of the metabolic capacity of these 
substances. Overall, our findings suggested a substantial ecological 
reassembly of the human gut microbiome in response to fasting.
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FIGURE 2

Gut microbiota composition and diversity at different timepoints of fasting. (A) Principal coordinates analysis (PCoA) of the Bray–Curtis dissimilarity at 
the species level of fecal samples. Samples are shown at the first and second principal coordinates (PC1 and PC2), and the ratio of variance contributed 
by these two PCs is shown. Lines connect samples that belonged to the same timepoint, and ellipsoids represent a 95% confidence interval 
surrounding each timepoint. (B–D) Changes of the between-sample Bray–Curtis dissimilarity (B) estimated bacterial cell numbers (C) and within-
sample diversity (D) of the participants at five timepoints. Boxes represent the interquartile range between the first and third quartiles and the median 
(internal line). Whiskers denote the lowest and highest values within 1.5 times the range of the first and third quartiles, respectively; dots represent 
outlier samples beyond the whiskers. Significance levels compared with samples at T0 (Wilcoxon rank-sum test): *, p  <  0.05; **, p  <  0.01; ***, p  <  0.001.

FIGURE 3

Alteration of the ecological pattern of gut microbiota during fasting. (A) Changes in the microbiome metabolic potential of the participants at five 
timepoints. Metabolic potentials of the gut microbiome are evaluated using the gut metabolic module (GMM) framework and grouped into 10 GMM 
categories. Dots represent the average value of each GMM category in all individuals, and the fitted dots denote a significance level of p  <  0.05 
(Wilcoxon rank-sum test) compared with samples at T0. (B) Changes of each GMM during fasting. Barplots indicate the z-score (Wilcoxon rank-sum 
test) of the comparisons of samples between T1/T2 and T0/T3/T4.
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Identification of fasting-resistance and 
fasting-sensitive bacteria

To identify actively or inactively microbes during fasting, 
we compared the relative abundance profiles of gut species between 
the fasting period and non-fasting timepoints. This analysis showed 
that 270 of 433 species significantly differed in relative abundances 
between the two stages (Figure  4A; Supplementary Figure S4; 
Supplementary Table S5), including 130 species that increase during 
fasting and 140 species decrease. These species were defined as fasting-
resistant bacteria (FRBs) and fasting-sensitive bacteria (FSBs), 
respectively. On average for all individuals, the gross relative 
abundance of FRBs increased from16.4% at the baseline to 62.6 and 
68.7% at T1 and T2, respectively (Figure 4B); considering that the 
microbial load of feces was substantially reduced during the fasting 
period, the total cell numbers of these FRBs still decreased to some 
extent (estimated number of cells per gram of feces, T0 vs. 
T1/2 = 1.1×109 vs. 6.5×107, p = 5.5×10−12; Figure  4D). In addition, 
we calculated the bacterial replication rates of each species to evaluate 
their growth status and found that the replication rate of FRBs is 

significantly increased at both T1 and T2 timepoints compared with 
the baseline (p < 0.001; Figure 4C). These results indicated that the 
FRBs can indeed be  activated during fasting. Inversely, the gross 
relative abundance, estimated number of cells, and replication rate of 
FSRs were remarkedly reduced during the fasting period 
(Figures 4B–D).

Taxonomically, the FRBs included members belonged to 
Firmicutes (n = 60), Bacteroidetes (n = 42), Proteobacteria (n = 17), 
Fusobacteria (n = 5), Actinobacteria (n = 2), Synergistetes (n = 2), and 
Verrucomicrobia (n = 2); whereas the FSBs were mainly composed by 
Firmicutes members (n = 118), followed by members of Bacteroidetes 
(n = 14), Actinobacteria (n = 5), and Proteobacteria (n = 3; Figure 4A). 
At the family and genus levels, we found that the species belonged to 
Alistipes, Marinifilaceae, Parabacteroides, Erysipelotrichaceae, 
Intestinimonas, Lawsonibacter, and Faecalicatena were appeared in the 
FRBs, while the species belonged to Prevotella, Muribaculaceae, 
Faecalibacterium, Ruminococcus_I, Coprococcus, Blautia, 
Eubacterium_II, and Lachnospira were FSBs (Figure  4A; 
Supplementary Table S5). Bacteroidetes are primary degraders of 
polysaccharides in the human gut (Lapebie et al., 2019), and of these 

FIGURE 4

Overall representation of the fasting-resistance and fasting-sensitive bacteria. (A) Taxonomic characterization of 130 fasting-resistance bacteria (FRBs) 
and 140 fasting-sensitive bacteria (FSBs). Upper panel, phylogenetic tree showing the taxonomic assignments of the FRBs and FSBs. The adjacent 
species belonging to the same genus/family are grouped. Bottom panel, barplot showing the number of FRBs and FSBs for each bacterial phylum. 
(B) Total relative abundances of FRBs and FSBs in the gut microbiota at five timepoints. (C) Changes in the bacterial replication rate of FRBs (left panel) 
and FSBs (right panel) of the participants at five timepoints. Boxes represent the interquartile range between the first and third quartiles and the median 
(internal line). Whiskers denote the lowest and highest values within 1.5 times the range of the first and third quartiles, respectively; dots represent 
outlier samples beyond the whiskers. (D) Changes in the estimated number of cells per gram of feces in FRBs (left panel) and FSBs (right panel) among 
the participants at five timepoints. Significance levels compared with samples at T0 (Wilcoxon rank-sum test): *, p  <  0.05; **, p  <  0.01; ***, p  <  0.001.
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the Prevotella members are inclined to plant glycans such as fiber, 
xylan, starch, and pectin (David et al., 2014; Chen et al., 2017; Fehlner-
Peach et al., 2019). Thus, the depletion of Prevotella members during 
fasting is consistent with the findings in the function aspect showing 
a substantial reduction of the degradation capacity of plant-derived 
polysaccharides. Firmicutes have the highest species diversity in the 
gut, and they are involved in a wide variety of important functions in 
the gut ecosystem, including metabolism/production of amino acids, 
vitamins, and SCFAs (Dai et al., 2011; Houtman et al., 2022). The 
higher proportion of FSBs in Firmicutes species during fasting 
suggested that they are vulnerable to environmental influences. In 
particular, some fasting-resistance Firmicutes such as 
Erysipelotrichaceae spp. are potential pathogens associated with 
human diseases (Kaakoush, 2015). On the other hand, certain 
Proteobacteria species such as Enterobacteriaceae and 
Desulfovibrionaceae members are more likely to survive or proliferate 
in the severe fasting environment (Figure 4A), which may be related 
to their strong environmental adaptability (David et  al., 2014; 
Walterson and Stavrinides, 2015). For both Bacteroidetes and 
Firmicutes, we  found that the higher bacterial genome size and 
number of functional orthologs are strongly beneficial to the fasting 
resistance (Supplementary Figure S5), suggesting that higher 
metabolic potential is also a strategy for survival during fasting.

Functional characteristics and host 
dependence of FRBs and FSBs

To elaborate on how the fasting response of gut bacteria is linked 
to their genomic and functional scopes, we first compared the KEGG 
and CAZy profiles between FSBs and FRBs using multivariate 
analyzes. In agreement with previous studies (Forster et al., 2019), the 
functional composition of gut bacteria was primarily determined by 
their phylogenetic relationship at the phylum level (effect sizes 36 and 
30% for the KEGG and CAZy profiles, respectively, Permutational 
multivariate analysis of variance (PERMANOVA) p < 0.001; Figure 5A; 
Supplementary Figure S6). Stratification of FSBs and FRBs explained 
only 7% (PERMANOVA p < 0.001) variation in the functional 
composition. This finding raised us to compare the functional 
characteristics of FRBs and FSBs within each phylum to reduce the 
impact of the phylogeny.

Bacteroidetes
We identified 39 modules that significantly enhanced in module 

abundance ( Number of KEGG orthologs module completion ratio     × ;  see 
Methods) in the fasting-resistance Bacteroidetes, whereas only 3 
modules were enhanced in the FSBs (q < 0.05; Figure  5B). The 
FRB-enhanced modules had more widely participated in amino acid 
metabolism (e.g., biosynthesis of arginine, polyamine, and ornithine 
and degradation of methionine), carbohydrate metabolism (mainly 
involved in PPP), energy metabolism (e.g., methanogenesis), antibiotic 
resistance and chemotaxis, and some modules involved environmental 
information processing and metabolism of other substances (e.g., 
chondroitin, dermatan, tetrahydrobiopterin, and ubiquinone). The 
higher frequency of PPP modules in FRBs, especially in Parabacteroides 
and Bacteroides members, was in agreement with the observations in 
overall gut microbiota function. And particularly, the PPP product, 
NAPDH, is a source of multiple sugar molecules that are required for 

the biosynthesis of nucleic acids and amino acids (Xue et al., 2017; Xu 
et al., 2018; Zhan et al., 2019), probably linking to the high biosynthesis 
capacity of arginine, ornithine, ectoine, and nucleotide sugar in fasting-
resistance Bacteroidetes species. The methanogenesis modules, which 
may help to promote the carbon cycle in the gut microbiota under 
malnutrition (Million et al., 2016), were mainly encoded by members 
of fasting-resistance Butyricimonas, Alistipes, and Parabacteroides spp. 
Another striking phenomenon is the enhancement of two 
glycosaminoglycan (GAG) degradation modules (i.e., chondroitin and 
dermatan sulfate degradation) in FRBs. These modules were mainly 
encoded by members of Bacteroides and Parabacteroides. GAG, a type 
of mucopolysaccharides, is the major component of the extracellular 
matrix in animals that showed various physiological functions in the 
human gut (Cartmell et  al., 2017; Kawai et  al., 2018). This result 
suggested that, similar to carbohydrates, some bacteria can survive by 
using proteins from the hosts during the fasting period. Consistent 
with GAGs, the host glycoprotein mucin was also degraded by fasting-
resistance Parabacteroides and Bacteroides.

Firmicutes
We identified 80 and 25 modules that significantly enhanced in 

module abundance in the FRBs and FSBs (q < 0.05; Figure  5C), 
respectively. Consistent with the Bacteroidetes, the FRB Firmicutes also 
more widely participated in carbohydrate and energy metabolism, 
especially the central metabolism modules involving to citrate cycle, 
PPP, Entner-Doudoroff pathway, and De Ley-Doudoroff pathway. 
Meanwhile, a large proportion (47/80, 58.8%) of FRB-enhanced 
modules were involved in environmental information processing such 
as transport system, two-component system, phosphotransferase system 
(PTS), and multidrug resistance (Supplementary Figure S7). Particularly, 
some transporters for uptake of plant carbohydrates such as fructose 
(M00273), ascorbate (M00283), mannose (M00276), and cellobiose 
(M00275) in gut microbiota were more abundant to be encoded in FRBs 
(Figure  5C). Compared with the FSBs, the higher capacity of 
carbohydrate/energy metabolism and environmental information 
processing in FRBs may involve in greater tolerance to severe 
oligotrophic environments during fasting. The other FRB-enhanced 
modules had participated in amino acid metabolism (e.g., degradation 
of histidine and tryptophan), biosynthesis of secondary metabolites, and 
nucleotide metabolism, while the FSB-enhanced modules were more 
widely distributed in sulfur metabolism and biosynthesis of amino acids 
(e.g., lysine, isoleucine, and methionine), folate, and other substances 
(e.g., uridine, nucleotide sugar, NAD) (Figure 5C). A notable function 
that is enriched in the FSBs is folate biosynthesis, for which we found 
that the major folate producers such as Lachnospiraceae members and 
Streptococcus spp. were sensitive to fasting. These findings were different 
from the observations in humans with the carbohydrate-restricted diet 
(Mardinoglu et al., 2018), probably due to differences in intervention 
patterns between the carbohydrate-restricted diet and our water-
only fasting.

Fasting-responded species contribute to 
serum and urine metabolome changes

To explore the dynamics of the host metabolome across the fasting 
process, we performed untargeted mass spectrometry (MS) analysis 
of the serum and urine samples of 46 participants at five timepoints. 
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The serum and urine metabolomes were profiled based on 1,424 and 
1,820 annotated metabolites, respectively, from the MS datasets. PCoA 
analysis revealed that both the serum and urine metabolomes are 
substantially altered during the fasting period and could largely 

recover at the T3 and T4 timepoints (Figure 6A). During the fasting 
period, 52.0% of serum metabolites and 66.8% of urine metabolites 
had significant abundances compared with baseline 
(Supplementary Tables S6, S7). During fasting, benzenoids, lipids and 

FIGURE 5

Functional configuration of the fasting-resistance and fasting-sensitive bacteria. (A) Principal coordinates analysis (PCoA) of the functional profiles of 
fasting-resistance bacteria (FRBs) and fasting-sensitive bacteria (FSBs). Bacterial species are shown at the first and second principal coordinates (PC1 
and PC2), and the ratio of variance contributed by these two PCs is shown. Species are colored based on their phylogeny at the phylum level (upper 
panel) or the stratification of FSBs and FRBs (bottom panel). Ellipsoids represent a 95% confidence interval surrounding each phylum. (B,C) Heatmap 
showing the abundances of the differential KEGG modules between FRBs and FSBs belonging to Bacteroidetes (B) and Firmicutes (C). Each row 
represents a KEGG module, and each column represents a species. For (B), the family-level taxonomic assignments of each species are shown. In the 
heatmap, the displayed modules are those with a Wilcoxon rank-sum test q-value of less than 0.05.
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lipid-like molecules, organic acids and derivatives, and 
organoheterocyclic compounds were enhanced in individuals’ serum, 
while many of these metabolites were reduced in urine 
(Supplementary Figure S8).

Furthermore, we carried out an inter-omics analysis to quantify 
the strength of association between the gut microbiome and serum 
and urine metabolomes. Univariate analysis identified 37 gut species 
that independently impact the serum metabolome, as well as 36 gut 
species that impact the urine metabolome (Figures 6B,C). Several 
fasting-associated species, such as the fasting-resistance Odoribacter 
splanchnicus MAG030, Escherichia coli MAG019, Bilophila 
wadsworthia MAG352, and Flavonifractor plautii MAG457 and the 
fasting-sensitive Fusicatenibacter saccharivorans MAG228, 
Lachnospiraceae bacterium MAG282, and Faecalibacterium prausnitzii 
MAG422 had significant effect sizes on both serum and urine 
metabolomes, suggesting their importance in shaping the host 
metabolism homeostasis. Moreover, multivariate analysis showed that 
the effect of the gut microbiome on metabolic profiles was 
considerable, as it accounted for 51.2 and 43.7% of the serum and 
urine metabolome variances, respectively. These findings suggested 
that the gut microbiota as well as the fasting-responded species 
appear to be  an important determinant of the host 
metabolic landscape.

Finally, we  also assess the association between gut microbial 
populations and clinical characteristics. Correlation analysis identified 
2,195 significant pairwise correlations (Spearman’s |ρ| > 0.35, q < 0.05), 
involving 224 gut species and 45 clinical characteristics 
(Supplementary Figure S9). Several fasting-resistance species, such as 

Desulfovibrio desulfuricans MAG347, Flavonifractor plautii MAG457, 
and Intestinimonas massiliensis MAG458, exhibited a significant 
positive correlation with serum immunoglobulin levels, suggesting 
their importance in the host’s immune response during fasting. In 
addition, the fasting-resistance species fasting-resistance species were 
frequently positively correlated with indicators like bilirubin, 
lipoproteins, and creatinine, while the fasting-sensitive species more 
commonly showed significant positive correlations with indicators 
such as prealbumin, ApoB100/ApoAI ratio, and fasting blood glucose. 
These findings suggested that the fasting-responded species may play 
important roles in influencing various aspects of the host’s health.

Conclusion

In summary, the present study investigated the patterns of gut 
microbiota alterations in a cohort of 46 obese volunteers across a 
7-days prolonged fasting and recovery phase. The gut microbial 
diversity, composition, and estimated bacterial cell number revealed 
substantial changes during the fasting, with a rapid return to almost 
original levels after fasting. In terms of microbial function, the 
ecological pattern of the gut microbiota had also undergone rapid 
adaptive changes. The capacity of carbohydrate degradation, especially 
almost all plant-derived polysaccharides (e.g., sucrose, starch, 
rhamnose, and pectin), were reduced in the gut microbiota during 
fasting, while other metabolic abilities such as the degradation of 
glycoproteins, amino acids, lipids, and organic acid metabolism, were 
enhanced. Moreover, we found that changes in the gut microbiota 

FIGURE 6

Characterization of the serum and urine metabolomes and their associations with gut microbiota. (A) Principal coordinates analysis (PCoA) of the 
serum metabolome (upper panel) and urine metabolome (bottom panel) of all samples. Samples are shown at the first and second principal 
coordinates (PC1 and PC2), and the ratio of variance contributed by these two PCs is shown. Lines connect samples that belonged to the same 
timepoint, and ellipsoids represent a 95% confidence interval surrounding each timepoint. (B,C) Barplots showing the effect sizes of gut species on the 
serum (B) and urine (C) metabolomes. The combined effect sizes of all species are shown in the inset panel. Colors represent the fasting-resistance 
(red), fasting-sensitive (blue), and other bacteria (gray).
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were also, to a large extent, reflected in the serum and urine 
metabolites, highlighting the important role of the gut microbiota in 
this procedure. We  identified 270 fasting-responded gut species, 
including 130 FRBs that still have activity (e.g., increase in bacterial 
replication rate) during fasting and 140 FSBs have been suppressed by 
fasting. FRBs included many Bacteroidetes members that have been 
extensively involved in the metabolism of various nutrients, as well as 
some members of Proteobacteria and Fusobacteria, while the FSBs 
were mostly Firmicutes members. Functional comparison between 
FRBs and FSBs untangled the associations of taxon-specific functions 
(e.g., pentose phosphate pathway modules, antibiotic resistance and 
chemotaxis, glycosaminoglycan degradation, and folate biosynthesis) 
with fasting. Together, our findings explained the main responses and 
strategies for gut bacterium to respond to the extreme nutritional 
deficiency condition, the results from this study provided guidance for 
subsequent bacterial ecology (e.g., bacterial cultivation) and clinical 
intervention (e.g., very low-calorie intake therapy) researches and will 
enhance our understanding and interpretation of the microbiota-
human inter-associations.

Methods

Ethics approval and consent to participate

This study was approved by the Medical Ethics Committee of 
Beijing University of Chinese Medicine (2017BZHYLL0404). A 
written informed consent was obtained from each individual. To avoid 
the potential risk on the participants, we  reference the safety and 
quality standards of an expert panel update of the 2002 consensus 
guidelines of fasting therapy (Wilhelmi de Toledo et al., 2013).

Study design and sampling

This study was designed as a controlled trial by comparing the 
differences in participants’ physical status before and after the 
study. Volunteers were recruited between November and December 
2016. This study included a 7-days medically supervised water-only 
fasting procedure, the subsequent recovery phase and follow-up 
phase (Supplementary Figure S1B). There were five timepoints: T0 
(pre-fasting, Day 0), T1 (the 3rd day of fasting, Day 3), T2 (the 7th 
day of fasting, Day 7), T3 (the 7th day after fasting, Day 14), T4 (the 
14th day after fasting, Day 21). The dinner of D0 was supplied only 
an apple (≤300 kcal). In the fasting period (Day 1 to Day 7), all 
participants received standard medical care as determined by their 
individual requirements. Thereafter, participants were allowed 
unrestricted amounts of natural drinking water (0 kcal, NONGFU 
SPRING, Guangdong, China), and were advised to drink at least 
2.5 L daily. Traditional Chinese meditation and exercises were 
performed systematically every day. In the recovery period (Day 
8-Day 14), participants had a low-calorie diet during the first 
3 days, followed by gradually recover to normal diet in the next 
4 days. The dietary calories consumed on Day 8, Day 9, and Day 10 
were approximately 800 kcal, 1,000 kcal, and 1,200 kcal, respectively. 
From Day 11 to Day 14, the caloric intake gradually increased to 
1,600 kcal. The source of calories was millet, with a caloric value of 
360 kcal per 100 g, obtained from the China National Cereals, Oils 

and Foodstuffs Corporation in Beijing, China. During the 
follow-up period from Day 15 to Day 21, no intervention was 
conducted except for a questionnaire survey and telephone 
return visit.

The inclusion criteria in this trial were: aged from 20 to 70, 
central obesity (waist circumference: male ≥90 cm, female ≥80 cm), 
body mass index (BMI) ≥ 25 kg/m2, or concurrently diagnosed with 
one of the following three items: (1) elevated triglyceride (TG) 
level > 1.7 mmoL/L, or treated correspondingly; (2) decreased high-
density lipoprotein-cholesterol (HDL-C) level (male <0.9 mmoL/L, 
female <1.1 mmoL/L), or treated correspondingly; (3) elevated 
fasting plasma glucose (FPG) (≥ 5.6 mmoL/L), or diagnosed with 
type 2 diabetes or received appropriate treatment. All participants 
were volunteered to join fasting and the trial. Exclusion criteria 
included: patients with type 1 diabetes mellitus, pregnant or 
lactating women, patients with secondary obesity or severe heart, 
liver and kidney dysfunction and other serious illness as well as 
patients undergoing any weight reduction treatment in recent 
3 months.

All participants were weighed in light clothing without shoes at 
the same time in the morning at two time points T0 and T2. Body 
weight, visceral fat rate and body fate rate were measured by full body 
sensor body composition monitor and scale (Omron HBF-701). BMI 
was calculated as weight [kg]/height2 [m2]. Waist circumference (WC) 
was measured at the midpoint between the lower border of the rib 
cage and the top of the lateral border of the iliac crest by study 
physicians. Blood pressure was measured in the right arm using the 
sphygmomanometer (Yuwell, type A) after participants had rested in 
a seated position for 5 min. Blood and urine samples were collected in 
the morning after an overnight fast (T0, T3, T4) or during the fasting 
(T1, T2). Blood samples for clinical were analyzed in 2 h at the 
hospital. Serum samples were obtained by centrifugation at 3000 rpm 
for 10 min and immediately stored at −80°C until analysis. Urine 
samples were stored at −80°C without any preservatives. Feces 
samples were collected from all participants in the morning at five 
timepoints (T0-T4) were immediately placed into dry ice containers 
for transportation to the laboratory and preserved at −80°C until 
further processing. Adverse events were monitored by standardized 
questionnaires at T0 and T2 points.

Clinical laboratory tests

Complete blood count was measured using a hematology 
automated analyzer (Sysmex XE-2100, Sysmex XT-4000i). Serum 
alanine transaminase (ALT), aspartate transaminase (AST), blood urea 
nitrogen (BUN), creatinine (CRE), glucose, triglycerides (TG), total 
cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), and 
low-density lipoprotein cholesterol (LDL-C), immunoglobulin G (IgG), 
immunoglobulin A (IgA), immunoglobulin M (IgM), complement 
component 3 (C3) and complement component 4 (C4) were measured 
using an autoanalyzer (Hitachi 7,600–110, Beckman AU-680).

Qualitative study

Semi-structured interviews or focus group interviews were 
conducted among 14 individuals in our study by Qing Dao television 
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station from D8 to D15, and there were 6 individuals wrote down 
their experiences during fasting and shared to us at D14. These 
verbatim transcripts were made and analyzed by two and more 
coders via NVivo software (version 11) using content 
analysis method.

Serum and urine metabolomics

LC-HRMS was performed on a Waters UPLC I-class system 
equipped with a binary solvent delivery manager and a sample 
manager, coupled with a Waters VION IMS Q-TOF Mass 
Spectrometer equipped with an electrospray interface (Waters 
Corporation, Milford, United States).

LC Conditions: Column: Acquity BEH C18 column 
(100 mm × 2.1 mm i.d., 1.7 μm, Waters, Milford, United States). Solvent: 
The column was maintained at 50°C and separation was achieved using 
the following gradient: 1%B–1% B over 0–1.0 min,1%B–20% B over 
1.0–5.5 min, 20%B–30%B over 5.5–6.0 min; 30%B–35%B over 
6.0–8.5 min; 35%B–70%B over 8.5–10.5 min; 70%B–100%B over 10.5–
11.0 min; 100%B–100%B over 11.0–13.0 min;100%B–1%B over13.0–
13.1 min; and 13.1–15.0 min holding at 1% B at a flow rate of 0.40 mL/
min, where B is acetonitrile (0.1% (v/v) formic acid) and A is aqueous 
formic acid (0.1% (v/v) formic acid). Injection Volume was 3.00 μL and 
Column Temperature was set at 50.0°C.

The mass spectrometric data was collected using a Waters VION 
IMS Q-TOF Mass Spectrometer equipped with an electrospray 
ionization (ESI) source operating in either positive or negative ion 
mode. The source temperature and desolvation temperature was set 
at 120°C and 500°C, respectively, with a desolvation gas flow of 
900 L/h. Centroid data was collected from 50 to 1,000 m/z with a 
scan time of 0.1 s and interscan delay of 0.02 s over a 13 min 
analysis time.

QC sample was prepared by mixing aliquots of the all samples to 
be a pooled sample, and then analyzed using the same method with 
the analytic samples. The QCs were injected at regular intervals (every 
ten samples) throughout the analytical run to provide a set of data 
from which repeatability can be assessed.

The UPLC–Q-TOF/MS raw data were analyzed by progenesis QI 
(Waters Corporation, Milford, United  States) software using the 
following parameters. The parameters used were retention time(RT) 
range 0.5–14.0 min, mass range 50–1,000 Da, mass tolerance 0.01 Da. 
Isotopic peaks were excluded for analysis, noise elimination level was set 
at 10.00, minimum intensity was set to 15% of base peak intensity and, 
finally, RT tolerance was set at 0.01 min. The Excel file was obtained with 
three-dimensional data sets including m/z, peak RT and peak intensities, 
and RT–m/z pairs were used as the identifier for each ion. The resulting 
matrix was further reduced by removing any peaks with missing value 
(ion intensity = 0) in more than 60% samples. The internal standard was 
used for data QC (reproducibility). The positive and negative data were 
combined to get a combined data set which was imported into 
SIMCA-P+ 14.0 software package (Umetrics, Umeå, Sweden).

DNA extraction, library construction, and 
whole-metagenome shotgun sequencing

DNA for metagenomics sequencing was extracted from fecal 
samples by using the E.Z.N.A.® fecal DNA Kit (Omega Bio-tek, 

Norcross, GA, United  States) according to the manufacturer’s 
protocols. The DNA concentration and purity were quantified with 
TBS-380 and NanoDrop2000, respectively. DNA quality was examined 
with the 1% agarose gel electrophoresis system.

DNA was fragmented to an average size of about 300 bp using 
Covaris M220 (Gene Company Limited, China) for paired-end library 
construction. Paired-end library was prepared by using the TruSeq™ 
DNA Sample Prep Kit (Illumina, San Diego, CA, United  States). 
Adapters containing the full complement of sequencing primer 
hybridization sites were ligated to the Blunt-end fragments. Paired-end 
sequencing was performed on the Illumina HiSeq4000 platform 
(Illumina Inc., San Diego, CA, United States) at Majorbio Bio-Pharm 
Technology Co., Ltd. (Shanghai, China).

Sequencing data quality control

Initial base calling of metagenomic sequencing data was 
performed using Illumina HiSeq4000 platform with system default 
parameters. For each metagenomic sample, low-quality paired-end 
reads were discarded in pair using fastp (Chen et al., 2018) based on 
any of the following criteria: (1) read with more than 30% bases that 
be estimated with error rate > 1%; (2) read with ambiguous “N” > 5 bp; 
(3) read less than 90 bp; (4) read less than 30% low complexity. 
Furthermore, human genomic DNA reads were identified via Bowtie2 
(Langmead and Salzberg, 2012), and were removed if it shared >95% 
sequence with the human genome reference sequence (GRCh38). The 
remaining high-quality paired-end reads from metagenomic samples 
were used for further analysis.

Metagenomic-assembled genomes

For metagenomic samples, we carried out single-sample assembly 
using MEGAHIT (Li et  al., 2015) (option “--k-list 
21,41,61,81,101,121,141”), and then assembled contigs longer than 2 
kbp in each sample were binned by MetaBAT2 (Kang et al., 2019) with 
default parameters, leading to 12,291 raw bins of over 200 kbp. In 
addition, to improve assembly quality, multiple metagenomic samples 
from the same individual were merged into a new metagenomic 
sample, and intra-individual assembly and binning were performed 
based on these merged samples, resulting in 6,800 raw bins of over 200 
kbp. The completeness and contamination of all 19,091 raw bins were 
assessed by CheckM (Parks et al., 2015). For low-quality raw bins with 
<50% completeness and < 5% contamination, an additional approach 
was used to improve the quality of these raw bins. Firstly, the 
taxonomic classification of low-quality raw bins was carried out using 
the GTDB-Tk toolkit (Chaumeil et  al., 2020). Meanwhile, the 
sequencing depth for each raw bin was defined by mapping the high-
quality reads from the corresponding metagenomic sample back to 
the bin with Bowtie2 (Langmead and Salzberg, 2012) and SAMtools 
(Li et al., 2009). Lastly, raw bins were merged if they met all of the 
following criteria: (1) they were recovered from the same metagenomic 
sample; (2) they had a similar sequencing depth (±10%) and GC 
content (±2%); (3) they had an identical taxonomic assignment at the 
species level. The completeness and contamination of merged bins 
were re-assessed by CheckM (Parks et al., 2015). Finally, we obtained 
a collection of 5,263 high-quality MAGs (≥90% complete and ≤ 5% 
contamination). All high-quality MAGs were clustered using dRep 
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(Olm et al., 2017), leading to a de-replicated database of 433 species-
level MAG. The taxonomic classification of these species-level MAGs 
was carried out using GTDB-Tk (Chaumeil et al., 2020). Phylogenetic 
analysis was performed using PhyloPhlAn (Asnicar et al., 2020), and 
visualized by iTOL1 (Letunic and Bork, 2021).

To generate microbial community profiles, the high-quality 
paired-end reads of each sample were firstly aligned against the 433 
species-level MAGs using Bowtie2 (Langmead and Salzberg, 2012). 
For the species-level profile, the relative abundance of each MAG was 
the number of mapped reads for each MAG divided by genomic 
length and the total number of mapped reads for each sample. For 
taxonomic profiles of the higher rank levels, the abundance of each 
taxon was calculated by summing up the relative abundance of MAGs 
from the same taxon. In addition, we calculated bacterial replication 
rates of MAGs in each sample to analyze the dynamics of bacterial 
growth via GRiD (Emiola and Oh, 2018).

Functional analysis

Genes of 433 species-level MAGs were predicted by Prodigal 
(Hyatt et al., 2010) with option ‘-p meta’. Functional annotation of the 
protein-coding genes was performed by assigning the protein 
sequences to the KEGG (Kyoto Encyclopedia of Genes and Genomes) 
database (Kanehisa et al., 2016) and using DIAMOND (Buchfink 
et  al., 2015) with options ‘--evalue 1e-10 --query-cover 50’. Each 
protein was assigned a KEGG orthologue (KO) with the highest score. 
Annotation of carbohydrate-active enzymes (CAZymes) was 
performed by aligning the protein sequence of each MAGs against the 
CAZy database2 using DIAMOND (e-value <1e-10 and covering 
>50% of the protein length).

To generate functional profiles of each sample, all putative 
protein-coding genes were firstly dereplicated by CD-HIT based on 
nucleotide level similarity >95% and sequence overlap >90%. Then, 
the high-quality paired-end reads of each sample were aligned against 
these dereplicated protein-coding genes using Bowtie2. The relative 
abundance of each gene was the number of mapped reads for each 
gene divided by gene size and the total number of mapped reads for 
each sample. For functional profiles, the abundance of each KO (or 
CAZy family) was calculated as the sum of abundance of genes from 
the same functional ortholog divided by abundance of all genes with 
KO (or CAZy family) assignment. In addition, to explore higher-order 
functions, KOs were assigned into gut metabolic modules (GMMs) 
(Vieira-Silva et  al., 2016), a manually curated metabolic module 
framework. For GMM profiles of each sample, each GMM abundance 
was calculated as the median abundance of KOs assigned to the 
GMM, and then assigned the value of 0 if the number of KOs assigned 
to this GMM was less than half of total number of KOs in this GMM.

To generate functional profiles of each MAG, each KO (or CAZy 
family) abundance was calculated as the number of gene from the 
same functional ortholog in this MAG. KOs were assigned into KEGG 
modules based on the KEGG website3 (Kanehisa et  al., 2016). To 
explore higher-order functions of genomes, we calculated the module 

1  https://itol.embl.de/

2  http://www.cazy.org/

3  https://www.kegg.jp

completion ratio (MCR) of each MAG based on a Boolean algebra-
like equation (Takami et al., 2012) using custom scripts.

Statistical analysis

Statistical analyzes were performed on the R platform. The 
differences of clinical data at five time points were compared based on 
Student’s t-test. For the alpha diversities, the Shannon diversity index 
was calculated via the function ‘diversity’, and the observed number of 
species was calculated as the count of unique species-level MAGs in 
each sample. The Bray-Curtis distance between samples was evaluated 
based on species-level profiles by the function ‘vegdist’. (PCoA) based 
on Bray-Curtis distance was performed using the function ‘pcoa’, and 
normal confidence ellipses were computed using the function ‘stat_
ellipse’ with parameters: geom of polygon and level of 0.8. 
PERMANOVA analysis was performed using the function ‘adonis’, and 
adonis R (Mardinoglu et al., 2018) was adjusted using the function 
‘RsquareAdj’. Statistical significance between two groups was assessed 
using the Wilcoxon rank-sum test via the function ‘wilcox.test’. For 
comparisons involving multiple groups, the Kruskal-Wallis test was 
employed, and calculations were conducted using the ‘kruskal.test’ 
function. The p-values obtained were adjusted into q values using the 
Benjamini-Hochberg method via the function ‘p.adjust’. To evaluate the 
impact of each bacterium on the metabolome, the ‘adonis’ function was 
used to estimate the “one-to-all” effect size (R2) between the relative 
abundance of each MAG and the overall metabolic profiles. For 
correlation analysis between gut microbiota and clinical characteristics, 
we calculated the Spearman Rank Correlation Coefficient using the 
‘cor.test’ function with the ‘method = spearman’ option, and then 
adjusted the p-values to q-values using the Benjamini-Hochberg 
method via the ‘p.adjust’ function.

Data visualization was implemented using the function ‘ggplot2’.

qPCR detection for bacteria counts from 
original feces

To count the total bacterial load in feces, we  performed relative 
quantification analysis by quantitative PCR (ABI StepOne, United States) 
(Alavi et al., 2020). The standard curves were prepared using two internal 
reference strains (Use Lactococcus lactis NZ9000 to represent Gram-
positive bacteria and Escherichia coli BL21 to represent Gram-negative 
bacteria). The bacterial genome DNA extracted from 5 mL of liquid 
medium was used as a reference sample, and total DNA extracted from 
170 mg corresponding host feces was used as a test sample. The number 
of internal reference strains was determined using CFU counting by solid 
plates before bacterial genome extraction. Consistent with the 
reference  (Alavi et  al., 2020), universal primers used in the article 
listed  below (forward: CTCCTACGGGAGGCAGCAG; reverse: 
TTACCGCGGCTGCTGGCAC). PCR enzymes and chemicals were 
used according to the manufacturer’s instructions (Innovgene, China). 
Each reaction was performed in triplicate. A 25 μL reaction system 
contained 1 μL of template DNA or sterile double distilled water (negative 
control), 12.5 μL of SYBR Premix (Innovgene, China), 0.5 μL of forward 
primer, 0.5 μL of reverse primer, and 10.5 μL of water. Amplifications were 
performed with the following reaction procedures: 1 cycle of 
predenaturation at 95°C for 3 min, followed by 39 cycles of denaturation 
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at 95°C for 10 s and annealing at 55°C for 30 s. The total bacterial amount 
in test feces was calculated using the 2−△△C(T) method (Alavi et al., 2020). 
For each fecal sample, we also estimated the bacterial amount of the 
fasting-resistance and fasting-sensitive bacteria, respectively. This was 
calculated as the sum of the relative abundances of all bacteria within each 
group divided by the total bacterial amount quantified for that sample 
using qPCR.
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Rat species Rattus norvegicus, also known as the brown street rat, is the most 
abundant mammal after humans in urban areas, where they co-exist with 
humans and domestic animals. The reservoir role of R. norvegicus of zoonotic 
pathogens in cities among rodent-borne diseases that could endanger the lives of 
humans and other mammals. Therefore, understanding the normal microbiome 
of R. norvegicus is crucial for understanding and preventing zoonotic pathogen 
transmission to humans and animals. We investigated the intestinal microbiome 
of free-living R. norvegicus collected from the Ruili, Nujiang, and Lianhe regions 
of Yunnan, China, using 16S rRNA gene sequence analysis. Proteobacteria, 
followed by Firmicutes, and Bacteroidetes were abundant in the intestines of R. 
norvegicus; however, bacterial compositions varied significantly between samples 
from different locations. Following a similar trend, Gammaproteobacteria, Bacilli, 
and Clostridia were among the top bacterial classes in most intestinal samples. 
The situation differed slightly for the Lianhe and Nujiang samples, although Phyla 
Bacteroidota and Spirochaetota were most prevalent. The Alpha diversity, Chao1, 
and Simpson indexes revealed microbial richness among the R. norvegicus 
samples. A slight variation was observed among the samples collected from Ruili, 
Nujiang, and Lianhe. At species levels, several opportunistic and zoonotic bacterial 
pathogens, including Lactococcus garvieae, Uruburuella suis, Bartonella australis, 
Clostridium perfringens, Streptococcus azizii, Vibrio vulnificus, etc., were revealed 
in the R. norvegicus intestines, implying the need for a regular survey to monitor 
and control rodent populations. In conclusion, we  explored diverse microbial 
communities in R. norvegicus intestines captured from different regions. Further, 
we identified several opportunistic and potential bacterial pathogens, which still 
need to be tested for their underlying pathogenesis. The findings of our current 
study should be considered a warning to the health authorities to implement rat 
control and surveillance strategies globally.
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Introduction

Microbial communities, including archaea, bacteria, and fungi, 
coexist with the mammalian digestive tract, regulating host 
homeostasis, physiology, and immune function (Le Roy et al., 2019). 
Host-microbiome relationships are maintained throughout the host’s 
lifetime and are thus important for our understanding of life. Hosts 
and microbiome associations can benefit from the association in 
various ways (Brahe et al., 2016). Perturbations to these relationships 
in humans and animals have resulted in changes in the microbial 
structures (Pickard et al., 2017) that further influence host functions, 
leading to dysbiosis and increased susceptibility to disorders, 
including obesity, inflammatory bowel disease, autoimmune disorders, 
etc. (Brahe et al., 2016; Larabi et al., 2020). This raises several concerns 
for wild animal conservation initiatives regarding how changes in the 
natural environment may influence intestinal microbiome community 
compositions. Little research has been conducted on the microbiome 
communities along the gastrointestinal tract of wild animals, 
particularly rodents (Anders et al., 2021). So far, no study has looked 
into the intestinal microbial community compositions of free-living 
R. norvegicus from the Ruili, Nujiang, and Lianhe regions of Yunnan 
Province, China.

Rodent models have become crucial in studying the 
gastrointestinal tract microbiome compositions, particularly in the 
intestines. Due to limitations in human research, the rat was the first 
mammalian species domesticated for scientific purposes. R. norvegicus 
is a social animal that is large enough to be easily grasped and is 
regarded as one of the best rodent pets due to its calm nature. So far, 
scientists have frequently used different rat models, including diseased 
or genetically altered models, to understand host–microbe interactions 
(Fritz et al., 2013). Obesity, chronic respiratory disease, and tumors 
are common in older R. norvegicus, but their biological system is 
similar to that of mice, making them ideal for microbiome research 
(Franklin and Ericsson, 2017). In addition, rats’ physiological 
parameters are closely related to those of humans (Franklin and 
Ericsson, 2017). In contrast, mice have different living environments 
and immune systems from those observed in humans (Fritz 
et al., 2013).

Microbiome community compositions vary from individual to 
individual. The phyla Firmicutes and Bacteroidetes dominate the gut 
region of captive and wild rodents, accounting for approximately 
>80% of their abundance (Bensch et al., 2023). In contrast, the human 
microbiota mainly comprises Actinobacteria, Proteobacteria, 
Verrucomicrobia, Fusobacteria, Tenericutes, Spirochetes, etc. 
(Hillman et al., 2017). A comparative microbiome analysis in the guts 
of humans, mice, rats, and non-human primates revealed that the beta 
diversity of humans and non-human primates showed high similarity 
(Nagpal et al., 2018). In contrast, Prevotella and Clostridiales were 
abundant in rats, while Clostridiales and Oscillospira were abundant 
in mice. Furthermore, humans had more Bacteroides, 
Ruminococcaceae, and Clostridiales than rats and mice (Nagpal et al., 
2018). A similar study reports obvious differences in the intestinal 
microbiome of two different Kunming mouse models, HFA-KM and 
HFA-C57BL/6 J (Zhang et al., 2014). Genus Clostridium dominated 
HFA-KM, whereas Blautia dominated HFA-C57BL/6J, implying that 
genotype differences may shape rodent intestinal microflora diversity. 
Another study revealed abundant Bacteroidetes, Firmicutes, and 

Proteobacteria along the digestive tract of healthy rats, whereas 
Lactobacillus and Alistipes primarily dominated the gut regions. It has 
also been shown that the upper digestive tract segments had more 
bacterial diversity than the lower. At the same time, large intestines 
had diverse and richer microbial profiles; however, microbial diversity 
in the gastric and duodenum is comparable (Li et al., 2017).

According to the available literature, wild rats are reservoirs for 
various pathogens that can severely threaten public health due to their 
close interactions with humans and domestic animals (Easterbrook 
et al., 2007; Shah et al., 2023). R. norvegicus is prevalent in urban 
environments and threatens public health through its destructive 
behavior. In a very recent study, we reported several opportunistic and 
pathogenic bacteria, including Bordetella, Clostridium, 
Corynebacterium, Empedobacter, Helicobacter, Limosilactobacillus, 
Macrococcus, Neisseria zaloph, Porphyromonas, Pseudomonas, 
Rahnella, Ralstonia, Rhodococcus, Rickettsiella, Streptococcus, etc. in 
the free-living urban R. norvegicus (Shah et al., 2023). R. norvegicus is 
also reported to be  a host for a large number of blood-sucking 
ectoparasites, such as Polyplax lice, fleas, fur mites, mesostigmatid 
mites, etc., in the West Indies (Thille et  al., 2019). Another study 
investigated free-living R. norvegicus for the presence of zoonotic 
viruses, parasites, and bacteria in Maryland, United  States 
(Easterbrook et al., 2007). They detected antibodies in R. norvegicus 
against the hepatitis E virus, the Seoul virus, Bartonella elizabethae, 
Leptospira interrogans, and Rickettsia typhi. Due to the presence of 
many zoonotic pathogens, R. norvegicus may seriously threaten the 
lives of humans and other mammals.

Laboratory rats have been helpful animal models for studying 
intestinal microbiota for the last decade. However, more researchers 
have focused on studying microbial community profiles in the gut 
samples of laboratory rats (Fritz et al., 2013; Nagpal et al., 2018) and 
fewer on wild rats (Gurbanov et al., 2022). Therefore, we designed this 
study to investigate microbial community compositions in the 
intestines of this important rodent. We  report diverse microbial 
profiles in the intestines of R. norvegicus collected from three different 
regions of Yunnan Province. We also revealed several opportunistic 
and zoonotic pathogens, highlighting the medical importance of these 
free-living rodents for public health.

Materials and methods

Study site selection and sampling

We captured 10 free-living adult rat species (R. norvegicus) from 
three different municipalities (i.e., two from Ruili, four from Nujiang, 
and four from Lianhe) in Yunnan Province using mousetrap cages 
between January 2023 and July 2023. The animal trap locations 
included dense vegetation near residential areas and farmland. All the 
trapped R. norvegicus were anesthetized with cervical dislocation, after 
which they were dissected. A total of 10 intestinal samples (one from 
each animal) were collected aseptically and stored at −80°C until 
further processing.

The experiment was conducted according to the guidelines for 
using laboratory animals, Faculty of Life Science and Technology, 
Kunming University of Science and Technology, Kunming, Yunnan 
Province of China (protocol no. 16048).
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Microbial DNA extraction

Genomic DNA was extracted from each intestinal tissue 
sample using the TIANamp Bacterial DNA Mini Kit (TIANGEN 
Bio., Co., Ltd., Beijing, China) following company protocol. Briefly, 
the tissue samples in the Eppendorf tubes were centrifuged, and 
the supernatant was discarded. The pellet was dissolved in GA 
buffer (200 μL), Proteinase K enzyme (20 μL), and 95% ethanol 
(220 μL), followed by brief centrifugation. After centrifugation, the 
solution was transferred to the column tube and then centrifuged. 
The effluent was discarded, and PW buffer (600 μL) was added to 
the column tube for centrifugation. The column tube was placed 
back onto a 1.5 mL Eppendorf tube before adding TE buffer 
(100 μL). Centrifugation was performed after holding the tube for 
two mins at room temperature, and DNA-containing effluent was 
collected. The extracted DNA integrity and purity were determined 
using agarose gel and a NanoDrop Spectrophotometer (Thermo 
Fisher, United States).

Bacterial 16S rDNA gene sequencing and 
analysis

The Illumina 16S rDNA gene amplicon was used to prepare the 
sequencing samples. The variable V3-V4 region of the 16S rDNA 
gene was amplified for microbial profiling with PCR-specific 
primers: 338F (5′ACTCCTACGGGAGGCAGCA3′) and 806R 
(5′GGACTACHVGGGTWTCTAAT3′). The PCR reaction 
contained a 25 μL mixture, including 10 μL of PCR Mix (Thermo 
Fisher, United  States), 2 μL of template gDNA, 0.5 μL of each 
forward and reverse primer, and 12 μL of ddH2O. The conditions 
set for the PCR machine were: initial denaturation at 95°C for 
3 min, followed by 32 cycles of denaturation at 94°C for 15 s, 
annealing at 55°C for 30 s, extension at 72°C for 30 s, and final 
extension at 72°C for 7 min. The PCR-amplified product was 
confirmed on a 1.5% agarose gel (470 bp) and purified using the 
QIAquick Gel Extraction Kit (Qiagen, Germany). Sequencing 
libraries were made with the Illumina Library Prep Kit (Illumina, 
United States), following company protocol, and their quality was 
evaluated with a Qubit 2.0 Fluorometer (Thermo Fisher, 
United  States) before sequencing on an Illumina HiSeq  2000 
sequencer. According to the Illumina quality filtering protocol, 
low-quality reads containing adaptors, primer dimers, reads 
shorter than 230 bp, and sequences with low-quality scores (≤ Q20 
score) were removed. Qualified reads were trimmed using the 
Illumina pipeline version 2.6, following company guidelines.

The quality reads in each sample were clustered using the 
Mothur algorithm and the UPARSE drive5 pipeline, and OTUs 
were defined by clustering 97% of the identity sequences. 
We  screened each OTU representative sequence for microbial 
taxonomy annotation. The Silva database 138 and the Mothur 
algorithm were used to annotate and differentiate Ruili, Nujiang, 
and Lianhe data at various taxonomic levels. We summarized the 
OTU relative abundance after normalizing it using the sample with 
the fewest sequences by standard sequence number. After 
normalizing, we examined the relative abundance of alpha and 
beta diversity indexes.

Evaluating the alpha diversity index

In the phyloseq package, the Alpha Diversity Index (Chao1, ACE, 
and Simpson) was calculated using cumulative sum-scaling 
normalized values. ANOVA and post-hoc Tukey tests were used for 
alpha diversity indices to determine significant differences between 
groups. The cleaned data was converted into relative abundance. Good 
coverage was chosen to describe the depth of the sequencing.

Evaluating the beta diversity index

We used the beta diversity index to compare the similarity of 
various samples. The beta diversity was calculated based on the two 
methods (weighted and unweighted UniFrac). Principal Component 
Analysis (PCA) and Principal Coordinate Analysis (PCoA) were used 
to reduce the original variable dimensions and to visualize complex, 
multi-dimensional data, apart from showing the relationships among 
microbial community structures. First, we calculated a distance matrix 
between samples using weighted or unweighted UniFrac methods, 
which were then transformed into orthogonal axes. PCoA 
demonstrated the highest variation factor, followed by the second, 
third, and so on. Then, Adonis analysis was performed to observe 
location-wise variations in the microbial structures. USEARCH 
software was used for significant difference analysis.

Statistical analysis

Analyses in this study are reported as the standard error of the 
mean (SEM), and differences in relative bacterial abundance between 
groups were examined using Mann–Whitney sum rank tests. Data 
with a p-value (p < 0.05) were considered statistically significant.

Results

Bacterial composition in the Rattus 
norvegicus intestines

All the intestinal tissues collected from the free-living urban 
R. norvegicus were subjected to microbial profile analyses. A total of 
1,229,810 raw reads (pair-end sequences) were generated for all the 
samples, with an average of 122,981 reads for each sample. After 
sequence assembly and quality control filtering (removing primer 
dimers and ambiguous and low-quality reads), 1,106,641 cleaned tags 
were obtained with an average Q30 score of >93%, which were used 
for subsequent analysis (Supplementary Table S1). The Chao1 
diversity index curves for all the intestinal tissues reached a certain 
sequencing level, whereas the Simpson curves failed to level off 
(Supplementary Figure S1). These findings suggest that the abundance 
community structure has already been captured, though more 
microbial phenotypes can be explored with deeper sequencing in 
the future.

Clean tags from each R. norvegicus intestinal tissue were combined 
to generate an Operational Taxonomic Unit (OTU) for identifying 
differential microbial taxonomy levels. Clustering at 97% identity 
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produced 847 distinct OTUs, of which 19 OTUs were exclusive to the 
Ruili, 167 Nujiang, and 277 Lianhe areas, while 82 OTUs were shared 
among them (Figure 1A). All these OTUs were then annotated into 
104 families, 168 genera, and 17 phyla. OTUs deep analysis revealed 
medically important opportunistic and highly pathogenic bacteria, 
including Acinetobacter bereziniae (OTU_227), Bartonella australis 
(OTU_23), Burkholderia singularis (OTU_1403), Citrobacter koseri 
(OTU_63), Clostridium perfringens (OTU_469), Streptococcus 
hyointestinalis (OTU_4), Rickettsiella agriotidis (OTU_1119), 
Corynebacterium camporealensis (OTU_805), Mycoplasma 
haemomuris (OTU_1089), Corynebacterium pseudotuberculosis 
(OTU_489), Enterobacter cancerogenus (OTU_32), Streptococcus 
azizii (OTU_139), Streptococcus caballi (OTU_240), Pseudomonas 
mendocina (OTU_269), Vibrio vulnificus (OTU_121), Enterococcus 
faecalis (OTU_189), Escherichia coli (OTU_10 and OTU_1436), etc., 
implying that rodents and their associated pathogens should 
be monitored regularly public health safety. However, the underlying 
pathogenic mechanisms of these bacteria need further investigation. 
The details about the OTU analysis and bacterial abundance at 
different taxonomic levels are shown in Figure  1B and 
Supplementary Table S2.

According to the relative abundance, Class Gammaproteobacteria, 
Bacilli, and Clostridia were the highest among the three groups 
(Figure 2). Following a similar trend, Gammaproteobacteria, Bacilli, 
and Clostridia were among the top bacterial classes in most samples 
(Supplementary Figure S2). The situation differed slightly for the 
Lianhe and Nujiang samples, although Phyla Bacteroidota and 
Spirochaetota were most prevalent. In contrast, the phylum 
Campilobacterota and Fusobacteriota were abundant in samples from 
Ruili. Overall, the highest number of phyla was reported in the 
Nujiang group (Figure  3A). Rhizobiales, Campylobacterales, and 
Mycoplasmatales were the richest order among the samples from 
Ruili, whereas Lactobacillales, Actinomycetales, and 
Desulfovibrionales were abundant in the Nujiang group (Figure 3B). 
Family-level classification showed Rhizobiaceae, Helicobacteraceae, 
and Mycoplasmataceae had the highest abundance in the Ruili group, 
whereas Lactobacillaceae, Bacteroidaceae, Bacillaceae, etc., were 
richest in the Nujiang group. Overall, the highest level of family 
abundance was reported in the Lianhe group and the lowest in the 
Ruili group (Figure  3C). Moreover, Genus Helicobacter and 

Mycoplasma were abundant in the Ruili group, whereas Lactobacillus, 
Bacillus, Escherichia-Shigella, etc., were richest in the Nujiang group 
(Figure 3D). The detailed values of the various taxonomic groups 
among the three groups are shown in Supplementary Table S3.

Bacterial diversity analysis

The Alpha Diversity Index determined microbial diversity and 
richness differences among the R. norvegicus intestinal samples from 
various locations. The Chao1 and Simpson indexes revealed the richness 
of the bacterial community among the three groups. Both the Chao1 
and Simpson indexes changed similarly across the three groups. 
Compared to Ruili, samples from Nujiang and Lianhe were the highest, 

FIGURE 2

The top 14 relative abundance microbial class in the intestines of 
R. norvegicus collected from Ruili, Nujiang, and Lianhe regions.

FIGURE 1

Clean tags from each R. norvegicus specimen were combined to generate OTUs for identifying differential microbial taxonomy levels. (A) The Venn 
diagram shows that among the 847 distinct OTUs, 19 were exclusive to the Ruili, 167 Nujiang, and 277 Lianhe groups, while 82 OTUs were shared. All 
these OTUs were then annotated to identify differential microbial taxonomy levels. (B) The top 15 OUTs abundance with different taxonomy levels.
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with significantly more bacterial abundance (Figure 4A). The Simpson 
index revealed the highest bacterial abundance in the Nujiang group, 
followed by Lianhe and Ruili (Figure 4B). Compared to the other eight 
samples, the Chao1 diversity index revealed the highest bacterial 
richness in the sample (J04) from the Lianhe region. In contrast, 
samples H03 and P04 from Nujiang had almost no difference in 
bacterial richness (Supplementary Figure S3A). Moreover, the Simpson 
diversity index revealed bacterial community richness and evenness 
among samples from different demographics. Samples from Lianhe 
(L04) and Nujiang (N02) showed the highest bacterial richness 
(Supplementary Figure S3B). In contrast, sample J04 from the Lianhe 
had less bacterial richness compared to others in the same group.

Variation in the bacterial communities

Two distance metrics (Bray-Curtis and Euclidean) estimate 
microbial variation among different intestinal samples. A 
significant difference was observed in the R. norvegicus intestinal 
microbial communities among the three locations. PCoA 
visualized variation among the intestinal microbial community at 
various study sites. Using the Bray-Curtis distance, two PCoA plots 
coordinate percentage variation, i.e., PCoA1 (46.2.8%) and PCoA2 
(19.6%) among the intestinal samples (Figure  5A). A slight 
variation was observed between the samples from different regions. 
In addition, the Euclidean distance metric estimates two PCoA 

FIGURE 3

The relative microbial abundance at different taxonomic levels in the intestines of R. norvegicus collected from Lianhe, Nujiang and Ruili regions. 
(A) Microbial abundance at phylum level, (B) Microbial abundance at order level, (C) Microbial abundance at family level, and (D) Microbial abundance at 
genus level.
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plots for percentage variation: PCoA1 (45.3%) and PCoA2 (20.4%) 
among the intestinal samples (Figure  5B), implying that the 
variation may be attributed to differences in geographical locations. 
Heatmaps based on Bray-Curtis and Euclidean distances showed 
microbial variation among different intestinal samples. According 
to Bray-Curtis distance, the most similar lowest microbial 
difference was 0.0337, observed between samples N02 (Nujiang) 
and L04 (Lianhe), shown with green stars (Figure 5C), followed by 
0.035 between L02 and L04 (samples from Lianhe), and 0.062 

between L02 (Lianhe) and N02 (Nujiang), etc. 
(Supplementary Table S4). In addition, Euclidean distance showed 
similarity in the R. norvegicus intestinal microbial communities. 
The lowest difference (0.069) was observed between samples R04 
(Ruili) and L02 (Lianhe), highlighted with yellow stars (Figure 5D), 
followed by R04 (Ruili) and N02 (Nujiang), suggesting that 
bacterial communities in these intestinal tissues were evolutionary 
similar. The detailed values of Euclidean distances are shown in 
Supplementary Table S5.

FIGURE 4

Chao 1 and Simpson indices represent the microbial abundance of different groups. (A) The Nujiang group had a significantly higher microbial species 
abundance than the Ruili and Lianhe. (B) The same pattern was observed for the Simpson indices, where Nujiang had higher bacterial richness and 
evenness compared to the other two groups.

FIGURE 5

Principal Coordinate Analysis (PCoA) showing microbial differences in the intestines of R. norvegicus collected from Ruili, Nujiang, and Lianhe regions. 
(A) Microbial differences was determined using Bray Curtis distances matrix and (B) Euclidean distances matrix between samples from different 
locations. (C) Heatmap showing Bray Curtis distances between intestinal microbial communities (D) and Euclidean distances between R. norvegicus 
intestinal microbial communities.
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Identification of potential OTU biomarkers

A random forest test identified potential microbial OTU 
biomarkers in the R. norvegicus intestinal samples. A random forest 
model cross-validation curve revealed 15 important OTU biomarkers 
(Supplementary Table S6). The mean decrease in accuracy and mean 
reduction in the Gini coefficient showed some important OTU 
distributions (Figure 6), validating potential microbial biomarkers in 
the R. norvegicus intestinal samples.

Identification of potential bacterial 
pathogens

We screened and identified several opportunistic and potential 
bacterial pathogens in the intestines of R. norvegicus collected from 
the Ruili, Nujiang, and Lianhe regions. These pathogens were 
Acinetobacter bereziniae, associated with blood, urinary tract, and 
lung infections in humans. Bartonella australis was known to cause 
anemia syndrome and deaths in eastern grey kangaroos, whereas 
Burkholderia singularis causes cystic fibrosis in humans. Citrobacter 
koseri causes meningoencephalitis and multiple brain abscesses in 
humans. Clostridium perfringens is a famous anaerobic bacterial 
pathogen causing food poisoning, diarrhea, and gas gangrene in 
humans. Bacterial pathogens, Corynebacterium camporealensis and 
Corynebacterium pseudotuberculosis, are reportedly responsible for 
mastitis in sheep and necrotizing lymphadenitis in other animals. 
Streptococcus azizii and Streptococcus caballi cause 
meningoencephalitis, ventriculitis in mice, and laminitis in horses, 
respectively. Pseudomonas mendocina was associated with spinal 
infection in humans, whereas Vibrio vulnificus was linked with cholera 
in humans. Enterococcus faecalis and E. coli cause nosocomial 
infections and diarrhea in humans (Table 1).

Discussion

Captive R. norvegicus is a preferred model in biomedical research 
for studying physiological parameters, behavior, and human diseases 
(Smith et al., 2019). The first R. norvegicus genomic sequence was 
published in 2004 (Gibbs et  al., 2004) and yielded insights into 
mammalian evolution. It was the third sequenced genome after the 
human and the mouse. However, the rat intestinal microbiome has not 
been thoroughly studied, and our understanding of the microbial 
spatial structure remains limited. According to the authors, no 
previous study has investigated microbial community compositions 
and potential bacterial pathogens in the intestines of R. norvegicus 
collected from different regions of Yunnan Province. Therefore, 
we used high-throughput 16S rRNA gene sequencing to explore the 
intestinal microbial diversity of free-living R. norvegicus.

Our findings show that the intestinal microbiome of free-living 
urban R. norvegicus from the Ruili, Nujiang, and Lianhe regions was 
dominated by the phyla Proteobacteria and Firmicutes. The alpha and 
beta diversity compositions within groups differed significantly, which 
could be attributed to differences in sampling times, body sizes, and 
genders of the animals used. The gap between the Ruili, Nujiang, and 
Lianhe groups was more remarkable than within a group. Researchers 
have found significant differences in the bacterial compositions of 
R. norvegicus intestinal samples (He et  al., 2020). In our study, 
Proteobacteria and Firmicutes were the two most abundant phyla in 
the intestines of R. norvegicus, which were consistent with previous 
findings from laboratory rats (Li et  al., 2017), revealing a similar 
microbial profile in wild-type and laboratory rats; the phenomenon 
might be  attributed to the host microbiota tropism. In addition, 
Lactobacillus constitutes a major component of the human intestines 
(Vemuri et al., 2018).

We found Lactobacillus abundance in the R. norvegicus 
intestines, consistent with the findings of He et al. (2020), who 

FIGURE 6

A random forest test identified fifteen potential OTU biomarkers in the intestines of R. norvegicus. The mean decrease in accuracy and the mean 
reduction in the Gini coefficient showed potential microbial OTU biomarkers in the R. norvegicus intestinal samples.
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report abundant Lactobacillus in human guts, implying that 
R. norvegicus could be a possible experimental model for studying 
disease-related microbial alterations in humans (He et al., 2020). 
Firmicutes are the most common phylum in human digestive 
tracts, with Streptococcaceae being the most common family 
(Vemuri et al., 2018; Jiang et al., 2019). We discovered that the 
family Streptococcaceae was common within Firmicutes in 
R. norvegicus intestines, implying that the microbial composition 
of R. norvegicus and humans is strikingly similar. We found that 
the family Streptococcaceae was common within the phylum 
Firmicutes in the intestines, suggesting a remarkable similarity 
between R. norvegicus and the human microbiome structures.

R. norvegicus is a commensal synanthropic pest mammal 
species that lives primarily in forests and feeds on invertebrates. 
The rapid increase in human populations and industrialization 
have resulted in significant reductions in R. norvegicus natural 
habitats. As a result, this mammal is transforming into a 
commensal rodent, increasing opportunities for human-animal 
interaction and potential pathogen transmission to humans and 
other domestic mammals. R. norvegicus lives and feeds closer to 
humans, which may be a source of infectious diseases through 
cross-species transmission.

Our study annotated more sequences for notarizing, 
opportunistic, and highly pathogenic bacteria, particularly 
S. azizii, S. ferus, S. caballi, Peptostreptococcus anaerobius, 
S. hyointestinalis, Peptostreptococcus anaerobius, etc., in the 
R. norvegicus intestines. Therefore, effective disease prevention and 

rodent control measures should be  taken at the animal-human 
interface. A better surveillance system is advised to further aid in 
the early detection of disease in humans and other domestic 
animals. The anaerobic spore-forming bacterium Clostridium 
perfringens, which was discovered in the guts of R. norvegicus, has 
been linked to acute gastrointestinal problems, necrotizing 
enterocolitis, and myonecrosis in humans (Yao and Annamaraju, 
2023). Another Clostridium celatum isolated from human feces has 
been known to cause severe human infections (Agergaard et al., 
2016). Lactococcus lactis subsp. hordniae identified in our study 
was previously involved in serious diseases such as endocarditis, 
peritonitis, and intra-abdominal infections in humans (Lahlou 
et al., 2023). A bacterial species, Lactococcus garvieae, appears to 
correlate with seasonal aquaculture outbreaks in humans (Wang 
et  al., 2007). Mycoplasma haemomuris is a gram-negative 
extracellular obligate parasite of rat erythrocytes. This bacterial 
infection has been shown to affect tumor kinetics, 
reticuloendothelial function, erythrocyte shelf life, interferon 
production, and host response to viral and protozoal infections 
(Otto et al., 2015). We identified two genus Escherichia-Shigella in 
the R. norvegicus intestines, reportedly responsible for human 
gastrointestinal disorders (Belotserkovsky and Sansonetti, 2018). 
The commensal species Neisseria subflava identified in our current 
study is a rare cause of invasive diseases like meningitis, 
endocarditis, bacteremia, pericarditis, and septic arthritis in 
humans (Uwamino et  al., 2017). S. azizii (associated with 
meningoencephalitis in newborn weanling C57BL/6 mice) was 

TABLE 1  Shows some medically important bacterial pathogens with known pathogenesis.

Bacterial pathogens 
(this study)

Ruili Nujiang Lianhe Disease descriptions Reference 
database

Acinetobacter bereziniae 1.5 1.8 13.3
Opportunistic pathogens target blood, urinary tract, and lung in 

humans
BV-BRC

Bacillus thuringiensis 0.5 481 1.5
Opportunistic pathogen of animals (other than insects) causing 

necrosis and pulmonary infections
VFDB

Bartonella australis 729.5 0.8 0.5 Anemia syndrome and deaths of eastern grey kangaroos BV-BRC

Burkholderia singularis 0 0 0.5 Cause meningoencephalitis and cystic fibrosis in humans BV-BRC

Citrobacter koseri 301.5 41.5 2.8 Meningoencephalitis, multiple brain abscesses in humans BV-BRC

Clostridium perfringens 2.5 6 4.5 Food poisoning, diarrhea, and gas gangrene in humans VFDB

Corynebacterium 

camporealensis
3 0 0 Associated with mastitis in sheep BV-BRC

Corynebacterium 

pseudotuberculosis
0 7.3 0 Necrotizing lymphadenitis in animals VFDB

Desulfovibrio fairfieldensis 0 0 1.3
Damage intestinal epithelial barrier and activate intrinsic 

inflammation in humans
BV-BRC

Enterococcus faecalis 45 19.2 26.5 Nosocomial infection in humans VFDB

Escherichia coli 60 16456.8 225.3 Cause diarrhea in humans VFDB

Mycoplasma haemomuris 3.5 0 0 Cause anemia in rats and mice BV-BRC

Pseudomonas mendocina 0 0.5 10.5 Cause spinal infection in humans VFDB

Streptococcus azizii 4.5 15 30.8 Meningoencephalitis and ventriculitis in mice BV-BRC

Streptococcus caballi 0 22.8 0 Associated with laminitis in horses BV-BRC

Vibrio vulnificus 0 42.8 0 Intestinal disease (cholera) in humans VFDB

The digits in the regional columns (i.e., Ruili, Nujiang, and Lianhe) represent the relative abundance of bacterial pathogens. VFDB: Virulence Factors of Pathogenic Bacteria Database (http://
www.mgc.ac.cn/VFs/search_VFs.htm). BV-BRC: Bacterial and Viral Bioinformatics Resource Center (https://www.bv-brc.org/view/Bacteria/2)/EIsource.
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named in honor of American microbiologist Aziz, who provided 
many years of his life supporting Memorial Sloan Kettering Cancer 
Center in New  York, United  States (Braden et  al., 2015). 
Corynebacterium species are facultative intracellular bacilli that 
can cause pneumonia and lower respiratory tract infections 
(Marques da Silva et  al., 2021). The Corynebacterium 
pseudotuberculosis reported in this study is known for causing 
caseous lymphadenitis in ruminants, mastitis in dairy cattle, 
lymphangitis in horses, and edema in buffaloes (Marques da Silva 
et  al., 2021). These findings indicate that R. norvegicus may 
transmit potential infectious pathogens to humans and other 
mammals via contaminated food and water. A study found a high 
prevalence of Bartonella in the blood of R. norvegicus, indicating 
that these rodents may transmit infectious diseases, particularly 
Bartonellosis and rat-bite fever, to humans and domestic animals 
(Hsieh et  al., 2010). We  identified Bartonella australis in the 
R. norvegicus intestines, indicating that Bartonella may pass from 
the rodent via excrement. In Guangdong Province, China, in 2019, 
a patient who had been bitten by a wild rat one week prior to the 
onset of rat-bite fever (caused by Streptobacillus moniliformis) 
symptoms (Mai et al., 2019). We also identified the same bacterial 
species, Streptobacillus moniliformis, in the R. norvegicus intestines, 
indicating a risk of transmitting the same pathogen to humans in 
light of the possibility that rat-bite fever could be transmitted by 
R. norvegicus, suggesting strict disease prevention strategies 
regarding pathogen transmission (Mai et al., 2019).

Our current study has several limitations. The first limitation of 
this study was that we did not identify the age and gender of the free-
living urban rat species R. norvegicus, even though age and gender 
may affect microbial community structures in the intestines of these 
important rodents. Second, the sample size in our current study was 
small, so more samples are needed to investigate the diverse microbial 
community compositions in each segment of the digestive tract. Third, 
we  did not examine how season, age, gender, diet, etc., affect 
microbiome profiles; thus, larger sample sizes in future studies should 
confirm our findings.

Conclusion

In conclusion, we reported the intestinal microbial compositions 
of free-living R. norvegicus. We also revealed pathogenic bacteria in 
the intestinal samples of R. norvegicus, raising the possibility of these 
important rodents being exposed to humans and animals. Although 
intestinal samples cannot represent the entire microbiome of the 
digestive tract, future research must ensure sampling from every 
segment of the digestive tract to explore deep microbial profiles and 
their role in gut dysbiosis and disease progression.
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Introduction: In recent years, a large number of studies have shown that Bacillus

velezensis has the potential as an animal feed additive, and its potential probiotic

properties have been gradually explored.

Methods: In this study, Illumina NovaSeq PE150 and Oxford Nanopore ONT

sequencing platforms were used to sequence the genome of Bacillus velezensis

TS5, a fiber-degrading strain isolated from Tibetan sheep. To further investigate

the potential of B. velezensis TS5 as a probiotic strain, in vivo experiments were

conducted using 40 five-week-old male specific pathogen-free C57BL/6J mice.

The mice were randomly divided into four groups: high fiber diet control group (H

group), high fiber diet probiotics group (HT group), low fiber diet control group (L

group), and low fiber diet probiotics group (LT group). The H and HT groups were

fed high-fiber diet (30%), while the L and LT groups were fed low-fiber diet (5%).

The total bacteria amount in the vegetative forms of B. velezensis TS5 per mouse

in the HT and LT groups was 1 × 109 CFU per day, mice in the H and L groups

were given the same volume of sterile physiological saline daily by gavage, and

the experiment period lasted for 8 weeks.

Results: The complete genome sequencing results of B. velezensis TS5 showed

that it contained 3,929,788 nucleotides with a GC content of 46.50%. The

strain encoded 3,873 genes that partially related to stress resistance, adhesion,

and antioxidants, as well as the production of secondary metabolites, digestive

enzymes, and other beneficial nutrients. The genes of this bacterium were

mainly involved in carbohydrate metabolism, amino acid metabolism, vitamin and

cofactor metabolism, biological process, and molecular function, as revealed by

KEGG and GO databases. The results of mouse tests showed that B. velezensis

TS5 could improve intestinal digestive enzyme activity, liver antioxidant capacity,

small intestine morphology, and cecum microbiota structure in mice.

Conclusion: These findings confirmed the probiotic effects of B. velezensis TS5

isolated from Tibetan sheep feces and provided the theoretical basis for the

clinical application and development of new feed additives.
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1 Introduction

The International Scientific Association for Probiotics and
Prebiotics (ISAPP) defined probiotics as “live microorganisms that,
when administered in adequate amounts, confer a health benefit
on the host” (Hill et al., 2014). Probiotics are commonly used
to improve host health and maintain the balance of intestinal
flora. Commonly used bacterial probiotics are derived mainly from
Lactobacillus, Bifidobacterium, and Bacillus (Vera-Santander et al.,
2023). Among them, Bacillus probiotics have sporulation ability
and are more suitable for processing, storage, and survival through
the gastrointestinal tract (Lu et al., 2022). Many studies have
reported that Bacillus can interact with the host at multiple levels,
such as secreting antibacterial substances and a variety of digestive
enzymes, improving the structure of intestinal flora, regulating
immunity, etc., thus exerting its probiotic properties (Du et al.,
2018; Hu et al., 2018; Zou et al., 2022; Iqbal et al., 2023). All
of these properties and their long shelf life make Bacillus direct
feeding microbials (DFM) strains and their endospores an ideal
feed supplement (Bahaddad et al., 2023). Probiotics strains of
Bacillus benefit the health of piglets and broilers and help reduce the
misuse of direct antibiotics in feed (Luise et al., 2022). In addition,
the research results by Bahaddad et al. (2023) also confirmed
that Bacillus can be used as a direct feed microbial addition for
monogastric animals.

Bacillus velezensis was first and identified in the river Velez
in Málaga, southern Spain (Ruiz-García et al., 2005). This strain
is easy to isolated and cultured, and it exists widely in nature,
making it a potential probiotic candidate. Due to the absence
of toxigenic potential and aminoglycoside production capacity,
Bacillus velezensis was recommended for Qualified Presumption of
Safety (QPS) status in 2020 by European Food Safety Authority
(EFSA) (Koutsoumanis et al., 2020). Previous studies have reported
the usefulness of Bacillus velezensis as a probiotic in the aquaculture
(Zhang et al., 2019; Wu et al., 2021; Monzón-Atienza et al., 2022),
and it has the potential to promote plant growth and inhibit
plant pathogenic fungi (Tzipilevich et al., 2021; Dong et al., 2023;
Thanh Tam et al., 2023). Khalid et al. (2021) reviewed the potential
properties of Bacillus velezensis as a probiotic in the animal feed
industry, which is expected to become a candidate probiotic in
this industry. Complete genome sequence analysis can effectively
identify potential characteristics of probiotics and enhance our
understanding of the relationship between genotype and phenotype
(Huang et al., 2022). It has been shown that the genomes of
Bacillus velezensis from different sources, such as spontaneously
fermented coconut water (Dhanya Raj et al., 2023), fermented
kimchi (Heo et al., 2021), and soil (Pereira et al., 2019), have been
well characterized, revealing the reasons for its probiotic properties.
In addition, an increasing number of studies suggest that probiotics
require animal functional experiments to verify their probiotic
properties. Among these experiments, rodents such as mice (Cao
et al., 2023), rats (Elkholy et al., 2023), and rabbits (Hou et al., 2023)
are the most widely used in clinical practice.

The Bacillus velezensis TS5 isolated from Tibetan sheep
feces is a potential probiotic strain with in vitro probiotic
properties. This study aimed to analyze the complete genome
sequencing information of this strain and evaluate its digestive
promotion and antioxidant effects on mice, including its effects on

growth performance, blood routine, small intestine morphology,
antioxidant capacity, intestinal digestive enzyme activity, and
cecum microbiota.

2 Materials and methods

2.1 Bacterial strains

The Bacillus velezensis TS5 strain was isolated from Tibetan
sheep feces and provided by the Animal Microecology Research
Center of Sichuan Agricultural University. The bacteria is
stored in the Chinese Typical Culture Preservation Center
(CCTCC NO: M2023345).

2.2 Complete genome sequencing and
analysis of bacterial

The genomic DNA of Bacillus velezensis TS5 was extracted
using the TIANamp Bacteria DNA kit (DP302). The quality and
concentration of the extracted DNA were determined using 1%
agarose gel electrophoresis and a nucleic acid quantizer. The
second and third generations of complete genome sequencing for
strain TS5 were conducted using the Illumina NovaSeq PE150
and Oxford Nanopore ONT sequencing platforms, respectively.
Libraries were constructed from the samples and sequenced to
obtain second-generation data. Quality control of the raw data
was performed using FastQC (Patel and Jain, 2012). The third-
generation single-molecule sequencing data was assembled using
Unicycle and Flye software to obtain contig sequences. To correct
the second-generation high-quality data for the third-generation
contig results, pilon (Walker et al., 2014) software was used. Finally,
the contigs were spliced to obtain a complete sequence.

To construct a phylogenetic tree of multiple site sequence
fragments of isolated strains and standard strains, AutoMLST
webserver and MEGA X software were used (Alanjary et al.,
2019). Additionally, the GGDC (The Genome to Genome Distance
Calculator) webserver (Meier-Kolthoff et al., 2022) and the Average
Nucleotide Identity (ANI) calculator software (Yoon et al., 2017)
on the EzBioCloud platform were utilized to analyze the DNA-
DNA Hybridization (DDH) and ANI between strain TS5 and
the standard strain. To predict gene islands in the genome of
Bacillus velezensis TS5, Island Viewer 4 was utilized (Bertelli
et al., 2017). Secondary metabolites analysis was performed on
genomic data of isolated strains using anti SMASH 6.0 (Blin
et al., 2021). Bacterial genomic information was annotated in
the Gene Ontology (GO) (Conesa and Götz, 2008), Kyoto
Encyclopedia of Genes and Genomes (KEGG) (Moriya et al., 2007),
evolutionary genealogy of genes: Non-supervised Orthologous
Groups (eggNOG) (Galperin et al., 2015), Swiss-Prot (Pedruzzi
et al., 2015), and Carbohydrate-Active Enzymes Database (CAZy)
(Lombard et al., 2014) using various tools. Mining candidate genes
related to probiotic properties in the genome of Bacillus velezensis
TS5 based on the above annotation results. The CGView software
was then employed to draw a genome circle diagram (Stothard and
Wishart, 2005), while the genome sequences were uploaded to the
NCBI database with an accession number of CP125654.1.
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The BLAST software was used to predict the presence of
antibiotic resistance related genes in the genome of Bacillus
velezensis TS5 in the Comprehensive Antibiotic Resistance
Database (CARD) (McArthur et al., 2013). The BLAST alignment
parameter E-value was set to 1e−6, and the consistency of amino
acid sequences was above 45%. The ratio of sequence alignment
length to sequence length was not less than 70%. The ResFinder
4.1 was used to identify the acquired antibiotic resistance genes
(Verschuuren et al., 2022). The BLAST software was used to
compare the protein sequences encoded by genes with the amino
acid sequences (Set A) in the Virulence Factors of Pathogenic
Bacteria (VFDB) database to predict the virulence factor related
genes in the genome of Bacillus velezensis TS5 (Altschul et al., 1990;
Chen et al., 2016). The BLAST alignment parameter E-value was
set to 1e−5, and the consistency of amino acid sequences was over
60%. The ratio of the length of the sequence alignment to the length
of the corresponding virulence factor related gene sequence was not
less than 70%, and the gap length of the alignment was less than 10%
of the sequence alignment length. The Virulence Finder (V2.0.3)
was used to predict the presence of virulence genes in the genome
of Bacillus velezensis TS5 (Joensen et al., 2014).

2.3 Animal experimental design

A total of 40 five-week-old male specific pathogen free
C57BL/6J mice (weighing 18 ± 1 g) were purchased from Beijing
Sibeifu Biotechnology Co., Ltd (China). The mice were randomly
divided into four groups: high fiber diet control group (H group),
high fiber diet probiotics group (HT group), low fiber diet control
group (L group), and low fiber diet probiotics group (LT group),
10 mice per group. Mice in the H and HT groups were fed a
high-fiber diet containing 30% cellulose, while those in the L and
LT groups were fed a low-fiber diet containing 5% cellulose. Each
mouse in the HT and LT groups received 0.2 mL vegetative form
of Bacillus velezensis TS5 solution at a concentration of 5 × 109

CFU/mL per day, while those in the H and L groups were given
0.2 mL of sterile saline (0.9%). The experimental period was 8
weeks, during which the mental and eating state of the mice
were observed every day, and the morbidity, mortality, and feed
consumption were recorded. The body weight of each mouse was
also recorded regularly every week. The mouse experiments were
carried out in the Animal Microecology Research Center of Sichuan
Agriculture University, and all experimental procedures adhered
to the guidelines for the feeding and use of experimental animals
approved by the Committee of Sichuan Agriculture University
(SYXKchuan2019-187).

2.4 Blood routine testing

At the conclusion of the experimental, blood was collected from
the mouse eyeball using tweezers and placed in an anticoagulation
tube containing Ethylene Diamine Tetraacetie Acid (EDTA).
The content of white blood cells, neutrophils, lymphocytes,
monocyte, red blood cells, platelets, and hemoglobin content were
immediately measured by a fully automated blood analyzer (BC-
5000 Vet, Mindray medical international limited).

2.5 HE staining

The jejunum, ileum, liver, kidney and testes tissues of three
mice in each group were washed with PBS (pH 7.4) solution
and fixed with 4% Paraformaldehyde solution. The tissues were
then dehydrated, embedded, sectioned, stained with hematoxylin
and eosin, and sealed. The tissues sections were observed under
a microscope and photographed. Villus height, crypt depth
and villus/crypt (V/C) ratio of the small intestinal tissue were
measured and analyzed.

2.6 Liver antioxidant testing

Mouse livers were subjected to liquid nitrogen freezing
and stored at −80◦C for subsequent analysis. The activity of
liver catalase (CAT), dismutase (SOD), malondialdehyde (MDA),
glutathione peroxidase (GSH Px), and total antioxidant capacity
(T-AOC) were determined using ammonium molybdate (A007-1-
1), water-soluble tetrazolium salt-1 (WST-1) (A001-3), colorimetry
(A003-2), dithiodinitrobenzoic acid (A005-1), and 2,2′-Azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) (A015-2-1)
methods, respectively. The test kits were obtained from Nanjing
Jiancheng Biotechnology Research Institute and the procedures
followed the instructions provided by the kit.

2.7 Detection of intestinal digestive
enzyme activity

Weighed 0.10 g of intestinal contents and added 0.9 mL
of sterile normal saline (0.9%). Homogenized the mixture and
centrifuged it at 8000 rpm for 10 min at 4◦C. After collecting the
supernatant, added 9 mL of sterile normal saline (0.9%) and mixed
the resulting solution as crude enzyme solution.

The activities of β-glucosidase, endoglucanase, exoglucanase,
filter paper enzyme, and xylanase were determined using 1%
salicylic solution, 1% sodium carboxymethyl cellulose solution,
0.05 g absorbent cotton, 0.05 g starch free filter paper, and 1%
xylan solution as enzyme reaction substrates [23], respectively.
The activities of cellulase and hemicellulase were measured by
incubating 0.5 mL of crude enzyme solution and a special substrate
in citrate acid buffer (pH 4.8) at 50◦C for 30 min (Budihal et al.,
2016). The reducing sugar formed after incubation was estimated
by the 3, 5-dinitrosalicylic acid method (Miller, 1959). The enzyme
activity unit (U) represents the amount of enzyme that produce
1 µg of reducing sugar from a 1.0 g sample hydrolyzing the
substrate for 1.0 min. The mass of reducing sugar of the measuring
and blank control was recorded as A1 and A0, respectively. The
activities of cellulase and hemicellulose were calculated using the
following formula:

X =
(A × 1000 × n)

(V × t)
(1)

In formula (1), X represents the activity of cellulase and
hemicellulose, expressed in U/g. A represents the yield of reducing
sugar (A1-A0), expressed in mg. 1000 is the conversion factor,
1 mmol = 1000 µmol. “n” represents the dilution ratio of
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the crude enzyme solution in mL. V represents the volume of
crude enzyme solution in mL. “t” represents the reaction time
expressed in minutes.

The determination of protease activity was performed using
a modified method as described in reference (Ramkumar et al.,
2018). Casein was dissolved in a phosphoric acid buffer solution at
pH 7.5 to produce a 2% casein solution as the reaction substrate.
A mixture of 1.0 mL crude enzyme solution and 1.0 mL casein
solution was incubated in a water bath at 40◦C for 20 min, followed
by the addition of 2.0 mL of 0.4 mol/L trichloroacetic acid solution.
The mixture was then centrifuged at 8000 rpm for 10 minutes
at 4◦C. After discarding the supernatant, 1.0 mL of the resulting
supernatant was added to a new test tube. After adding 5.0 mL
of 0.4 mol/L Na2CO3 and 1.0 mL of folin phenol reagent to the
reaction mixture, the solution was cooled to room temperature after
a water bath at 40◦C for 20 min. A blank control tube containing
1.0 mL of crude enzyme solution was boiled for 10 minutes to
inactivate it. Then, 2.0 mL of 0.4 mol/L trichloroacetic acid solution
and 1.0 mL of casein solution were added to both the measuring
tube and the blank control tube, following the same procedure as
before. The absorbance of the resulting solution at the wavelength
of 660 nm was measured using an enzymoscope, and a linear
equation was used to calculate the L-tyrosine standard curve.
The mass of L-tyrosine in the measuring and blank control tubes
was recorded as B1 and B0, respectively. Under standard assay
conditions, the amount of enzyme required to release 1 µmol of
tyrosine per minute from hydrolyzing casein is considered as the
unit of protease activity (U). The formula for calculating protease
activity is as follows:

X =
(B × V × n)

(t × V ′)
(2)

In equation (2), X represents protease activity, expressed in
U/g. B represents the stands for L-tyrosine production (B1-B0)
in µg. V is the volume of the reaction solution in mL. “n”
represents the dilution ratio of the crude enzyme solution. “t” is
the reaction time, expressed in min. V’ is the volume of the crude
enzyme solution in mL.

The amylase activity was determined using the improved
method as described in reference (Yao et al., 2019). To perform the
assay, 1.0 mL of crude enzyme solution and 1.0 mL of a 2% soluble
starch solution were combined and mixed. After a 30-min water
bath at 60◦C, 2.0 mL of DNS solution was added. The mixture was
then subjected to a boiling water bath for 10 min and cooled to
a constant volume of 25 mL with distilled water. A blank control
tube containing 1.0 mL of crude enzyme solution was boiled for
10 min to inactivate the enzyme. The remaining steps were the
same as those used in the determination tube. The absorbance of
the 520 nm wavelength was measured using an enzyme standard
instrument, and the results were used to calculate the maltose
standard curve equation. The mass of maltose in the measuring
and blank control tubes was recorded as C1 and C0, respectively.
A unit of amylase activity (U) was defined as the amount of enzyme
required to hydrolyze soluble starch per minute to release 1 µmol
maltose under standard assay conditions. The activity of amylase
was calculated using the following formula:

X =
(C × 1000 × n)

(V × t × 342)
(3)

In equation (3), X represents the activity of amylase, measured
in U/g. C represents the yield of Maltose (C1-C0), measured in mg.
1000 is the conversion factor, with 1 mmol equivalent to 1000 µmol.
“n” represents the dilution ratio of the crude enzyme solution.
V is the volume of crude enzyme solution, measured in mL. “t”
represents the reaction time, measured in minutes. Finally, 342 is
relative molecular weight of maltose.

The lipase activity was determined using an improved method
as described in reference (Joseph et al., 2012). To perform the assay,
100 µL p-nitrophenol palmitate solution (10 mmol/L), 700 µL of
Tris HCl (pH 8.8) buffer solution, and 200 µL of crude enzyme
solution were added to a centrifuge tube in sequence and mixed.
After a 20-min incubation at 37◦C water bath, 1.0 mL of 0.5 mol/L
trichloroacetic acid solution was added and mixed well before
standing for 5 min to complete the reaction. Next, 3 mL of
0.5 mol/L NaOH solution was added to mix well. As a blank
control, 200 µL of distilled water was used instead of the crude
enzyme solution, and the remaining steps were the same as those
used in the determination tube. The absorbance of the 410 nm
wavelength was measured using an enzyme standard instrument,
and the results were used to calculated the standard cure equation
for p-Nitrophenol. The mass of p-Nitrophenol in the measuring
and blank control tubes was recorded as D1and D0, respectively.
A unit of lipase activity (U) was defined as the amount of enzyme
required to release 1 mol of p-nitrophenol from the p-nitrophenol
palmitate per minute under standard assay conditions. The activity
of lipase was calculated using the following formula:

X =
(D × V × n)

(t × V ′)
(4)

In equation (4), X represents the lipase activity, measured
in U/g. D represents the generation amount of p-nitrophenol
(D1-D0), measured in µmol. V denotes the final volume of
the reaction solution, measured in mL. “n” is the dilution ratio
of the crude enzyme solution. “t” represents the reaction time,
measured in min. V’ represents the volume of crude enzyme
solution, measured in mL.

2.8 16S rRNA gene sequencing of cecal
contents

The cecal contents were analyzed for total bacterial
DNA using the Magnetic Soil and Stool DNA Kit (DP712).
The purity and concentration of the extracted DNA were
determined by Agilent 5400 agarose gel electrophoresis. Primers
515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and 806R (5′-
GGACTACHVGGGTWTCTAAT-3′) were used to amplify V4
region of the 16S rRNA gene in the bacterial DNA. The amplified
products were detected using 2% agarose gel electrophoresis. DNA
sequencing library was constructed with DNA library preparation
kit and quantified using Qubit and qPCR. Finally, the Novaseq6000
system from Beijing Novogene Bioinformatics Technology Co.,
Ltd., was used for sequencing.

The original sequencing data was first filtered, followed by
OTU clustering/denoising and species classification analysis to
generate a species abundance spectrum for OTU and other
classification levels. The OTU species abundance spectrum after
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data homogenization was then analyzed for OTU abundance
and diversity index, as well as the statistical analysis of species
annotation and community structure at different classification
levels. R software’s pheatmap package was used to draw a
correlation heat map between cecal digestive enzyme activity and
flora, in order to identify microbial flora or species with strong
correlation with cecal digestive enzyme activity.

2.9 Statistical analysis

The results were presented as mean ± SD and were evaluated
using a student’s t-test. The statistical analysis showed that
P < 0.05 was considered significant, while P < 0.01 was considered
extremely significant. The phenotypic data was presented using
GraphPad Prism (version 9.0, GraphPad Software Inc, San Diego,
CA, USA).

3 Results

3.1 Complete genome information of
Bacillus velezensis TS5

The genome of Bacillus velezensis TS5 is a circular chromosome
with a total length of 3, 929, 788 bp and an average GC-content
of 46.50% (Table 1). It contains 3873 protein-coding sequences,
accounting for 88.59% of the total length, along with 82 ncRNAs,
86 tRNAs, and 27 rRNAs (Table 1). And its genome lacks CRISPRs.
From inside to outside, the diagrammatic of the genome circle
shows that the first circle represents scale, the second circle
represents GC Skew, the third circle represents GC-content, the
fourth and seventh circles represent COG to which each CDS
belongs, the fifth and sixth circles represent the positions of
CDS, tRNA, and rRNA on the genome (Figure 1A). Phylogenetic
analysis based on multi-site sequence fragment analysis revealed
strain TS5 and standard strain Bacillus velezensis SQR9 (NCBI

TABLE 1 Genome assembly and annotation of Bacillus velezensis TS5.

Types Numbers Genome
percentage

Genome length 3929788 bp /

Chromosome 1 /

Plasmid 0 /

GC-content / 46.50%

Total number of protein coding genes 3873 /

The total length of protein coding genes 3481215 bp 88.59%

5S rRNA 9 0.03 %

16S rRNA 9 0.35 %

23S rRNA 9 0.67 %

tRNA 86 0.17 %

ncRNA 82 0.32 %

CRISPRs 0 /

login number: NZ_CP006890.1) to be part of the same branch
(Figure 1B). The DDH and ANI homology indices were calculated
between strain TS5 and 11 standard strains, and the results
showed that strain TS5 had the highest homology with standard
strain Bacillus velezensis SQR9 (DDH = 97.76%, ANI = 98.81%).
These values meet the requirements for the same species of
microorganisms, with a DDH greater than 95% and an ANI greater
than 70%.

The genome of Bacillus velezensis TS5 has been annotated with
136 genes in the carbohydrate active enzymes database (CAZy)
(Figure 1C). The data revealed that 46 genes related to glycoside
hydrolase (GHs) accounted for 33.82%, while 38 genes related to
glycosyl transferases (GTs), represented 27.94%. Additionally, 27
genes related to carbohydrate esterases (CEs) made up 19.85%,
and 15 genes related to carbohydrate binding modules (CBMs),
accounted for 11.03%. Seven genes related to auxiliary activities
(AAs) were found, representing 5.15%, while three genes related to
polysaccharide lyases (PLs), accounted for 2.21%. These findings
suggest that the metabolic activity of Bacillus velezensis TS5 is
primarily focused on the breakdown of food substances.

Bacillus velezensis TS5 was found to contain 14 cellulase
genes, including Beta-glucosidase, Exo-beta-1,4-glucanase, Glucan
1,3-beta-glucosidase, Glucan 1,4-beta-glucosidase, Exo-1,3-1,4-
glucanase, Endo-1,3(4)-beta-glucanase, and Endoglucanase. These
proteins encoded by cellulase genes belong the GH1, GH3, GH16,
GH30, and GH51 families (Table 2). In addition, 43 hemicellulase
genes were identified, such as Alpha-L-arabinofuranosidase, Xylan
1,4-beta-xylosidase, Alpha-galactosidase, Alpha-glucuronidase,
Xylanase, Xyloglucanase, Beta-mannanase, Beta-1,3-xylanase,
Beta-xylosidase, Endo-beta-1,6-galactanase, Endo-beta-1,4-
galactanase, Alpha-1,6-mannanase, and Acetyl xylan esterase. The
proteins encoded by these genes belong to the GH3, GH4, GH11,
GH16, GH26, GH30, GH43, GH51, GH53, GH76, CE1, CE3,
CE4, CE6, CE7, and CE12 families (Table 2). The results of the
annotation suggest that Bacillus velezensis TS5 has the potential to
degrade both cellulose and hemicellulose. This finding is significant
for applications in biotechnology and industrial processes that
require efficient degradation of plant cell wall polysaccharides.

In total, 2,163 KEGG annotation genes were identified in
the genome of Bacillus velezensis TS5 (Figure 1D). These genes
were assigned to six different signaling pathway levels. The
distributing of these genes among various categories was as
follows: 1333 genes related to metabolism, 290 genes related
to environmental information processing, 207 genes related to
genetic information processing, 160 genes related to cellular
processes, 96 genes related to human diseases, and 67 genes
related to biological system. Among the metabolism-related genes,
the main annotations included carbohydrate metabolism (375),
amino acid metabolism (285), metabolism of cofactors and
vitamins (151), energy metabolism (129), lipid metabolism (85),
nucleotide metabolism (84), metabolism of other amino acids
(51), biosynthesis of other secondary metabolites (50), xenobiotics
biodegradation and metabolism (47), metabolism of terpenoids
and polyketides (44) and glycine biosynthesis and metabolism
(32). These findings suggest that Bacillus velezensis TS5 has strong
abilities in carbohydrates and proteins metabolism, which could
be valuable for applications in various industries such as food
production and biotechnology.
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FIGURE 1

Genome analysis results of Bacillus velezensis TS5. (A) Genomic map of B. velezensis TS5. (B) Phylogenetic tree of B. velezensis TS5 based on
genomic sequence. (C) Functional annotation of CAZy databases of B. velezensis TS5. (D) Functional annotation of KEGG databases of B. velezensis
TS5. (E) Functional annotation of GO databases of B. velezensis TS5.

Bacillus velezensis TS5 was analyzed for functional prediction
using the GO database, and the genic functions were divided
into three categories: biological processes, cellular components,
and molecular functions (Figure 1E). The majority of genes were
assigned to various biological processes, including biosynthesis
(2579), biosynthetic process (930), cellular nitrogen compound
metabolic process (893), small molecule metabolic process (696),
transport (465), catabolic process (363), carbohydrate metabolic
process (202), cofactor metabolic process (127), lipid metabolic
process (126), protein maturation (119), response to stress (116),
signal transduction (112), translation (107), and cellular protein
modification process (107). In addition, Bacillus velezensis TS5 was
found to have a diverse range of cellular components and molecular
functions. In terms of cellular components, most genes were
associated with cell (905), cellular component (765), intracellular
(610), cytoplasm (448), plasma membrane (286), and organelle
(100). This suggests that Bacillus velezensis TS5 has the potential
to perform various cellular processes within its cells. In terms
of molecular function, the majority of genes were associated
with molecular function (2456), ion binding (864), oxidoreductase
activity (407), DNA binding (358), lyase activity (208), nucleic acid
binding transcription factor activity (179), kinase activity (172),
isomerase activity (146), transferase activity and transferring acyl
groups (144), RNA binding (126), and ligase activity (121). These
findings suggest that Bacillus velezensis TS5 has the ability to
perform a wide range of molecular functions within its cells.

The genome of Bacillus velezensis TS5 was searched for
multiple gene clusters related to the synthesis of antibacterial

metabolites using the antiSMASH tool (Table 3). The identified
gene clusters include Butirosin, Macroactin, Bacillaene, Difficidin,
Bacilliactin, and Bacilysin, which have known antibacterial abilities.
Additionally, Fengytin has been previously identified as having
antifungal abilities, while Surfactin has various potentials such as
antibacterial, antifungal, and antiviral properties. These findings
suggest that Bacillus velezensis TS5 may have a diverse range of
natural products with antimicrobial activities.

Based on gene annotation results, the genome of Bacillus
velezensis TS5 identified numerous genes that function as probiotic
markers, such as acid tolerance, bile salt tolerance, adhesion,
antioxidant, and digestive enzyme (Supplementary Tables 1, 2).
These probiotic genes are an important prerequisite for Bacillus
velezensis TS5 to exert probiotic functions. In addition, compared
with the CARD database, the results showed that the genome
alignment of Bacillus velezensis TS5 identified 40 genes related
to antibiotic resistance, 22 genes related to antibiotic target,
and 3 genes related to antibiotic biosynthesis (Supplementary
Table 3). However, there were no acquired resistance genes found
in the genome of Bacillus velezensis TS5 by using the ResFinder
tool to compare the resistance genes. Comparing the genome
sequence of Bacillus velezensis TS5 with the VFDB database,
only a few virulence genes related to motility, adhesion, stress
survival, immune modulation, and nutritional/metabolic factor
were detected in the genome data of Bacillus velezensis TS5
(Supplementary Table 4). However, there were no virulence
genes found in the genome of Bacillus velezensis TS5 using the
Virulence finder tool.
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TABLE 2 Cellulase and hemicellulase genes in the genome of Bacillus velezensis TS5.

Classification CAZy Count Enzyme classification EC numbers Gene IDa

Cellulose- related GH1 3 Beta-glucosidase EC 3.2.1.21 gene1168 gene1935 gene3634

GH1 3 Exo-beta-1,4-glucanase EC 3.2.1.74 gene1168 gene1935 gene3634

GH3 1 Beta-glucosidase EC 3.2.1.21 gene184

GH3 1 Glucan 1,3-beta-glucosidase EC 3.2.1.58 gene184

GH3 1 Glucan 1,4-beta-glucosidase EC 3.2.1.74 gene184

GH3 1 Exo-1,3-1,4-glucanase EC 3.2.1.- gene184

GH16 1 Endo-1,3(4)-beta-glucanase EC 3.2.1.6 gene3677

GH30 1 Beta-glucosidase EC 3.2.1.21 gene1935

GH51 2 Endoglucanase EC 3.2.1.4 gene2588 gene2610

Hemicellulose-related GH3 1 Alpha-L-arabinofuranosidase EC 3.2.1.55 gene184

GH3 1 Xylan 1,4-beta-xylosidase EC 3.2.1.37 gene184

GH4 4 Alpha-galactosidase EC 3.2.1.22 gene2762 gene2097 gene791
gene3619

GH4 4 Alpha-glucuronidase EC 3.2.1.139 gene2097 gene2762 gene3619
gene791

GH11 1 Xylanase EC 3.2.1.8 gene3426

GH16 1 Xyloglucanase EC 3.2.1.151 gene3677

GH26 1 Beta-mannanase EC 3.2.1.78 gene3638

GH26 1 Beta-1,3-xylanase EC 3.2.1.32 gene3638

GH30 1 Beta-xylosidase EC 3.2.1.37 gene1935

GH30 1 Endo-beta-1,6-galactanase EC:3.2.1.164 gene1935

GH43 1 Beta-xylosidase EC 3.2.1.37 gene1812

GH43 1 Beta-1,3-xylosidase EC 3.2.1.- gene1812

GH43 1 Alpha-L-arabinofuranosidase EC 3.2.1.55 gene1812

GH43 1 Xylanase EC 3.2.1.8 gene1812

GH51 2 Alpha-L-arabinofuranosidase EC 3.2.1.55 gene2588 gene2610

GH53 1 Endo-beta-1,4-galactanase EC 3.2.1.89 gene1162

GH76 1 Alpha-1,6-mannanase EC 3.2.1.101 gene3847

CE1 6 Acetyl xylan esterase EC 3.1.1.72 gene1064 gene1144 gene123
gene1931 gene2924 gene825

CE3 2 Acetyl xylan esterase EC 3.1.1.72 gene1987 gene406

CE4 7 Acetyl xylan esterase EC 3.1.1.72 gene770 gene932 gene1437
gene1641 gene165 gene2407
gene3657

CE6 1 Acetyl xylan esterase EC 3.1.1.72 gene2425

CE7 1 Acetyl xylan esterase EC 3.1.1.72 gene314

CE12 2 Acetyl xylan esterase EC 3.1.1.72 gene2406 gene2712

Gene IDa : In this study, a total of 3873 genes were obtained in the genome of Bacillus velezensis TS5. Each gene was assigned a unique identification number, ranged from “Gene 1” to “Gene
3873”, according to its position within the genome sequence.

3.2 Results on the probiotic functions of
Bacillus velezensis TS5 in mice

The results of the study showed that mice in the probiotic
group (HT and LT groups) had slower weight growth compared
to the control group (H and L groups), as depicted in Figures 2A,
B. Additionally, mice on the high fiber diet (H and HT groups)
consumed more feed than those on the low fiber diet (L and
LT groups), while the probiotic group (HT and LT groups) had

lower feed consumption than the control group (H and L groups)
(Figure 2C). The organ index results for mice were presented in
Figure 2D. The spleen index of the HT group was significantly
higher than that of the H group (P < 0.05), but there was no
significant difference in other organ indices (heart, liver, lungs,
kidneys, and testes) (P > 0.05). There was also no significant
difference in all organ indices (heart, liver, spleen, lungs, kidneys,
and testes) between the LT group and L group (P > 0.05).

The blood routine results of the mice are presented in Table 4,
and it can be seen that the control group (H and L groups)
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TABLE 3 Secondary metabolites gene clusters determined by antiSMASH analysis in Bacillus velezensis TS5 genome.

Cluster Type Most similar known
cluster

Length (bp) Function Similarity (%)

1 NRPS Surfactin 63977 Multiple 82

2 PKS-like Butirosin 41244 Antibacterial 7

3 Terpene / 17408 / /

4 Lanthipeptide class II / 28888 / /

5 TransAT-PKS Macrolactin H 87835 Antibacterial 100

6 TransAT-PKS Bacillaene 100565 Antibacterial 100

7 NRPS Fengycin 134310 Antifungal 100

8 Terpene / 21883 / /

9 T3PKS / 41100 / /

10 TransAT-PKS Difficidin 93792 Antibacterial 100

11 NRPS Bacillibactin 51791 Antibacterial 100

12 other Bacilysin 41418 Antibacterial 100

FIGURE 2

Mouse growth indicators. (A,B) Body weight changes in mice. (C) Consumption of mice feed. (D) Organ index of mice. “∗” indicates a significant
difference (P < 0.05), “∗∗” indicates a significant difference (P < 0.01).

had normal blood routine indicators. In contrast, the hemoglobin
content in the blood of the HT group mice was found to be
significantly higher than that of the H group (P < 0.05), while
the hemoglobin content in the blood of the LT group mice was
also significantly higher than that of the L group (P < 0.05). The
other blood routine indicators of the probiotic group (HT and LT
groups) were within the normal range, with only slightly increases
in hemoglobin content compared to the reference value. This
increase may be attributed to a reduction in water consumption by
the mice, leading to an increase in blood concentration.

The tissues of the jejunum and ileum from all mice were
found to be intact, with clear structure and no obvious pathological
changes (Figures 3A–H). The results of measuring the length of
intestinal villi and the depth of crypts (Figures 3I, J) revealed that
the height of jejunal and ileal villi in the HT group were significantly
longer than that in the H group (P < 0.0001), while the depth of
jejunal and ileal crypts in the LT group was significantly lower than
that in the L group (P < 0.05). Additionally, the ratio of villi length
to crypt depth in the HT group was significantly higher than that
in the H group (P < 0.01), while it was also significantly higher in
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TABLE 4 Blood routine results of mice.

Parameter H group HT group L group LT group Reference
value

Leukocyte
(109/L)

6.08± 2.42 6.46± 2.21 7.01± 2.77 9.38± 1.92 0.80-10.60

Neutrophils
(109/L)

0.74± 0.28b 0.90± 0.26b 0.89± 0.43b 1.32± 0.27a 0.23-3.60

Lymphocyte
(109/L)

4.94± 1.99 5.21± 1.99 6.04± 2.31 8.20± 1.77 0.60-8.90

Monocyte
(109/L)

0.21± 0.10 0.14± 0.05 0.18± 0.11 0.24± 0.11 0.04-1.40

Erythrocyte
(1012/L)

9.98± 1.38 10.65± 0.69 9.54± 1.11 10.36± 0.85 6.50-11.50

Hemoglobin
(g/L)

162.75± 19.85ab 174.33± 9.71a 156.38± 18.81b 170± 13.84a 110-165

Platelet (109/L) 1017.22± 278.09 1151.91± 217.84 868.33± 350.26 1023± 133.88 400-1600

Peer data shows significant differences using different letters (P < 0.05), while the same or no letters indicate no significant differences (P > 0.05).

the LT group compared to the L group (P < 0.01). These findings
suggest that Bacillus velezensis TS5 not only did not cause any
damage to the jejunum and ileum of mice, but also improved their
intestinal morphology by increasing villus length and decreasing
crypt depth.

The pathological section results of mouse liver, kidney, and
testes (Figure 4) revealed that in each group of mice, the central
vein and portal area could be seen in the liver under microscope.
The structure of lobules of liver was normal, with no swelling
of necrosis of hepatocytes observed, and they were arranged
in strips. No abnormality was found in the kidney, and the
capillaries of the renal corpuscle in the renal cortex showed no
abnormal changes. The morphology of the tubular wall cells was
normal, and the boundaries of the renal vesicles were clear. The
results of testicular sections indicated that the size of seminiferous
tubules in each group of mice was essentially the same, and all
levels of spermatogenic cells in the tubules were arranged neatly.
Sperm were present in the tubules, and the interstitial tissue was
normal without congestion or bleeding, indicating a normal tissue
morphology and structure.

The results of the anti-oxidation analysis of mouse liver showed
that the Catalase (CAT) activity in the probiotic groups (HT
and LT groups) was higher than that in their respective control
groups (L and LT groups), but the difference was not significant
(P > 0.05) (Figure 5A). In addition, the activities of Superoxide
dismutase (SOD) in the HT group were significantly higher than
those in the H group (P < 0.001), and the activities of SOD in
the LT group were significantly higher than those in the L group
(P < 0.05) (Figure 5B). Furthermore, the activities of Glutathione
peroxidase (GSH Px) in the LT group were significantly higher
than those in the L group (P < 0.01) (Figure 5C). The content of
Malondialdehyde (MDA) in the HT group was also lower than that
in the H group (P < 0.01) (Figure 5D). Finally, the total antioxidant
capacity (T-AOC) in the probiotic group (HT and LT groups) was
significantly higher than that in their respective control groups (L
and LT groups) (P < 0.01) (Figure 5E). These findings suggest
that Bacillus velezensis TS5 enhances the antioxidant capacity of the
mouse liver and has a positive impact on the immune system to a
certain extent.

The results of the enzyme activity in mice cecum contents are
shown in Figure 6. The activities of β glucosidase (P < 0.0001),
endoglucanase (P < 0.0001), exoglucanase (P < 0.05), filter paper
enzyme (P < 0.001), xylanase (P < 0.0001) and lipase activity
(P < 0.01) in the HT group were significantly higher than those in
the H group. Similarly, the activities of β glucosidase (P < 0.0001),
filter paper enzyme (P < 0.0001), xylanase (P < 0.05), protease
(P < 0.05) and lipase (P < 0.05) in the LT group were significantly
higher than those in the L group. These findings indicated that
Bacillus velezensis TS5 can enhance the activities of β glucosidase,
filter paper enzyme, xylanase and lipase in the mice cecum, thereby
facilitating intestinal nutrient digestion.

The results of the digestive enzyme activity in mice’s whole
intestinal contents are depicted in Figure 7. The cecum exhibited
higher activities of cellulase activities (including β glucosidase,
endoglucanase, exoglucanase, and filter paper enzyme activities)
compared to other intestinal segments. Additionally, the colon had
relatively high activities of xylanase and lipase. It is noteworthy
that the activities of protease and amylase gradually decreased from
the foregut to the hindgut, with the highest levels observed in the
duodenum. These findings suggest that Bacillus velezensis TS5 has
the ability to increase digestive enzyme activity throughout the
entire intestinal tract of mice, particularly in the cecum, colon, and
duodenum.

The Chao1 index results of Alpha diversity (Figure 8A) showed
that the species richness of cecal bacteria in the probiotic group
(HT and LT groups) was higher than that of the respective control
groups (H and L groups), but the difference was not statistically
significant (P > 0.05). The observed OTU index (Figure 8B) also
indicated that the microbial diversity in the cecum of the HT group
mice was higher than that of the H group mice (P > 0.05), while the
microbial diversity in the cecum of the LT group mice was lower
than that of the L group mice (P > 0.05). The principal coordinate
analysis (PCoA) results of beta diversity showed (Figure 8C) that
the samples of the high fiber diet group (H and HT groups) and the
low fiber diet group (L and LT groups) were gathered together and
separated from each other, indicating that there was a significant
difference in species diversity between the two groups. The petal
plot (Figure 8D) further revealed that there were 532 common
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FIGURE 3

HE staining results of mice jejunum and ileum. (A–D) Pathological section results of the jejunum in groups H, HT, L, and LT (100×). (E–H)
Pathological section results of the ileum in groups H, HT, L, and LT (100×). (I) The villus length, crypt depth and the ratio of villus length to crypt
depth in jejunum. (J) The villus length, crypt depth and the ratio of villus length to crypt depth in ileum. “*” indicates a significant difference
(P < 0.05), “**” indicates a significant difference (P < 0.01), “***” indicates a significant difference (P < 0.001), “****” indicates a significant difference
(P < 0.0001).

OTUs in all four groups, with the number of unique OTUs in the
cecal contents of mice in the H, HT, L, and LT groups being 407,
608, 293, and 574, respectively. Notably, the number of OTUs in
the cecum of mice in the probiotic group (HT and LT groups)
was higher than that of the corresponding control groups (H and
L groups), indicating that Bacillus velezensis TS5 had a positive
impact on increasing the diversity of the cecal microbiota in mice.

The results of the phylum level analysis (Figures 8E,
F) revealed that Firmicutes, Bacteroidota, Verrucomicrobiota,
Campilobacterota, and Desulfobacteria were the most dominant
phyla in the cecum of all four groups of mice. Comparing the H
group with the HT group, the abundance of Verrucomicrobiota,
Campylobacter and Desulfobacteria was lower in the HT group,
while the abundance of Firmicutes and Bacteroidota was higher.
Conversely, when comparing the L group with the LT group, there
was a decrease in the abundance of Firmicutes, Campylobacter,
and Desulfobacteria, and an increase in the abundance of
Bacteroidota and Verrucomicrobiota in the LT group. At the
genus level (Figures 8G, H), the comparison between the H
group and the HT group showed an increase in the abundance of
unspecified_Muribaaculaceae, Lactobacillus, Clostridia_UCG_014,

and Muribaculum, while a decrease in the abundance of
Helicobacter, Unspecified_Desulfovibrionacea, and Colidextribacter.
In contrast, when comparing the L group with the LT group, there
was an increase in the abundance of Unspecified_Muribaculaceae,
Clostridia_UCG_014, and Muribaculum, while a decreased in the
abundance of Helicobacter, Unspecified_ Desulfovibrionaceae, and
Colidextribacter in the LT group.

The correlation analysis between the phylum level microbiota
and digestive enzyme activities was presented in Figure 8I.
The results showed that the activities of exoglucanase (E3),
filter paper enzyme (E4), protease (E6), and amylase (E7) were
positively correlated with the abundances of Deferribactere,
Campilobacterota, and Desulfobacterota, but negatively correlated
with Bacteroidota. On the other hand, the activities of xylanase
(E5) and lipase (E8) were positively correlated with Bacteroidota,
and negatively correlated with the abundance of Deferribactere,
Campilobacterota, and Desulfobacterota. The correlation analysis
between the genus level microbiota and digestive enzyme
activities was shown in Figure 8J. The results indicated that
the activity of exoglucanase (E3) was positively correlated with
the abundance of Mucispirillum, Lachnoclostridium, Tuzzerella,
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FIGURE 4

Pathological section results of mouse liver, kidney and testis (100 ×). (A–C) Pathological sections of liver, kidney, and testicles in group H mice.
(D–F) Pathological sections of liver, kidney, and testicles in group HT mice. (G–I) Pathological sections of liver, kidney, and testicles in group L mice.
(J–L) Pathological sections of liver, kidney, and testicles in group LT mice.

and Bilophila, while negatively correlated with the abundance of
Muribaculaceae, Bifidobacterium, Dubosiella, Gordonibacter, and
Lachnospiraceae_UCG_009. The activity of filter paper enzyme
(E4) was positively correlated with the abundance of Bilophila,
and significantly negatively correlated with the abundance of
Dubosiella and Lachnospiraceae_UCG_009. The activity of protease
(E6) was negatively correlated with Dubosiella and Gordonibacter.
Additionally, the activity of xylanase (E5) was positively correlated
with the abundance of Muribaculaceae and Muribaculum, while
negatively correlated with the abundance of Helicobacter and
Acetatifactor. Interestingly, the bacterial microbiota that were
positively correlated with the activities of exoglucanase, filter paper
enzyme, protease, and amylase were negatively correlated with the
activities of xylanase and lipase, and vice versa, respectively.

4 Discussion

4.1 Complete genome sequencing
analysis provides probiotic potential for
Bacillus velezensis TS5

Genomic analysis can reveal the presence of genes encoding
probiotic properties such as acid and bile tolerance, epithelial
adhesion, and production of antibacterial substances (Kapse et al.,
2019; Pereira et al., 2019; Soni et al., 2021). The genome sequence
analysis of Bacillus velezensis TS5 also identified several stress-
resistant genes including DnaK, OppA, Eno, nhaC, nhaX, and
nhaK (Supplementary Table 1). These findings are consistent
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FIGURE 5

Antioxidant test results of liver in mice. (A) CAT in mouse liver. (B) SOD in mouse liver. (C) GSH-PX in mouse liver. (D) MDA in mouse liver. (E) T-AOC
in mouse liver. “*” indicates a significant difference (P < 0.05), “**” indicates a significant difference (P < 0.01), “***” indicates a significant difference
(P < 0.001).

with previous studies which have reported the presence of bile
salt tolerance genes (DnaK, OppA, and Eno) in probiotic Bacillus
velezensis FS26 (Sam-On et al., 2023). The Na/H antiporter (nhaC,
nhaX) and universal stress proteins (nhaK) play a crucial role in
Na resistance and pH homeostasis, allowing the bacteria to survive
in acidic conditions (Fujisawa et al., 2005). Moreover, our results
indicate that B. velezensis TS5 is capable of producing antimicrobial
compounds and exhibiting broad-spectrum antimicrobial activity.

The genome of Bacillus velezensis TS5 contains three genes,
lipoprotein signal peptidase (LspA gene), glutamine binding
periplasmic protein (GlnH gene), and elongation factor Tu (Tuf
gene), which are also known as mucus adhesion domain protein
(MucBPs) (Supplementary Table 1). These proteins play a grucial
role in host adhesion, automatic aggregation, and/or coaggregation
with pathogenic bacteria (Sam-On et al., 2023). The findings are
consistent with previous studies which have reported the presence
of similar MucBPs (LspA, GlnH, and Tuf genes) in probiotic
Bacillus velezensis FS26 (Sam-On et al., 2023).

Probiotics have been widely acknowledged for their ability to
enhance the host’s antioxidant capacity by activating antioxidant
related pathways or increasing the activity of antioxidant enzymes
(Xu et al., 2019; Zhao et al., 2021). For instance, glutathione
peroxidase (bsaA) is known to protect cells from oxidative stress
by reducing hydrogen peroxide to water (Lubos et al., 2011).
Previous studies have also reported the presence of multiple genes
encoding catalase and peroxidase in the genome of Bacillus subtilis
DE111, a safe commercial probiotic (Mazhar et al., 2022). In this
study, we found that Bacillus velezensis TS5 contains multiple
genes encoding both glutathione peroxidase, catalases, peroxidases,

and thioredoxin which further validated its antioxidant properties
(Supplementary Table 1).

The process of decomposing carbohydrates such as cellulose,
proteoglycans, and starch into mono or oligo saccharides that
can be absorbed by intestinal epithelium requires the essential
CAZymes (Shang et al., 2022). The GH family enzymes play a
crucial role in this process by hydrolyzing glycosidic bonds (Roth
et al., 2017). In Bacillus velezensis TS5, 11 GH family members
were identified, including GH1, GH3, GH16, GH30, and GH51
that encoded cellulase, while GH1 and GH3 were primarily β-
glucosidases (Suzuki et al., 2013). These enzymes coordinately
degrade cellulose, while other GH family members could also
degrade hemicellulose. For instance, GH3, GH4, GH11, GH16,
GH26, GH30, GH43, GH51, GH53, and GH76 could degrade
hemicellulose. Among them, GH26 was mainly composed of β-
1,4 mannanases that could hydrolyze mannan, galactomannan, and
glucomannan (Taylor et al., 2005). Additionally, GH43 was an
important member of xylan degradation (Zanphorlin et al., 2019),
while GH51 could dissociate arabinogalactan and arabinomannan
in cell walls promoting the degradation of pectin (Im et al.,
2012). GH53 had been reported as an endo-1,4-β-galactanase and
had the ability to hydrolyze 1,4-β-D-galactoside bonds (Sakamoto
et al., 2013). In addition, carbohydrate esterases related to xylan
decomposition were identified in Bacillus velezensis TS5, including
CE1, CE3, CE4, CE6, CE7, and CE12. Among these, CE3, CE4, and
CE7 were acetyl xylan esterases that could promote the dissolution
of xylan (Zhang et al., 2011). The abundance of cellulase and
hemicellulase genes further indicated that Bacillus velezensis TS5
has the potential to degrade both cellulose and hemicellulose.
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FIGURE 6

Digestive enzyme activity of cecum contents in mice. (A) β glucosidase activity. (B) Endoglucanase activity. (C) Exoglucanase activity. (D) Filter paper
enzyme activity. (E) Xylanase activity. (F) Protease activity. (G) Amylase activity. (H) Lipase activity. “*” indicates a significant difference (P < 0.05), “**”
indicates a significant difference (P < 0.01), “***” indicates a significant difference (P < 0.001), “****” indicates a significant difference (P < 0.0001).

These findings suggest that Bacillus velezensis TS5 is a promising
candidate for the degradation of complex carbohydrates in various
industrial applications.

Proteases, amylases, and lipases are enzymes that can
decompose proteins, carbohydrates, and lipids into amino acids,
aldehydes, amines, free fatty acids, organic acids, and esters (Heo
et al., 2021). Bacillus velezensis TS5 was found to possess 21
protease or peptidase genes (Supplementary Table 2), which
suggest that it has the ability to degrade proteins. In addition,
Bacillus velezensis TS5 also encoded seven α-amylase gene and
five lipases and esterases genes (Supplementary Table 2). These
findings suggest that Bacillus velezensis TS5 has the potential to
promote nutrient digestion. A study indicated that the cellulase
and phytase secreted by Bacillus velezensis LB-Y-1 contribute to the
release of nutrients in Arbor Acres broiler chickens feed (Li et al.,
2023). The protease and amylase secreted by Bacillus velezensis
LB-Y-1 enhanced the intestinal digestibility of broilers, thereby
promoting nutrient digestion.

Bacterial resistance can be divided into two categories: one
is inherent resistance that develops during the formation of
microorganisms and usually does not transfer, and the other is
acquired resistance with high levels of transfer potential (Holzapfel
et al., 2018). The acquired resistance genes in probiotic strains are
considered a major threat to the spread of drug resistance between

different bacterial species (Fu et al., 2022). There were no acquired
resistance genes found in the genome of Bacillus velezensis TS5,
indicated a lower risk of spreading resistance. Although the analysis
of the Bacillus velezensis TS5 genome against the VFDB revealed
the presence of some putative virulence genes, they could not be
considered really harmful. Genes encoding hemolysin A (hlyA),
cytolysin (cyl), enterotoxins haemolysin BL (Hbl), non-hemolytic
enterotoxin (Nhe), and cytotoxin K (CytK), which are well-known
potential virulence factors, were missing in Bacillus velezensis TS5
(Schoeni and Wong, 2005; Dietrich et al., 2021). In addition, no
truly toxic toxin coding genes were found in the genome of Bacillus
velezensis TS5. More importantly, we have demonstrated the safety
of Bacillus velezensis TS5 through mice experiments.

4.2 The probiotic function in mice is an
important prerequisite for Bacillus
velezensis TS5 to become a potential
digestive probiotic

Recently, high-fiber feeds such as wheat bran, rapeseed meal,
and cottonseed meal have been increasingly utilized in monogastric
animal feed production (Shang et al., 2022). However, these high
fiber contents present a challenge for monogastric animals to digest,
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FIGURE 7

Digestive enzyme activities of whole intestinal contents in mice. (A) β glucosidase activity. (B) Endoglucanase activity. (C) Exoglucanase activity.
(D) Filter paper enzyme activity. (E) Xylanase activity. (F) Protease activity. (G) Amylase activity. (H) Lipase activity.

resulting in the wasteful consumption of limited feed resources.
A high-fiber diet can lead to an increase in chyme emptying
rate, which residence time of chyme in the gastrointestinal tract,
decreased the contact between digestive enzymes and chyme, and
ultimately lowers the digestibility of nutrients (Jha and Leterme,
2012). Therefore, enhancing the degradation of fiber components
in feed is an effective approach to improve feed digestibility.
Previous studies have demonstrated that incroporating probiotics,
such as Bacillus, into animal feed can promote digestion and
absorption, thereby enhancing feed utilization and production
performance (Manhar et al., 2016; Mahoney et al., 2020; Khalid
et al., 2021). Soni et al. (2021) supplemented Bacillus velezensis
ZBG17 to the broiler diet, resulting in a significantly improvement
in the feed utilization rate and humoral immunity response of
broilers. Genomic analysis of this bacterium revealed that it lacked
genes related to safety hazards, demonstrating its potential as a
direct feeding microorganism in the poultry industry. Li et al.
(2020) isolated a strain of Bacillus velezensis JT3-1 with potent
antibacterial activity from yak feces, which improve the growth
performance of calves and alleviated calf diarrhea to some extent.
Although numerous studies suggested that Bacillus velezensis is a
promising probiotic, its probiotic properties still require further

exploration. Therefore, in this study, we established two distinct
cellulose diets for mice and administered gavage Bacillus velezensis
TS5 for an entire 8-week period, with the aim of investigating the
in vivo probiotic properties of Bacillus velezensis TS5.

Probiotics are live microorganisms that have beneficial effects
on the host by colonizing the gut and modifying the composition
of certain gut microbiota (Gupta and Garg, 2009). A previous study
examined the probiotic potential of Bacillus licheniformis (named
D1 and D2) and Bacillus pumilus (named X1 and X2) isolated
from yak intestines, and the results showed that supplementation
with these probiotics increased daily weight gain and reduced
feed conversion rate in mice (Zeng et al., 2022). Yang et al.
(2023) reported that Bacillus subtilis BS-Z15 can regulate the gut
microbiota of mice through its metabolites to reduce weight gain.
In this study, we found that Bacillus velezensis TS5 slowed down
the weight gain of mice, which was not affected by the cellulose
content in the feed (high fiber or low fiber feed). Moreover, Bacillus
velezensis TS5 increased the diversity and richness of the cecal
microbiota in mice and altered the content of certain microbiota
(increased the content of Bacteroides and reduced the content of
Campylobacter and Desulfobacteria). Previous research has shown
that the main function of the Bacteroidetes phylum is to degrade
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FIGURE 8

Results and analysis of 16S rRNA amplification and sequencing in the mice cecum. (A) Box plot of Chao1’s diversity index. (B) Box plot of observed
OTU’s diversity index. (C) Principal co-ordinates analysis (PCoA) with weighted unifrac of microbiota. (D) Venn diagram of the cecal microbiota.
(E) Histogram of the top 20 phylum level microbiota in relative abundance. (F) Histogram of relative abundance of dominant bacterial phyla in the
cecum. (G) Histogram of the top 20 genus level microbiota in relative abundance. (H) Histogram of relative abundance of dominant bacterial genera
in the cecum. (I) Thermogram of correlation between cecal digestive enzyme activity and phylum level microbiota. (J) Thermogram of correlation
between cecal digestive enzyme activity and genus level microbiota. E1-E8 represents the activities of β-glucosidase, endoglucanase, exoglucanase,
filter paper enzyme, xylanase, protease, amylase, and lipase, respectively. “*” indicates a significant difference (P < 0.05), “**” indicates a significant
difference (P < 0.01).

carbohydrates and proteins and participate in lipid metabolism
(Yang et al., 2023). At the genus level, Bacillus velezensis TS5
increased the abundance of Lactobacillus in the mice’s cecum,
which is consistent with the findings reported by Donaldson
et al. (2016) and Yang et al. (2023) that there is an association
between increased abundance of beneficial gut bacteria, such as
Lactobacillus and Bifidobacterium and weight loss. This indicated
that Bacillus velezensis TS5 regulated weight gain in mice by altering
the intestinal bacterial structure, which could potentially prevent
obesity in human.

Previous research has demonstrated that supplementing
probiotics helps maintain the balance of gut microbiota in the
host, while also increasing the number of beneficial bacteria and
reducing the colonization of harmful bacteria in the intestinal
tract (Baldwin et al., 2018; Li et al., 2019a; Fuerniss et al., 2022).
The cecum, a significant fermentation site in mice, contains a
rich microbial community. Previous studies have shown that
Bacillus velezensis isolated from Tibetan yaks can enhance the

gut microbiota of mice (Li et al., 2019c). In this study, oral
administration of Bacillus velezensis TS5 decreased the relative
abundance of potential harmful bacteria such as Helicobacter,
Unspecified_Desulfovibrionaceae, and Colidextribacter in the cecum
and improved the composition of the mice’s cecum microbiota to a
certain extent.

The small intestine is a vital part of the animal body for
absorption, and research has shown that probiotic supplementation
can enhance this process by increasing the length of intestinal villus
and reducing the depth of crypts. In this study, the pathological
sections showed that the jejunum and ileum tissues in mice
appeared healthy with no apparent lesions (Figure 3). By evaluating
the villus length and crypt depth of these regions, it was discovered
that the V/C values of the probiotic group were significantly higher
than those of the control group (P < 0.01). This demonstrates that
Bacillus velezensis TS5 promotes nutrient absorption and improves
intestinal morphology in mice.
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Previous research has reported that probiotics can enhance
antioxidant capacity by increasing the activity of antioxidant
enzymes in the host body (Wang et al., 2017). Li et al. (2019b)
found that Bacillus velezensis BV2 could increase SOD and GSH-
PX activity in the liver of mice, reduce MDA content, and increase
T-AOC, thereby improving the antioxidant capacity of mice. In
this study, the results showed that compared to the control group,
the probiotic group increased the activity of CAT, SOD, and GSH-
Px in the mouse liver, decreased the MDA content, and increased
T-AOC. This suggests that Bacillus velezensis TS5 has the potential
to improve the antioxidant capacity of mice.

During intestinal colonization, probiotics can metabolize and
produce extracellular digestive enzyme such as protease, lipase,
and cellulase, which can further improve the digestive capacity of
the host. Bacillus may be the most important source of proteases
due to their ability to produce a large number of neutral and
alkaline proteolytic enzymes with significant characteristics, such
as high stability under extreme temperatures, pH, organic solvents,
detergents, and oxidizing compounds (Contesini et al., 2018). Li
et al. (2019b) found that Bacillus velezensis BV2 enhanced the
growth of small intestine (duodenum, jejunum, and ileum) in mice
by increasing α-amylase, lipase, and trypsin activities. Jang et al.
(2023) reported that supplementing red sea bream (Pagrus major)
with Bacillus sp. PM8313 significantly increased trypsin and lipase
activity in the anterior midgut. In this study, we measured the
activity of digestive enzymes in the intact intestinal contents of
mice. Our results showed that Bacillus velezensis TS5 promoted
nutrient digestion by increasing the activities of β glucosidase, filter
paper enzyme, xylanase and lipase in the mice’s cecum (Figure 6).
Furthermore, the activity of other intestinal contents was also
increased to varying degrees (Supplementary Figures 1–4).

5 Conclusion

In summary, the genomic and in vivo studies of Bacillus
velezensis TS5 isolated from Tibetan sheep provided valuable
insights into its efficacy as a probiotic in mice study. The genome
mining of Bacillus velezensis TS5 identified numerous genes that
function as probiotic markers in terms of host intestinal adhesion,
antioxidant, production of antibacterial substances and digestive
enzyme, as well as acid and bile salt tolerance. Animal experiments
demonstrated that Bacillus velezensis TS5 can improve the activity
of intestinal digestive enzymes and liver antioxidant capacity in
mice, as well as the morphology of small intestine and cecum
microbiota structure. These findings provided a theoretical basis
for the clinical application and development of Bacillus velezensis
TS5 as a new feed additive.
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Introduction: Gut microbiota and metabolites have been identified to contribute

to the pathogenesis of functional constipation (FC); however, the underlying

mechanism(s) have not been elucidated, and the relationship between the gut

microbiota and metabolites in FC has received limited attention in the literature.

Methods: 16S rDNA sequencing and non-targeted metabolomic detection based

on liquid chromatography-mass spectrometry (LC–MS/MS) technologies were

combined to analyze the altered gut microbiome and metabolic profile of fecal

samples from FC patients and healthy individuals (healthy control; HC).

Results: The richness and diversity of gut microbiota significantly (p <

0.01) increased in FC patients. Compared to the HC group, 18 genera,

including Intestinibacter, Klebsiella, and Akkermansia, exhibited statistically

significant changes (p < 0.05). Metabolic analysis showed that metabolic profiles

were also markedly altered with 79 metabolites, such as (-)-caryophyllene

oxide, chenodeoxycholic acid, and biliverdin, indicating significant inter-group

di�erences (p < 0.05). Besides, the primary bile acid biosynthesis, as well as the

metabolic profile of porphyrin and chlorophyll, were the most dominant enriched

pathways (FDR < 0.01), in which chenodeoxycholic acid and biliverdin were

significantly enriched, respectively. Correlation analysis demonstrated a strong

relationship between 10 genera and 19 metabolites (r > 0.6, FDR < 0.05), and

notably, Intestinibacter showed a negative correlation with biliverdin (FDR <

0.001), which highlighted the interplay of the gut microbiota and metabolites in

the pathogenesis of FC.

Conclusion: Our research describes the characteristics of the gut microbiota and

metabolic profiles and the correlation between the gutmicrobiota andmetabolites

in FC patients. This may contribute to the understanding of the underlying

mechanisms involved in FC pathogenesis and may provide novel insights into

therapeutic interventions.

KEYWORDS

functional constipation, gut microbiota, fecal metabolites, correlation analysis, clinical

trial
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Introduction

Functional constipation (FC) is an incurable gastrointestinal

disorder characterized by recurrent reduced bowel movements,

straining, and hard feces (Lacy et al., 2016). It is estimated

that ∼11.7% of the global population suffers from FC, and it

is more prevalent in women (Barberio et al., 2021). In addition

to paying for expensive medical care (Johanson and Kralstein,

2007), patients tend to face lower quality of life (Koloski et al.,

2013) and higher risks of severe diseases such as colorectal

cancer (Sumida et al., 2019). Moreover, the absence of targeted

therapeutic interventions is attributed to the intricate and yet

poorly understood pathophysiology of FC. Currently, laxatives

are a favorable choice for alleviating relative symptoms of FC

(Liu et al., 2016). However, frequent usage of laxatives can result

in drug dependence and a cathartic colon; therefore, a laxative

is not a satisfactory therapy for FC patients (Yao et al., 2022).

Therefore, there is a perceived need to perform further research

into the mechanism of FC, with the aim of enhancing the efficacy

of treatment strategies.

The gut microbiome, resident in the intestinal tract of humans,

establishes a mutualistic and symbiotic relationship with the host

and can influence the physiology and pathology of the intestine

(Reigstad and Kashyap, 2013). Although the mechanism of FC

caused by gut microbiota is not well-known, researchers have

reached an agreement that restoring the balance of gut microbiota

can be beneficial for patients with FC (Wu et al., 2023). It has

been shown that the manipulation of the gut microbiome has the

potential to decrease the presence of inflammation factors and

alleviate inflammatory reactions (Fontaine et al., 2015; Stein, 2021).

Additionally, this manipulation has shown promise in restoring the

integrity of the intestinal mucosal barrier and promoting regular

movement of the intestinal tract (Fu et al., 2021). Besides, studies

have discovered that Bifidobacterium longum and Lacticaseibacillus

rhamnosus could soften stools and relieve the symptoms of FC

(Lai et al., 2023). Therefore, FC management can be facilitated

by analyzing the features of gut microbiota and elucidating the

mechanism of FC mediated by the gut microbiome.

Gut metabolites, produced by the gut microbiota and host, help

maintain gut microenvironment stability and physiological

function. Correspondingly, the presence of aberrant gut

metabolites can lead to impaired functioning of the gut microbiota

and contribute to the development of several intestinal disorders.

Studies have revealed that short-chain fatty acids (SCFAs), the

common metabolites produced by the gut microbiota, can provide

energy for intestinal epithelial cells and promote the contraction of

intestinal smooth muscle to improve intestinal movement (Wang

et al., 2019). Bile acids, crucial metabolites present in the human

gut, possess the ability to modulate gut motility and impede the

excessive proliferation of the gut microbiome, hence preserving the

integrity of the gut mucosal barrier (Hofmann and Eckmann, 2006;

Bunnett Nigel, 2014). Researchers have reported that regulating

the abundance of these metabolites helps to improve the relative

symptoms of FC (Liu et al., 2022; Jeong et al., 2023).

In short, dysregulation of the gut microbiota and associated

metabolites constitutes significant elements in the development

of FC and needs additional research. However, the available

literature has mainly explored the pathogenesis of FC in

terms of the gut microbiota, while the interaction of the

microbiome and metabolites in the development of FC has

been less reported. Therefore, we employed a combination of

16S rDNA sequencing and non-targeted metabolomic detection

based on liquid chromatography-mass spectrometry (LC–MS/MS)

technologies to analyze the alterations of the gut microbiome and

metabolites in FC patients and explore the interactions of the

differential gut microbiome and metabolites, with the ultimate goal

of providing more support for future research on the mechanism

and treatment of FC.

Methods

Recruitment and sample collection

Twenty-one FC patients were recruited from January 2022 to

October 2022. Patients were diagnosed according to the Rome IV

diagnostic criteria and recruited at the outpatient of the Affiliated

Hospital of Chengdu University of Traditional Chinese Medicine

(Sichuan Province, China). The inclusion criteria of patients were

as follows: (1) diagnosed with FC by physicians according to the

Rome IV criteria; (2) aged 18 to 60 years old; (3) not taking any

drugs for FC for at least 1 week before recruitment; (4) maintaining

regular eating habits and no extreme diets like vegetarian food;

and (5) not suffering from severe anxiety, depression, or other

psychological illness. In addition, 21 healthy individuals were

mainly enrolled online (WeChat platform). We used online

questionnaires and face-to-face communication to screen healthy

individuals with the following requirements: (1) aged 18–60 years

old; (2) complete spontaneous bowel movements (CSBMs) once a

day and 6–7 times a week; (3) a fecal trait score of 4 according

to Bristol scoring criteria; (4) defecation without abdominal pain

or other discomforts; (5) not suffering from intestinal disorders

or other diseases that can affect the intestinal flora; and (6) no

extreme diets like vegetarian food. All FC patients and healthy

individuals were to be excluded if they (1) received any probiotics

or antibiotics or other therapies that may disturb the gutmicrobiota

within a month before stool sample collection; (2) had any other

diseases with gastrointestinal involvement; (3) had serious primary

diseases such as progression cancer, severe cardiovascular diseases,

or cognitive dysfunction, or were unable to cooperate; and (4) were

pregnant or lactating women. Finally, written informed consent

from all participants was obtained. This study was approved by

Sichuan Provincial Commission of Traditional Chinese Medicine

Regional Ethics Review (approval ID: 2021KL-023) and registered

on the Chinese Clinical Trial Registry (ChiCTR2100048831). Fresh

stool samples of all participants were collected in sterile stool

containers and immediately transferred to the−80◦C freezer.

DNA extraction and 16s rDNA sequencing

The sodium dodecyl sulfate (SDS) method was used to extract

DNA from the fecal samples, and the quality and concentration of

DNA were tested by agarose gel electrophoresis. Subsequently, the

DNA was diluted to 1 ng/µl with sterile water. PCR amplification

was performed on the 16S V3–V4 region. Specific primers with
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barcode, Phusion R© High Fidelity PCR Master Mix with GC

Buffer (New England Biolabs), and high-efficiency, high-fidelity

enzymes were selected for PCR to ensure amplification efficiency

and accuracy. The PCR products were detected by 2% agarose

gel electrophoresis, and equal amounts of samples were mixed

according to the PCR product concentration, and then the PCR

products were detected again. After that, the strips were recovered

with an adhesive recovery kit (Qiagen). The Next R© UltraTM The

IIDNA Library Preparation Kit (New England Biolabs) was used

for library construction, which was subjected to test the Qubit and

Q-PCR quantification. After the library was qualified, NovaSeq6000

was used for machine sequencing.

16s rDNA sequencing result analysis

After gaining the effective tags, the DADA2 module in QIIME2

software was used for noise reduction and filtering out sequences

to obtain the final ASVs (Amplicon Sequence Variants) and

feature table. Subsequently, the classify sklearn module in QIIME2

software was used to compare the obtained ASVs with the database

to get species information for each ASV. According to the SILVA

(v132) database, effective sequences were clustered into operational

taxonomic units (OTUs) with 97% consistency, and the species

annotation analysis was performed. The QIIME2 software (Version

1.9.1) was used to calculate the alpha diversity, including the

Chao1 index, Shannon index, and Simpson index, and generate

the rarefaction curve. An independent sample t-test was used to

compare the inter-group difference of indices between the two

groups, and Graphpad Prism software (Version 8) was used to

generate a bar graph. R package (version 4.3.0) was used to perform

the principal coordinates analysis (PCoA). The linear discriminant

analysis (LDA) effect size (LEfSe) software was used to analyze

and screen out the significantly differential microbiome, and the

differential microbiome with LDA-value > 3 was selected. Finally,

Spearman’s correlation analysis was used to explore the correlation

between clinical parameters of FC and differential microbiome

[significance threshold was FDR (false discovery rate) < 0.05].

Fecal metabolome profiling

Metabolites were extracted from fecal samples after

pretreatment. Fecal metabolites profiling was performed

using the untargeted metabolomics approach through LC-

MS/MS technology, which combined ultra-performance

liquid chromatography (UHPLC) with high-resolution mass

spectrometry. The chromatographic column was selected for

the chromatographic conditions, the chromatographic column

temperature remained at 45◦C mobile phase, and the flow rate was

kept at 0.2 mL/min. The mass spectrum condition was set as the

ESI source, and the signal acquisition was collected in both positive

and negative ion scanning modes. The mobile phase consisted of

0.1% formic acid (A) and methyl alcohol (B) in positive ion mode,

while the mobile phase was 5mM ammonium acetate (pH9.0) and

methyl alcohol (B) in negative ion mode. The scanning range was

set to m/z 100–1,500. The raw data files were imported into the

Compound Discoverer 3.1 (Thermo Fisher) software to further

perform qualitative and quantitative analysis.

LC-MS/MS metabolic analysis

Using SIMCA software (version 14.1), the orthogonal partial

least-squares discriminant analysis (OPLS-DA) was performed

to compare the differences between the two groups. The variable

importance in projection (VIP) value of the first principal

component, fold change, and p-value of t-test were calculated

to screen out the significantly differential metabolites. Using

the R package (version 4.3.0), volcano plots were generated to

demonstrate the differential metabolites with fold change > 2,

VIP value > 1.5, and p < 0.05. Kyoto Encyclopedia of Genes and

Genomes (KEGG) pathway enrichment analysis was conducted

to evaluate the relationship between the differential metabolites

and different metabolic pathways via the MetaboAnalyst platform

(https://www.metaboanalyst.ca/MetaboAnalyst/). Spearman’s

correlation analysis and Mantel test were used to explore

the correlation between differential metabolites and clinical

parameters of FC (significance threshold was FDR < 0.05).

Statistical analysis

Statistical analysis was performed using SPSS software (version

25.0), SIMCA software (version 14.1), GraphPad Prism software

(version 8), and R package (version 4.3.0). Continuous variables

with homogeneity of normal variance were expressed as mean

± SD and an independent sample t-test was used to compare

the difference between the two groups, but the Wilcoxon rank-

sum test was used for normal variables with unequal variances.

Generally, p < 0.05 was considered statistically significant, and

the Benjamini-Hochberg (BH) method was used to calculate the

adjusted FDR p-value.

Moreover, Spearman’s correlation analysis was used to explore

the correlation between the differential gut microbiome and

differential metabolites (significance threshold was FDR <

0.05). Through Random Forest analysis, the receiver operating

characteristic curve (ROC) was drawn, and the area under the curve

(AUC) was calculated to evaluate the discriminatory accuracy of the

differential genera and differential metabolites.

Results

Characteristics of participants

In total, 21 patients with FC and 21 HC were enrolled in

this study. The demographic and clinical presentation data are

presented in Table 1. The average age and body mass index (p

> 0.05) were balanced across the two groups, and no significant

difference was found. Similarly, they had no significant difference

in gender distribution. Compared to the HC group, fewer CSBMs

per week, lower levels of bristol stool form scale (BSFS), and higher

levels of straining during defecation were identified in the FC group

(p < 0.01), and all these were the dominant manifestations of FC.
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TABLE 1 Demographic and clinical presentation data of participants.

Variables FC group HCgroup p-value

Age (means±

SD)

32.71± 9.62 27.90± 7.58 0.08

Gender, n Female 21 21 -

Male 0 0

Body mass index

(means± SD)

20.67± 2.57 21.60± 2.39 0.27

Disease course

(months) (means

± SD)

132.29± 73.79 - -

CSBMs/week

(means± SD)

0.71± 0.78 7.48± 1.66 8.77× 10−18

BSFS (means±

SD)

2.74± 0.84 4.10± 0.40 5.09× 10−6

Straining during

defecation

(means± SD)

1.04± 0.33 0.12± 0.21 3.29× 10−8

PAC-QOL index

(means± SD)

2.57± 0.61 1.14± 0.09 7.02× 10−9

SAS index (means

± SD)

42.26± 6.96 27.16± 6.58 3.57× 10−7

SDS index (means

± SD)

43.33± 8.88 27.89± 5.63 2.06× 10−6

Besides, the self-assessment of constipation quality of life (PAC-

QOL) index, self-rating anxiety scale (SAS) index, and self-rating

depression scale (SDS) index were much higher in the FC group

than in the HC group (p= 7.02× 10−9, p= 3.57× 10−7, p= 2.06

× 10−6, respectively).

Alterations of the gut microbiome
community associated with FC

Annotated with the SILVA (v132) database, a total of 5,077

OTUs were obtained with 97% similarity. A rarefaction curve

based on observed species suggested the gut microbial richness

was high in the FC group (Figure 1A). Additionally, the alpha

diversity indices, including the Chao1 index, Shannon index, and

Simpson index, also indicated that the microbial diversity in the FC

group was significantly high (p < 0.01) (Figure 1B). The principal

coordinates analysis (PCoA) showed a significant difference in beta

diversity between the two groups, and ANOISM analysis revealed

that the gut microbial community in the FC group changed

appreciably (R= 0.357, p < 0.005) (Figure 1C).

The gut microbial structure at the phylum level in these

two groups was analyzed, and the top 10 dominant taxa are

presented in Figure 1D. Specifically, Firmicutes and Bacteroidota

were the dominant taxa at the phylum level in these two

groups, and there was no significant inter-group difference (p

> 0.05). Among the 10 dominant phyla, the abundance of

Verrucomicrobiota increased markedly in the FC group (p <

0.01). The significant differential genera between these two

groups at the genus level are shown in Figure 1E. We noticed

that Eubacterium_coprostanoligenes_group, Oscillospiraceae_UCG-

002, Eubacterium_ruminantium_group, Akkermansia, Klebsiella,

Parabacteroides, and Lachnospiraceae_UCG-010 (p < 0.001)

were significantly enriched in the FC group, while ML635J-

40_aquatic_group was significantly enriched in the HC group (p

= 0.001).

LEfSe analysis was conducted to further identify the

key differential genera between the two groups, and 30

differential genera with LDA value > 3 were finally identified

(Figures 2A, B). Further, 18 genera were identified to be

the significantly differential microbiota through the t-

test analysis (p < 0.05) (Supplementary Table S1). The

dominant genera with higher abundance in the FC group

were Eubacterium_coprostanoligenes_group, Intestinibacter,

Klebsiella, Eubacterium_ruminantium_group, Colidextribacter, and

Akkermansia. While Gilliamella, ML635J_40_aquatic_group, and

Parabacteroides had higher abundance in the HC group.

To further investigate the associations between the gut

microbiota and manifestations of FC, mantel tests were performed

to demonstrate the correlation between the 18 differential

genera and clinical indicators (Figure 2C). The result showed

that these 18 genera were all significantly correlated with

clinical parameters of FC (FDR < 0.05), and 15 genera were

significantly correlated with CSBMs and BSFS, among which

Intestinibacter, Klebsiella, Eubacterium_coporstanoligenes_group,

and Colidextribacter enriched in the FC group were negatively

correlated with CSBMs, BSFS, and PAC-QOL, and positively

correlated with the course of FC, straining, SDS and SAS.

ML635J_40_aquatic_group and Gilliamella showed the opposite

correlation tendency (Supplementary Table S2). Besides, we could

notice that 13 genera were significantly correlated with all these

clinical indicators, suggesting these genera could not only have an

impact on gut function but also the emotional state.

The potential function of the gut
microbiome in the progress of FC

Besides, PICRUST was utilized to predict the potential function

of the differential gut microbiota in FC. The result indicated

that the differential gut microbiota could exert an effect on the

energy metabolism, metabolism of cofactors and vitamins, lipid

metabolism, and biosynthesis of other secondary metabolites (p <

0.05) (Figure 2D). After p-value adjustment, lipid metabolism and

metabolism of cofactors and vitamins were still significant (FDR <

0.05) (Supplementary Table S3), which indicated that the change in

the gut microbiome might have altered the lipid metabolism and

metabolism of cofactors and vitamins in the progress of FC.

Alterations of fecal metabolites profiling
associated with FC

To identify characteristic metabolites between the two groups,

untargeted metabolomics was performed, and forty-two fecal

samples (FC, n = 21, HC, n = 21) were analyzed. OPLS-DA

score plots displayed that the fecal metabolites differed significantly
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FIGURE 1

(A) Rarefaction curve. Each curve represents a sample. The nearly smooth curves indicate that sequencing samples are adequate. (B) Inter-group

di�erences of alpha diversity indices, including the Chao1 index, Shannon index, and Simpson index. ***p < 0.001, **p < 0.01. (C) PCoA plot showing

the di�erence in the fecal microbial composition between the two groups. The abscissa and ordinate represent the two main components with the

greatest contribution to explaining the inter-group di�erence. (D) Relative abundance of the microbiome at the phylum level of the two groups. (E)

Di�erential microbiome of the FC and HC groups at the genus levels.
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FIGURE 2

(A) LDA score diagram and the significantly di�erential genera. The color represents groups, and the length of the histogram represents the LDA

score. The higher the score, the more significant di�erence in the di�erential microbiome. (B) Phylogenetic tree in the cladogram of di�erential taxa.

Di�erent colors represent di�erent groups and di�erent microbiota at di�erent levels. (C) Pairwise comparisons of the gut genera with Spearman’s

correlation coe�cient and the correlation between genera and clinical parameters with the Mantel test. The edge width represents Spearman’s

r-value for the corresponding distance correlations, and the color represents the statistical significance. Blue represents a positive correlation, and

red represents a negative correlation. (D) PICRUST result indicating the potential function of di�erential microbiota. Red represents the HC group,

and blue represents the FC group.

between the two groups in both positive and negative ion modes

(Figures 3A, B). The 200 permutation test results verified that the

OPLS-DA models were not overfitting (Figures 3C, D).

A total of 1,725 metabolites were identified, including 1,202

in positive ion mode and 523 in negative ion mode. Significantly

differential metabolites between the two groups were screened

by variable importance of projection (VIP) value, fold change,

and p-value of t-test (fold change > 2, VIP value > 1.5, and

p < 0.05 or fold change < 0.5, VIP value > 1.5, and p <

0.05). The results are shown in the volcano plots (Figures 3E, F).

There were 42 markedly up-regulated metabolites and 39 markedly

down-regulated metabolites in total (Supplementary Table S4).

(-)-Caryophyllene oxide, 11-deoxy prostaglandin F1α, 3-(4-pyridyl

methylidene) chroman-4-one, biliverdin, and chenodeoxycholic

acid had higher abundance in the HC group, while glutaric

acid, pipecolic acid, N-(2,4-Dimethylphenyl) formamide, and

prostaglandin E2 had higher abundance in the FC group.

We then correlated the differential metabolites with clinical

indicators to determine the association between differential fecal

metabolites and the development of FC. The result showed that

there were 78 differential metabolites significantly correlated

with clinical parameters of FC (Supplementary Figure S1),

and 57 metabolites were identified to be the main correlated

differential metabolites with clinical parameters (r > 0.5, FDR

< 0.05) (Supplementary Table S5). We could notice that N-

(2,3-dihydro-1,4-benzodioxin-6-yl)-2,5-dimethyl-3-furamide,
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FIGURE 3

(A, B) OPLS-DA score plots in positive and negative ion models, respectively. The abscissa represents the di�erence between groups, and the

ordinate represents the di�erence within groups. (C, D) Validation models through 200 permutation tests in positive and negative ion models,

respectively. R2 and Q2 are the intercept values of the fitted lines on the ordinate, respectively, and represent the reliability and overfitting degree of

the model. (E, F) Volcano plots in positive and negative models, respectively, indicate the discrimination of fecal metabolites between the two

groups. The ordinate shows the -log10 (p-value), and the abscissa is the log2 (fold change) value. The screening threshold of significantly di�erential

metabolites was fold change > 2, VIP value > 1.5, and p-value < 0.05 or fold change < 0.5, VIP value > 1.5, and p < 0.05. Every dot represents a kind

of metabolite, and the blue ones represent the significantly down-regulated metabolites, while the red dots represent the significantly up-regulated

metabolites. The gray dots represent the metabolites that have no significant di�erence between the two groups.

norverapamil, pipecolic acid, soyasaponin I, and biliverdin had

the most significant correlations with FC. Besides, metabolites

abundant in the HC group, such as biliverdin, guggulsterone, and

chenodeoxycholic acid were positively correlated with CSBMs

and BSFS, while metabolites enriched in the FC group such

as 2-(3,5-dimethyl-1H-pyrazol-4-yl)-5-methoxy benzoic acid,
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prostaglandin E2, norverapamil were negatively associated with

CSBMs and BSFS, and positively associated with straining.

Annotation of di�erential metabolites
through KEGG pathway enrichment
analysis

Differential metabolites were further explored through

the KEGG pathway enrichment analysis. It was found that

differential metabolites were mainly involved in the primary

bile acid biosynthesis, sphingolipid metabolism, arachidonic

acid metabolism, porphyrin and chlorophyll metabolism, retinol

metabolism, arginine and proline metabolism, cysteine and

methionine metabolism, arginine biosynthesis alanine, aspartate,

and glutamate metabolism (FDR < 0.05) (Figure 4A). Ten

metabolites enriched in the above-mentioned pathways and

seven significantly altered metabolites are further illustrated

in Figure 4B, which exhibited a lower abundance of all-trans-

13,14-Dihydroretinol, and a higher abundance of biliverdin,

chenodeoxycholic acid, phytosphingosine, S-adenosylmethionine,

prostaglandin E2, and agmatine in FC patients.

Correlation analysis between di�erential
gut microbiota and fecal metabolites

To assess the interactions between gut microbiota and

metabolites, we correlated the 18 differential genera and 57

differential metabolites (Figure 5A). Then, we constructed a

correlation network graph to demonstrate the main interactions

of microbiota and microbiome (r > 0.6, FDR < 0.05) (Figure 5B).

We can observe that there were complex correlations between

differential genera and metabolites. Intestinibacter was positively

correlated with norverapamil (r = 0.665, FDR < 0.001) and

negatively correlated with biliverdin (r = −0.625, FDR

< 0.001). Besides, Eubacterium_coprostanoligenes_group,

Oscillospiraceae_UCG-005, Oscillospiraceae_UCG-002, and

Eubacterium_ruminantium_group appeared to be the core

differential microbiota. These were found to be negatively

correlated with (-)-caryophyllene oxide and glycerophospho-N-

palmitoyl ethanolamine, which were the metabolites enriched in

the HC group. On the other hand, they were positively correlated

with N-Acetyl-L-tyrosine and 1-(4-methyl-2-morpholino-1,3-

thiazol-5-yl) ethan-1-one, which were the differential metabolites

enriched in the FC group. Lachnoclostridium was negatively

correlated with guggulsterone (r = −0.641, FDR < 0.001)

(Supplementary Table S6).

Function prediction analysis of di�erential
microbiota and metabolites associated with
FC

Subsequently, we calculated the AUC values of the differential

genera and metabolites. Figure 5C illustrates the differential genera

and metabolites with Spearman’s r-value > 0.6. The result shows

that the combinations of these genera and metabolites had great

potential in distinguishing FC patients from HCs with an AUC-

value > 0.907 [generally, an AUC value > 0.85 is thought to be

a very good value for prediction (Gong et al., 2020)], indicating

that the interplay of these genera and metabolites was vital

pathogenesis of FC and worthy of further exploration. Besides, we

calculated the AUC-values of these 10 genera and 19 metabolites

to further identify the key genera or metabolites. It was observed

that most differential microbiota had better predictive functions

than differential metabolites (Supplementary Tables S7, S8); in

particular, Intestinibacter, Eubacterium_coprostanoligenes_group,

Klebsiella, Colidextribacter, and Eubacterium_ruminantium_group

with AUC-values ≥0.9 had the highest discrimination ability.

Discussion

Functional constipation (FC) is a refractory condition that

significantly impacts the wellbeing of individuals and diminishes

their overall quality of life. Accumulated evidence shows that

the alteration of gut microbiota and metabolites is crucial to the

pathogenesis of FC. However, the contribution of gut microbiota

and associated metabolites to the pathogenesis of FC has not

been elucidated. In this study, we recruited 21 patients with FC

and 21 healthy individuals to examine the alterations in the gut

microbiome and fecal metabolites among FC patients and evaluate

the association between the interaction of distinct gut microbiota

and fecal metabolites with the progression of FC.

We found that the richness and diversity of gut

microbiome significantly differed between patients with FC

and healthy individuals, suggesting that gut microbiome

dysbiosis occurred in the development of FC. Intestinibacter,

Eubacterium_coprostanoligenes_group, Klebsiella, Akkermansia,

Eubacterium_ruminantium_group, Oscillospiraceae_UCG-005, and

Oscillospiraceae_UCG-002 altered significantly and might be the

core genera in the pathogenesis of FC.

Intestinibacter, Klebsiella, and Akkermansia, recognized as

potential pathogens, were shown to be enriched in FC patients,

which was consistent with previous research (Cao et al., 2017;

Zeyue et al., 2022; Chen et al., 2023). Intestinibacter (Forbes

et al., 2018; Xiang et al., 2023) and Klebsiella (Gevers et al.,

2014; Li et al., 2022) were reported to have a close relationship

with inflammatory responses in intestinal disorders; therefore,

we speculated that the increased abundance of Intestinibacter

and Klebsiella could disrupt the gut function by exerting

intestinal inflammation, thus resulting in FC. Akkermansia

can excessively degrade the mucin, causing dysfunction of the

intestinal barrier and accumulation of harmful substances,

ultimately leading to the development of intestinal disorders

(Zhang et al., 2016). The Eubacterium_coprostanoligenes_group,

Eubacterium_ruminantium_group, Oscillospiraceae_UCG-002,

and Oscillospiraceae_UCG-005 possess the ability to metabolize

dietary fiber through fermentation processes and produce SCFAs

which have been associated with various positive effects on

gastrointestinal (Mukherjee et al., 2020; Hu et al., 2023) and

mental health (Liang et al., 2022; Zhao et al., 2022). However, these

genera had a higher abundance in the FC group. Furthermore, we
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FIGURE 4

(A) Pathway enrichment bar plot of di�erential metabolites. The abscissa represents enrichment radio, and the ordinate represents enrichment

pathways. (B) Seven di�erential metabolites were enriched in the pathways. ***p < 0.001, **p < 0.01, *p < 0.05.
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FIGURE 5

(A) Correlations between di�erential genera and di�erential metabolites. Red represents a positive correlation, and blue represents a negative

correlation. The size of each dot represents the significant degree of correlation. (B) Correlation network graph of the di�erential genera and

metabolites with Spearman’s r-value > 0.6. Blue dots represent the di�erential genera, and red dots represent di�erential metabolites. Pink lines

represent positive correlations, while gray lines represent negative correlations. The width of the line is proportional to the absolute value of the

r-value. (C) ROC curves of the combination of the di�erential genera and metabolites with Spearman’s r-value > 0.6.

found significant negative correlations between these genera and

CSBMs, BSFS, and PAC-QOL and positive correlations between

these genera and straining, SAS, and SDS, which suggest that these

genera have a detrimental impact on the development of FC.

The aforementioned genera underwent substantial

modifications and played a crucial role in diagnostics. They

may serve as a key avenue for investigating the mechanism of

FC and hold promise as potential therapy targets for FC in the

future. In particular, Intestinibacter had the best diagnostic efficacy

for FC, with the highest AUC = 0.975, and is expected to be a

clinical diagnostic biomarker for FC. The findings from PICRUST

and KEGG pathway enrichment analysis suggested that the

alteration in the gut microbiome could influence the metabolism

of lipids, cofactors, and vitamins, which leads us to hypothesize

that such effects may arise from the interplay between differential

metabolites and the gut microbiome.
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In the analysis of metabolites, we discovered the alteration

in fecal metabolites in FC patients. Primary bile acid production

and porphyrin and chlorophyll metabolism were two of the

most important metabolic processes where the differentiated

metabolites were engaged. Among the metabolites implicated

in these two pathways, chenodeoxycholic acid and biliverdin

exhibited differential metabolic pathways. Chenodeoxycholic Acid

can modulate the gastrointestinal secretory process and maintain

normal defecation (Bazzoli et al., 1983). Consistent with previous

research (Wong Banny et al., 2011), chenodeoxycholic acid was

found to have a higher abundance in FC patients and was

positively correlated with CSBMs, BSFS, and PAC-QOL, while

being negatively correlated with straining, SAS, SDS, and the

course of FC. Biliverdin was enriched in the HC group and

showed a negative correlation with the pathogenesis of FC in our

research. Researchers have reported that biliverdin could reduce

pro-inflammatory mediators and relieve inflammatory responses

(Wegiel et al., 2009; Bonelli et al., 2012). Besides, biliverdin can be

reduced into bilirubin, which can alleviate immune inflammatory

responses (Vitek et al., 2023) and is thought to be an effective

prognostic biomarker for advanced colorectal cancer (Khoei et al.,

2020).

Additionally, five notable differential metabolites were involved

in other significant pathways. Phytosphingosine was enriched in

the HC group and demonstrated a negative correlation with the

development of FC. Studies indicated the strong anti-inflammatory

activity of phytosphingosine in vitro and discovered that it could

suppress the inflammatory responses in colitis mice (Montenegro-

Burke et al., 2021). Similar to phytosphingosine, agmatine can

also inhibit inflammatory responses. Moreover, agmatine has the

potential to improve mood disorders (Freitas et al., 2016). In our

study, agmatine was enriched in the HC group and was negatively

associated with SDS and SAS. Thus, we assumed that agmatine

may provide an explanation for the co-occurrence of anxiety or

depression in individuals with FC. S-Adenosylmethionine (SAM),

a type of bioactive substance involved in various biochemical

reactions in the body (Pascale Rosa et al., 2022), had a higher

abundance in the HC group. In this study, a positive correlation was

observed between SAM and FC pathogenesis. It is possible that the

gut microbiome has a self-balancing mechanism at play; however,

further studies are needed to verify this assumption. Prostaglandin

E2, involved in the arachidonic acid metabolism, can not only

regulate the gut inflammatory response and promote the repair

of intestinal mucosa but also regulate the expression of aquaporin

3 to regulate intestinal fluid metabolism (Na et al., 2021). In our

study, increased levels of prostaglandin E2 were found among FC

patients, and we thought that it may be attributed to a mechanism

of self-regulation throughout the progression of FC.

In light of the intricate biological dynamics within the human

gut, we conducted an analysis to establish the connections between

the varied composition of microbiota and metabolites. In the

correlation network, Intestinibacter was strongly negatively

correlated with biliverdin. Eubacterium_coprostanoligenes_group,

Oscillospiraceae-UCG_005, Oscillospiraceae-UCG_002, and

Eubacterium_ruminantium_group were all negatively correlated

with (-)-caryophyllene oxide and glycerophospho-N-palmitoyl

ethanolamine, and positively correlated with 1-(4-methyl-2-

morpholino-1,3-thiazol-5-yl) ethan-1-one. The abundance

of (-)-caryophyllene oxide and glycerophospho-N-palmitoyl

ethanolamine, which have been identified as metabolites with

potential benefits in anti-inflammatory responses, was decreased

in FC patients (Park et al., 2011; Li et al., 2021; Su et al., 2022).

Conversely, the concentration of 1-(4-methyl-2-morpholino-1,3-

thiazol-5-yl) ethan-1-one was observed to be elevated in the FC

group. Despite the limited research on 1-(4-methyl-2-morpholino-

1,3-thiazol-5-yl) ethan-1-one, our findings indicate its significant

negative association with CSBMs and PAC-QOL. This suggests

a potential interaction between 1-(4-methyl-2-morpholino-1,3-

thiazol-5-yl) ethan-1-one and the gut microbiome, which may

influence both the physiological functioning of the intestinal tract

and the psychological wellbeing of patients.

In summary, our study found a complex and close relationship

between significantly differential genera and metabolites. These

altered genera and metabolites were reported to be related to

inflammatory reactions; therefore, we speculated that these genera

and their related metabolic profiles might mediate the occurrence

of intestinal inflammation, affecting the integrity of intestinal

mucosa and intestinal contractile function, thus resulting in FC.

Biliverdin can reduce the release of pro-inflammatory factors in

the gut of septic rats and improve intestinal contractility (Nakao

et al., 2004). Besides, research has reported that biliverdin can

be used in inflammatory bowel disease (Berberat et al., 2005).

Therefore, biliverdin has the potential to be another therapy for

FC by regulating intestinal microbiota and improving the relief of

inflammatory reactions in the gut. However, this hypothesis still

needs to be verified in future large-sample studies. Additionally,

(-)-caryophyllene oxide, glycerophospho-N-palmitoyl

ethanolamine, N-[4-(diethylamino)phenyl]-N’-phenylurea,

and 1-(4-methyl-2-morpholino-1,3-thiazol-5-yl)ethan-1-one are

the most correlated metabolites in the correlation network and

might exert a more comprehensive and extensive regulation

on the disordered gut microbiota, which are also worth

further exploration.

Despite the rigorous adherence to scheduling and

implementation in this clinical trial, there were several limitations

in this study. Due to the small sample size, the results may be

limited for generalization; thus, trials with larger sample sizes

are required to verify the suggested associations. Besides, it is

well-known that the composition of gut microbiota varies across

different age groups. However, the sample size of our research was

not sufficient to conduct in-depth research on the differences in the

gut microbiota related to aging. Therefore, exploring the changes

in the gut microbiota of FC patients at different ages is one of the

feasible research directions that may improve clinical treatment.

Moreover, it is worth mentioning that we did not confirm the

causal relationship between the gut microbiota, metabolites, and

clinical parameters in this research, and more studies are needed to

further explore this in the future.

Conclusion

In conclusion, our research demonstrates the characteristics

of the gut microbiota and metabolic profiles in FC patients.

Investigating the underlying mechanism of FC can yield valuable

insights for the improvement of FC treatment strategies. Future
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research should aim to validate the interaction between the

gut microbiota and metabolites in the development of FC.

These endeavors may facilitate the discovery of novel therapeutic

interventions for individuals affected by FC.
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Cold stress is a significant environmental stimulus that negatively affects the

health, production, and welfare of animals and birds. However, the specific

effects of cold stimulation combined with lipopolysaccharide (LPS) on the mouse

intestine remain poorly understood. Therefore, we designed this research to

explore the effect of cold stimulation + LPS on mice intestine via microbiome

and microbiota sequencing. Forty-eight mice were randomly divided into four

experimental groups (n = 12): Control (CC), LPS-induced (CL), cold normal

saline-induced (MC) and LPS + cold normal saline-induced (ML). Our results

showed body weight was similar among different groups of mice. However,

the body weight of mice in groups CC and CL were slightly higher compared

to those in groups MC and ML. The results of gene expressions reflected that

CL and ML exposure caused gut injury and barrier dysfunction, as evident by

decreased ZO-1, OCCLUDIN (P < 0.01), and CASPASE-1 (P < 0.01) expression in

the intestine of mice. Moreover, we found that cold stress induced oxidative stress

in LPS-challenged mice by increasing malondialdehyde (MDA) accumulation and

decreasing the antioxidant capacity [glutathione peroxidase (GSH-Px), superoxide

dismutase (SOD), total and antioxidant capacity (T-AOC)]. The cold stress

promoted inflammatory response by increased IL-1β in mice treated with cold

normal saline + LPS. Whereas, microbiome sequencing revealed differential

abundance in four phyla and 24 genera among the mouse groups. Metabolism

analysis demonstrated the presence of 4,320 metabolites in mice, with 43

up-regulated and 19 down-regulated in CC vs. MC animals, as well as 1,046

up-regulated and 428 down-regulated in ML vs. CL animals. It is Concluded

that cold stress enhances intestinal damage by disrupting the balance of

gut microbiota and metabolites, while our findings contribute in improving

management practices of livestock in during cold seasons.
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Introduction

Cold stress is an important environmental stimulation factor to
animals and human beings in cold regions and during wintertime
in other regions, which bring negative effects on health, production
and welfare of animals and birds (Wei et al., 2018; Liu et al.,
2022). Previous studies found that cold stimulation effect the
productivity, oxidative resistance and immune dysfunction (Li
et al., 2020; Liu et al., 2022). The enteric canal is a useful organ
for nutrient absorption and regulation of immune function (Lee
et al., 2018), and this organ is sensitive to stressors like cold
stimulation, which cause inflammation reactions, oxidative stress,
and intestinal injury in animals (Fu et al., 2013; Zhao et al., 2013).
Many intestinal pathogens are related to stress like inflammatory
bowel disease and injury (Lee et al., 2018). Water is important
for body health and physiological activities, but it is reported that
weaned piglets drinking warm (30◦C) water has a better feed-to-
weight ratio than those drinking cold (13◦C) water (Zhang et al.,
2020), which implied that low-temperature drinking water is a cold
stress factor. Lipopolysaccharide (LPS) is a pathogenic component
derived from gram-negative bacteria, which produce an immune
response and lead to injury through oxidative damage (Meng et al.,
2022). LPS is widely used to induce enteric canal inflammation
and oxidative damage in different animals (Hassan et al., 2021;
Feng et al., 2023).

Gut microbiota comprises of trillions of microorganisms,
such as archaea, parasites, fungi, viruses, and bacteria (Naibaho
et al., 2021; Ruigrok et al., 2023). These microorganisms
contribute to the absorption and metabolism of nutrition, protect
against pathogens, and is helpful to develop host’s immune
system (Nishida et al., 2018). Gut dysbiosis is commonly
linked with intestinal diseases like irritable bowel syndrome
(Nishino et al., 2018), inflammatory bowel disease (Matsuoka
and Kanai, 2015), and salmonellosis (Aljahdali et al., 2020).
Previous studies have confirmed an intestinal imbalance in
LPS-induced animals (Chen et al., 2022; Ruan et al., 2022;
Wang et al., 2022).

Lipopolysaccharide is known as a major activator of the
inflammatory response, it binds to toll-like receptor 4 (TLR4),
activates nuclear factor kappa B (NF-κB) and enhances the
inflammation through the production of pro-inflammatory
cytokines and injury to endothelial cells (Joo et al., 2016). In rat
and rabbit animal models, LPS-induced systemic inflammation
is depend on several factors including ambient temperature and
LPS dose (Romanovsky et al., 2005). At a low temperature (cold
stress), low doses of LPS causes fever and several sequential,
while at neutral temperature even high doses of LPS cause low
fever and less detrimental effects (Romanovsky et al., 2005;
Rudaya et al., 2005).

Thus, we hypothesized that exposure to cold temperature
is a factor that aggravates inflammation. To evaluate this
hypothesis, we investigated the effect of cold stress on the
severity of inflammatory responses due to LPS in mouse
model. Therefore, we examined the impact of cold stress
and LPS on the mouse intestine via microbiome and
microbiota sequencing.

Materials and methods

Animals, experimental design and sample
collection

A total of 48 four-week-old ICR mice (24 males and 24
females) with a middle weight of 18 ± 2.2 g was purchased
from Qinglongshan Animal Breeding (Nanjing, China). After 3-
day of acclimatization period, mice were randomly divided into
four groups: control group (CC), LPS-induced group (CL), cold
normal saline-induced group (MC), and LPS + cold normal saline-
induced group (ML) as shown in Figure 1. Mice in group CC and
CL were administered room temperature normal saline (25◦C) by
gavage from day 4th to 31st, while LPS was administered only in
CL group on 32nd day. Whereas, mice in group MC and ML were
administered cold normal saline (4◦C) at a dosage of 0.5 mL per
mouse every 2 h for four times daily to induce cold stress from day
4th to 31st, while LPS was administered only in ML group on 32nd
day. On day 32nd, mice in groups CL and ML were infected with
20 mg/kg LPS (Solarbio life science, China) according to previous
study (Chen et al., 2022). All the groups were kept and reared on
same ambient temperature at 25◦C throughout the experimental
period from day 1st to 32nd. After 1-day of LPS administration
on 33rd day, the mice in all the groups were euthanized to collect
serum, heart, liver, kidney, lung, spleen, stomach, jejunum, ileum,
cecum, colon, and rectum. The mice were provided the Pellet diet
and water ad libitum throughout the experimental, and daily body
weights and diarrhea were also recorded.

Hematoxylin and eosin staining

Tissue samples including the spleen, stomach, jejunum, ileum,
cecum, and colon, were collected from mice of all the groups
and fixed in 4% paraformaldehyde for 24 h and subjected to
H&E staining. The tissues fixed in the formalin were processed
further to observe the histopathological lesions by following
the routinely used procedures like dehydrations, embedding,
sectioning, mounting and staining. Thick sections of the tissues
about 4–5 µm were cut and stained by the Hematoxylin and Eosin
staining techniques. The histological sections were examined using
a CX23 microscope (Olympus Co., Tokyo, Japan). The villus height
and crypt depth of each selected mouse were measured following
the methods described by Chen et al. (2022).

Antioxidant indexes, NO, and cytokine
levels examination

The serums obtained from mice were kept at −20◦C for
further assays. For the antioxidant capacity indexes, superoxide
dismutase, glutathione peroxidase, total anti-oxidation capacity,
NO, and malondialdehyde were measured using commercially
available kits following the manufacturer’s instructions (Nanjing
Jiancheng Bioengineering Research Institute Co., Ltd., China).
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FIGURE 1

Research design diagram of the present experiment.

Tumor necrosis factor (TNF-α), interleukin 1 beta (IL-1β),
interleukin-6 (IL-6) and IL-10 were detected in the blood serum
of mice through specific kits (Solarbio life science, China).

Gut microbiome analysis

Mice rectums of all the groups (CC, CL, MC, and ML)
were used to extract genomic DNA (gDNA) by employing
the GenEluteTM Microbiome DNA Purification Kit (Sigma-
Aldrich, Germany), following the manufacturers instructions. The
concentration and integrity of the DNA products were surveyed
via NanoDrop 2000 spectrophotometer (Thermo Scientific, USA)
and agarose gel electrophoresis. The targeting regions of the
microbial 16S rRNA (V3-V4) gene were amplified using the
forward primer 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and
the reverse primer 806R (5′-GGACTACHVGGGTWTCTAAT-
3′). Subsequently, amplicon sequencing of the ICR animals was
conducted using the Illumina platform at Bioyi Biotechnology Co.,
Ltd., as described in previous studies (Chen et al., 2022; Dong et al.,
2023). Following sequencing, Trimmomatic, Cutadapt, QIIME2,
and DADA2 were utilized to generate accurate and reliable data
for subsequent bioinformatic analysis (Edgar, 2013; Callahan et al.,
2016; Bolyen et al., 2019). High-quality sequences with a similarity
threshold of 97% were clustered into operational taxonomic units
(OTUs) using USEARCH (Edgar, 2013) and assigned taxonomic
annotations by aligning them with the SILVA database (Bolyen
et al., 2019). A Venn map was constructed to identify the shared
OTUs among the groups following the previous method (Chen
and Boutros, 2011). The annotation of the microbial communities
was visually displayed using KRONA software as outlined by
Ondov et al. (2011). Alpha diversity metrics, including Chao1,
Ace, Shannon, Simpson, and PD_whole_tree, were calculated to
assess the individual microbial diversity. Beta diversity analysis,
including Principal Component Analysis, Principal Coordinates

Analysis, Non-Metric Multi-Dimensional Scaling, Unweighted
Pair-group Method with Arithmetic Mean, and heat maps were
performed to examine the variation in microbial communities
across samples. These analyses were carried out using QIIME2
and R software as described by Bolyen et al. (2019). To uncover
distinctive bacteria among the groups, we utilized various statistical
methods and tools including analysis of variance, Wilcoxon rank-
sum test, ternary phase diagram, Linear discriminant analysis
Effect Size, Metastats, and statistical analysis of Metagenomic
Profiles (White et al., 2009; Segata et al., 2011; Parks et al., 2014).
Network analysis was performed using R to explore potential
correlations among bacterial taxa. Additionally, the prediction of
microbiota functional potential was conducted using PICRUSt2,
targeting the Kyoto Encyclopedia of Genes and Genomes and
Cluster of Orthologous Groups databases (Kanehisa and Goto,
2000; Langille et al., 2013).

Metabolomics analysis

Metabolites from rectum samples (n = 6) of each group
were extracted and subjected to metabolomics analysis via LC/MS
(Dunn et al., 2011; Wang et al., 2016). Raw data processing and
annotation were performed using MassLynx and Progenesis QI
software (Wang et al., 2016). Spearman rank correlation and PCA
were conducted to ensure the validity of current results. The
annotation of metabolites was carried out using the KEGG, HMDB,
and Lipidmaps databases (Fahy et al., 2007; Wishart et al., 2018).

Venn diagrams, PCA, and OPLS-DA were performed to
investigate the variation between and within the groups (Chen
et al., 2020). Remarkable differences in metabolomics among the
mice groups were identified based on the variable importance in
projection (VIP) values (>1) combined with statistical significance
(P < 0.05). The differential metabolomics was described using
multiple methods, including bar charts illustrating fold differences,
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volcano plots, cluster heatmaps, correlation graphs, z-score
diagrams, radar charts and violin plots.

qRT-PCR analysis

RNA extraction was performed from jejunum and ileum
tissues of all the animals using Trizol reagent (Life Technologies,
USA), and then the quality and quantity of RNA products were
inspected via gel electrophoresis and Nanodrop 2000 (Thermo
Fisher Scientific, China). The cDNA synthesis was carried out using
InvitrogenTM kits (Thermo Fisher Scientific, USA), followed by RT-
PCR analysis using 2X SYBR Green Fast qPCR Mix (ABclonal,
China). The analysis was conducted using the StepOnePlusTM

RT-PCR System (Applied Biosystems, USA). Three independently
repeated reactions were performed for each mouse sample, and the
relative quantification of genes was determined by using 2−11CT

method. The primers information is shown in Table 1.

Statistical analysis

Analysis of variance (ANOVA) and Student’s t-test were
employed to analyze the data. The statistical analysis was conducted
using IBM SPSS software (version 26.0). The data are presented as
means ± standard deviation (SD), and P < 0.05 was considered
statistically significant.

Results

The effects of LPS on mice body weights,
organ indexes, and intestines damage

Similar body weight was observed in mice among all the
experimental groups. However, the mice in groups CC and
CL had slightly higher body weights compared to the mice
in groups MC and ML (Figure 2A) but the difference is
not significant (P > 0.05). Similarly, there was no prominent

difference (P > 0.05) in the organ index between mouse
groups (Figure 2B). Histopathological analysis revealed that LPS
administration in groups CL and ML severely damaged the
integrity of intestinal villi and gastric epithelium. The villus length
was obviously shorter (p < 0.05) and crypt depth was observably
longer (p < 0.05) in these mice, especially in animals in ML
(Supplementary Figure 1).

Additionally, the spleens of LPS-induced mice showed enlarged
red pulps and increased leukomonocytes (Figure 3).

The effects of cold normal saline stress
on LPS induced mice on antioxidant
indexes, NO and cytokine levels in serum

The antioxidant indexes, including T-AOC, GSH-Px, and
SOD were significantly (P < 0.05) lower in mice challenged
with LPS and prolonged cold stress exposure compared with
other groups. Conversely, the MDA level was markedly higher
(P < 0.01) in mice particularly in the group treated with
cold normal saline + LPS. Whereas, the level of nitric oxide
(NO) and interleukin-10 (IL-10) were examined in different
groups but the differences were non-significant (P > 0.05)
in all the groups. However, the cytokines TNF-α and IL-6
(P < 0.01) were expressed higher significantly (P < 0.05) in
mice challenged with LPS and prolonged cold stress exposure
compared with other groups. Furthermore, IL-1β level was
similar between groups CC and CL, but it was significantly
(P < 0.05) elevated in mice treated with cold normal saline + LPS
(Figure 4).

The effects of cold normal saline stress
on LPS induced mice on related genes’
expressions

The expression levels of ZO-1, OCCLUDIN, and CLAUDIN
in the jejunum were significantly (P < 0.05) decreased in mice
challenged with LPS and cold stress as compared to other groups.

FIGURE 2

Effects of LPS on mice body weights (A) and organ indexes (B). Scale bar 50 µm. Data were presented as the mean ± SEM (n = 3).
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FIGURE 3

LPS caused damages in intestines, stomach and spleen in mice.

FIGURE 4

The effects of LPS on antioxidant indexes, NO and cytokine levels in serum. Significance is presented as *p < 0.05, **p < 0.01, ***p < 0.001, and
****p < 0.0001; data are presented as the mean ± SEM (n = 6).

Conversely, the expression levels of CASPASE-1 and NLRP3
were significantly increased (P < 0.05) in CL and ML groups
compared with CC and MC groups (Figure 5A). Similar results
were observed in the ileum in which ZO-1, OCCLUDIN and
CLAUDIN expressions were significantly (P < 0.05) decreased
in CL and ML groups compared with CC and MC groups.
Whereas, the expression levels of CASPASE-1 and NLRP3 were
significantly increased (P < 0.05) in mice challenged with LPS and
prolonged cold stress exposure as compared to CC and MC groups
(Figure 5B).

The effects of LPS on the structure and
diversity of animal gut microbiota

A total of 1,781,514 and 1,775,898 raw and clean reads,
respectively were obtained from the current mice samples. Each
group had more than 75,339, 48,262, 49,246, and 60,260 non-
chimeric reads (Table 2). The number of data reads in group
MC was noticeably (P < 0.05) lower compared to the CC group
(Figure 6A). In total, 9,228 operational taxonomic units (OTUs)
were identified in the mice, with 246 OTUs shared among the
groups. Group CL shared 434 to 486 OTUs, while group ML shared
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FIGURE 5

Relative expression analysis of ZO-1, Occludin, Claudin, Caspase-1 and NLRP3 via qRT-PCR, (A) jejunum, (B) ileum. Significance is presented as
*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001; data are presented as the mean ± SEM (n = 3).

TABLE 1 Primers used in the present study.

Genes Primer sequence Product size (bp) Tm (◦C)

Occludin F: 5′–TGCTTCATCGCTTCCTTAGTAA–3′

R: 5′–GGGTTCACTCCCATTATGTACA–3′
155 54

ZO-1 F:5′– CTGGTGAAGTCTCGGAAAAATG–3′

R: 5′–CATCTCTTGCTGCCAAACTATC–3′
97 54

NLRP3 F: 5′–CATCAATGCTGCTTCGACAT–3′

R: 5′–TCAGTCCCACACACAGCAAT–3′
118 56

CLAUDIN F: 5′–AGATACAGTGCAAAGTCTTCGA–3′

R:5′– CAGGATGCCAATTACCATCAAG–3′
86 54

CASPASE-1 F: 5′–TGCCCTCATTATCTGCAACA–3′

R: 5′–GATCCTCCAGCAGCAACTTC–3′
95 56

B-ACTIN F:5′– CTACCTCATGAAGATCCTGACC–3′

R: 5′–CACAGCTTCTCTTTGATGTCAC–3′
90 54

459 to 518 OTUs with the other groups (Figure 6B). Alpha diversity
analysis indicated that Shannon (P < 0.05) and Simpson (P < 0.05)
indices in ML were memorably lower than those in MC (Table 3;

Figure 6C). Beta diversity analysis showed that the samples in
groups MC, CL, and ML clustered closely together on PCA. The
distance between groups CC and MC was short based on PCoA,
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TABLE 2 Statistical analysis of mouse samples sequencing data.

Sample ID Raw reads Clean reads Denoised reads Merged reads Non-chimeric reads

CC1 76,318 76,123 75,965 75,831 75,339

CC2 79,710 79,546 79,475 79,303 78,613

CC3 79,832 79,616 79,578 79,366 79,162

CC4 77,558 77,319 77,215 77,014 76,930

CC5 79,901 79,684 79,532 79,277 79,101

CC6 80,020 79,836 79,786 79,539 79,337

CL1 79,896 79,677 79,665 79,642 79,598

CL2 79,979 79,759 79,562 79,207 78,628

CL3 79,762 79,572 79,442 78,964 77,710

CL4 78,135 77,868 77,722 77,692 77,198

CL5 48,593 48,397 48,317 48,283 48,262

CL6 75,015 74,752 74,608 74,581 74,351

MC1 69,957 69,784 69,717 69,510 69,293

MC2 49,502 49,343 49,332 49,248 49,246

MC3 79,983 79,724 79,614 79,486 79,179

MC4 60,134 59,844 59,775 59,576 58,688

MC5 57,577 57,410 57,218 57,083 56,915

MC6 79,811 79,609 79,548 79,459 79,417

ML1 68,956 68,759 68,704 68,659 68,575

ML2 80,034 79,783 79,615 79,425 79,139

ML3 69,063 68,761 68,676 68,581 68,439

ML4 71,884 71,593 71,344 71,308 71,240

ML5 60,568 60,321 60,288 60,277 60,260

ML6 119,326 118,818 118,780 118,552 118,308

FIGURE 6

Effects of LPS on the structure and diversity of animal gut microbiota. (A) Sequencing data statistical analysis, (B) Length distribution of sequencing
data, (C) Rank abundance curve, (D) Alpha diversity index analysis. Significance is presented as *p < 0.05, **p < 0.01, ***p < 0.001, and
****p < 0.0001; data are presented as the mean ± SEM (n = 6).

Frontiers in Microbiology 07 frontiersin.org204

https://doi.org/10.3389/fmicb.2023.1256748
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/


fmicb-14-1256748 December 8, 2023 Time: 14:59 # 8

Li et al. 10.3389/fmicb.2023.1256748

TABLE 3 Statistical analysis of Alpha diversity index.

Sample Feature ACE Chao1 Simpson Shannon PD_whole_tree Coverage

CC1 627 629.1382 627.4912 0.9033 6.0561 99.0368 0.9999

CC2 485 486.3673 485.0938 0.9778 6.576 44.2971 0.9999

CC3 547 553.6486 549.7755 0.6798 3.7706 146.8667 0.9998

CC4 955 959.9665 955.6791 0.8934 5.6838 238.9361 0.9998

CC5 1061 1064.7711 1061.7258 0.9034 6.7134 157.1504 0.9999

CC6 517 520.0825 517.56 0.9772 6.8684 34.4298 0.9999

CL1 127 131.8703 128.2 0.4822 1.8885 26.0812 0.9999

CL2 1822 1823.9508 1822.1186 0.8838 6.2684 155.4129 0.9999

CL3 601 602.635 601.0971 0.9508 6.315 35.2559 0.9999

CL4 375 377.0643 375.5 0.9611 5.9666 54.0704 0.9999

CL5 304 304.5632 304.0435 0.7741 4.2534 72.4377 1

CL6 339 339.9516 339.375 0.9157 5.0324 56.0789 0.9999

MC1 589 591.3971 589.5385 0.9733 6.7646 106.8593 0.9999

MC2 350 350.6995 350.1765 0.9668 6.0784 53.4059 0.9999

MC3 728 736.0014 729.6132 0.9773 6.9336 242.2064 0.9998

MC4 439 439.3646 439 0.9374 5.2844 30.5536 1

MC5 594 595.7274 594.4773 0.9601 6.4219 83.3632 0.9999

MC6 569 571.886 569.3218 0.9094 4.9192 205.6026 0.9999

ML1 406 408.5056 406.6222 0.7965 4.1665 87.3503 0.9999

ML2 514 514.5357 514.0323 0.9729 6.6193 49.4554 1

ML3 393 393.525 393.0357 0.7429 4.5134 48.9056 1

ML4 332 333.5886 332.2857 0.8489 4.9739 44.7464 0.9999

ML5 216 217.5451 217.1538 0.7749 3.8148 48.7069 0.9999

ML6 705 708.6438 707.0192 0.6129 3.0064 163.7069 0.9999

while groups CL and ML were close to each other based on NMDS
(Figure 6D).

The effect of LPS on intestinal microbiota
in different taxa

At the phylum level, the ruling phyla in CC mice
were Firmicutes (53.53%), Campylobacterota (20.01%), and
Bacteroidota (12.91%), the ruling phyla in MC mice were
Firmicutes (59.70%), Bacteroidota (11.6%) and Proteobacteria
(9.96%), in CL animals were Proteobacteria (38.02%), Firmicutes
(27.58%) and Bacteroidota (16.41%), while ruling phyla in ML
animals were Proteobacteria (40.05%), Bacteroidota (19.40%)
and Firmicutes (18.35%) (Figure 7A and Table 4). At the
class level, the top three most abundant classes were Clostridia
(32.23%), Bacilli (20.90%) and Campylobacteria (20.24%) in
group CC, Gammaproteobacteria (36.90%), Bacilli (17.59%)
and Bacteroidia (16.57%) in group CL, Clostridia (33.18%),
Bacilli (26.2%) and Bacteroidia (11.19%) in group MC, while
Gamma proteobacteria (42.66%), Bacteroidia (17.52%) and
Campylobacteria (12.9%) in group ML (Figure 7B). At the
order level, the main orders in group CC were Lachnospirales
(25.56%), Campylobacterales (20.24%) and Lactobacillales

(16.66%), in group CL were Enterobacterales (35.71%),
Bacteroidales (16.32%) and Lactobacillales (12.73%), in group
MC were Lachnospirales (24.62%), Lactobacillales (20.68%) and
Bacteroidales (11.03%), and in group ML were Enterobacterales
(41.02%), Bacteroidales (17.84%) and Campylobacterales (12.90%)
(Figure 7C). At the family level, Lachnospiraceae (25.56%),
Helicobacteraceae (20.21%) and Lactobacillaceae (16.19%) were
mainly found in CC animals, Enterobacteriaceae (32.39%),
Lactobacillaceae (10.28%) and Lachnospiraceae (8.78%) were
primary families in CL mice, Lachnospiraceae (24.61%),
Lactobacillaceae (18.61%) and Helicobacteraceae (7.66%)
were mainly detected in MC animals, and Enterobacteriaceae
(38.44%), Helicobacteraceae (12.90%) and Lactobacillaceae
(5.12%) were principally examined in ML mice (Figure 7D). At
the genus level, the staple genera were Helicobacter (20.21%),
Lactobacillus (15.34%) and Lachnospiraceae_NK4A136_group
(13.30%) in CC mice, Escherichia_Shigella (30.88%),
Helicobacter (7.60%) and Bacteroides (5.91%) in CL animals,
Lactobacillus (16.39%), unclassified_Lachnospiraceae (12.04%)
and Lachnospiraceae_NK4A136_group (9.19%) in MC
mice, Escherichia_Shigella (38.39%), Helicobacter (12.90%)
and unclassified_Muribaculaceae (6.97%) in CL animals
(Figure 7E). At species level, unclassified_Helicobacter (20.21%),
unclassified_Lachnospiraceae_NK4A136_group (11.35%) and
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FIGURE 7

The effect of LPS on intestine microbiota in different taxa. (A) Phylum, (B) Class, (C) Order, (D) Family, (E) Genus, and (F) Species.

unclassified_Lactobacillus (9.30%) were mainly uncovered
in mice in CC group, unclassified_Escherichia_Shigella
(30.88%), unclassified_Helicobacter (6.75%) and
unclassified_Bacteroides (5.28%) were revealed
in mice in CL group, unclassified_Lactobacillus
(13.38%), unclassified_Lachnospiraceae (11.82%) and
unclassified_Lachnospiraceae_NK4A136_group (8.97%) were
tested in mice in MC group, while unclassified_Escherichia_Shigella
(38.39%), unclassified_Helicobacter (12.05%) and
unclassified_Muribaculaceae (6.97%) were examined
in mice in group ML (Figure 7F). Phylogenetic tree
distribution analysis to top 80 abundant OTUs found that
the abundance of g__Lachnospiraceae_NK4A136_group
(ASV39), s__uncultured_Clostridiales_bacterium
(ASV29), g__Lachnospiraceae_NK4A136_group (ASV9),
g__Lachnospiraceae_NK4A136_group (ASV75),
f__Lachnospiraceae (ASV52), s__Lachnospiraceae_bacterium_
DW59 (ASV77), g__Roseburia (ASV57), g__Anaerotruncus
(ASV33), g__Candidatus_Arthromitus (ASV56),
s__Lactobacillus_intestinalis (ASV7), g__Helicobacter (ASV5),
g__Helicobacter (ASV38), g__Helicobacter (ASV24) and
Alloprevotella (ASV36) decreased, especially in LPS induced mice,
while g__Enterococcus (ASV67), g__Ligilactobacillus (ASV6),
g__Ligilactobacillus (ASV64), s__Malacoplasma_muris (ASV18),
s__Mucispirillum_sp._69 (ASV14), g__Mucispirillum (ASV12),
g__Rodentibacter (ASV17), g__Escherichia_Shigella (ASV22),
g__Escherichia_Shigella (ASV23), g__Escherichia_Shigella
(ASV1), g__Helicobacter (ASV4), s__Helicobacter_ganmani
(ASV40), g__Parabacteroides (ASV26), f__Muribaculaceae
(ASV42), f__Muribaculaceae (ASV70), f__Muribaculaceae
(ASV61), f__Muribaculaceae (ASV43), g__Bacteroides (ASV20),
g__Bacteroides (ASV30), g__Bacteroides (ASV63), g__Bacteroides

(ASV41) and g__Bacteroides (ASV74) increased in LPS
challenged animals (Figure 8A). Krona species annotation
showed that the main genera were unclassified__Helicobacter
(20%), unclassified__Lachnospiraceae_NK4A136_group
(11%), unclassified__Lachnospiraceae (9%)
and unclassified__Lactobacillus (9%) in CC
mice, unclassified__Escherichia_Shigella (31%),
unclassified__Helicobacter (7%), unclassified__Bacteroides (5%),
unclassified__Muribaculaceae (5%), unclassified__Ligilactobacillus
(5%) and unclassified__Lactobacillus (5%) in
mice in CL, and unclassified__Escherichia_Shigella
(38%), unclassified__Helicobacter (12%) and
unclassified__Muribaculaceae (7%) (Figure 8B).

Marker bacteria in microbiota of mice
among different groups

We first performed LEfSe analysis and found
that o__Enterobacterales, C__Gammaproteobacteria,
p__Proteobacteria, f__Enterobacteriaceae,
s__unclassified_Escherichia_Shigella, g__Escherichia_Shigella,
p__Firmicutes, c__Clostridia, o__Oscillospirales,
f__Oscillospiraceae, s__unclassified_Bacteroides and
g__Lachnospiraceae_NK4A136_group were biomakers in mice
(Figure 9).

Then we used metastats analysis and revealed that compared
with CC mice, the abundance of UCG_005 (P < 0.001),
Family_XIII_001 (P < 0.05), UBA1819 (P < 0.05), Parasutterella
(P < 0.05), Intestinimonas (P < 0.05) and Pantoea (P < 0.05)
were lower in MC mice, while Acetatifactor (P < 0.01),
Lactococcus (P < 0.01), Incertae_Sedis (P < 0.01), Atopostipes
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TABLE 4 Statistical analysis of reads in different taxa.

Sample Kingdom Phylum Class Order Family Genus Species

CC1 75,261 75,071 75,065 75,017 73,860 50,526 3,060

CC2 78,503 78,481 78,481 75,954 75,584 59,422 21,274

CC3 79,042 78,171 77,975 77,567 76,968 69,792 4,558

CC4 76,730 74,151 74,087 70,185 68,418 62,388 21,170

CC5 79,000 77,285 77,116 76,573 74,843 62,087 9,946

CC6 79,231 79,207 79,207 76,259 75,909 53,918 10,070

CL1 79,534 79,518 79,518 78,718 78,711 78,335 1,631

CL2 78,409 77,824 77,656 77,138 75,770 63,363 5,955

CL3 77,559 77,544 77,537 74,000 73,939 55,710 11,246

CL4 77,148 77,095 77,093 76,728 76,137 58,235 9,729

CL5 48,233 48,076 48,072 48,023 47,866 43,122 7,841

CL6 74,338 74,165 74,158 72,903 72,781 65,317 13,959

MC1 69,208 68,879 68,877 68,188 66,961 45,445 4,970

MC2 49,218 49,120 49,099 48,978 48,718 31,895 1,332

MC3 79,011 77,206 77,199 75,244 73,489 50,675 6,446

MC4 58,545 58,506 58,499 58,410 58,203 35,689 13,450

MC5 56,852 56,633 56,604 51,276 50,820 33,578 5,152

MC6 79,300 76,213 76,179 69,964 69,301 65,916 21,261

ML1 68,498 68,182 68,179 67,834 67,615 63,701 3,528

ML2 79,092 79,038 79,038 78,779 78,204 50,708 12,429

ML3 68,404 68,342 68,339 68,109 67,847 57,078 4,400

ML4 71,201 71,136 71,133 70,866 70,771 59,408 4,200

ML5 60,238 60,175 60,175 60,030 59,914 57,902 10,959

ML6 118,175 116,506 116,470 115,923 115,416 113,662 10,614

(P < 0.05), 2013Ark19i (P < 0.05), Blvii28_sludge_group
(P < 0.05), Candidatus_Caldatribacterium (P < 0.05), Comamonas
(P < 0.05), Ponticaulis (P < 0.05), Tepidisphaera (P < 0.05),
unclassified_11_24 (P < 0.05), unclassified_Euzebyaceae
(P < 0.05), unclassified_Halobacterota (P < 0.05) and
unclassified_Mariniliaceae (P < 0.05) were higher. The
abundance of Oscillibacter (P < 0.001), Peptococcus (P < 0.001),
Colidextribacter (P < 0.01), Family_XIII_001 (P < 0.01),
unclassified_Peptococcaceae (P < 0.01), Tyzzerella (P < 0.01),
Novosphingobium (P < 0.01), Candidatus_Arthromitus (P < 0.01),
Polynucleobacter (P < 0.05), Bacillus (P < 0.05), Serratia
(P < 0.05), UCG_005 (P < 0.05), unclassified_Enterobacteriaceae
(P < 0.05) and Pantoea (P < 0.05) were lower in group
CL, while Escherichia_Shigella (P < 0.01), Streptococcus
(P < 0.01), Enterococcus (P < 0.01), Bacteroides (P < 0.01),
Acetatifactor (P < 0.01) and Rodentibacter (P < 0.05)
were higher. Compared with mice in group CC, genera
of Peptococcus (P < 0.001), unclassified_Ruminococcaceae
(P < 0.001), Lachnospiraceae_UCG_001 (P < 0.001),
Roseburia (P < 0.01), Novosphingobium (P < 0.01),
Family_XIII_UCG_001 (P < 0.01), UCG_005 (P < 0.01),
Tyzzerella (P < 0.01), unclassified_Lachnospiraceae (P < 0.01),
unclassified_Comamonadaceae (P < 0.01), Oscillibacter
(P < 0.01), unclassified_Peptococcaceae (P < 0.01),

Colidextribacter (P < 0.01), unclassified_Cyanobacteriales
(P < 0.01) and Bacillus (P < 0.01) were lower in group
ML, while Escherichia_Shigella (P < 0.001), Providencia
(P < 0.01), Enterococcus (P < 0.01) and Staphylococcus
(P < 0.01) were higher. Whereas, compared with MC mice,
the abundance of unclassified_Peptococcaceae (P < 0.01),
Colidextribacter (P < 0.01), Incertae_Sedis (P < 0.01), Serralia
(P < 0.01), Oscillibacter (P < 0.01), Candidatus_Arthromitus
(P < 0.01), Chujaibacter (P < 0.05), Prevotella_7 (P < 0.05),
Candidatus_Saccharimonas (P < 0.05), Peptococcus (P < 0.05),
unclassified_Oscillospiraceae (P < 0.05), Runella (P < 0.05),
2013Ark19i (P < 0.05), Anaeromyxobacter (P < 0.05)
and Blvii28_wastewater_sludge_group (P < 0.05) were
lower in CL mice, while Escherichia_Shigella (P < 0.01),
Mucispirillum (P < 0.01), Erysipelatoclostridium (P < 0.01),
Bacteroides (P < 0.01), Parabacteroides (P < 0.05), were
higher. Similarly, compared with mice in group MC, the
abundance of RB41 (P < 0.001), unclassified_Peptococcaceae
(P < 0.01), unclassified_Sphingomonadaceae (P < 0.01),
Candidatus_Solibacter (P < 0.01), unclassified_Lachnospiraceae
(P < 0.01), Peptococcus (P < 0.01), Acetatifactor
(P < 0.05), Serratia (P < 0.05), Prevotella_7 (P < 0.05),
Sphingomonas (P < 0.05), Chujaibacter (P < 0.05),
unclassified_Sphingomonadaceae (P < 0.05), Prevotella (P < 0.05)
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FIGURE 8

Microbiota composition analysis of mouse gut microbiota. (A) Phylogenetic tree distribution map, (B) Krona species annotation diagram.

and unclassified_Gemmatimonadaceae (P < 0.05) were lower in
group ML, while Escherichia_Shigella (P < 0.001), Providencia
(P < 0.01), Enterorhabdus (P < 0.01), Yaniella (P < 0.05),
Bacteroides (P < 0.05) and UCG_005 (P < 0.05) were higher.
Compared with mice in CL group, the abundance of Streptococcus
(P < 0.01), Bacillus (P < 0.01), ASF356 (P < 0.05), Aclinospica
(P < 0.05), Aliidiomarina (P < 0.05), Asticcacaulis (P < 0.05),
BC19_17_termte_group (P < 0.05), Candidatus_Fritschea
(P < 0.05), Castellaniella (P < 0.05), Cytophaga (P < 0.05)
and Elusimicrobium (P < 0.05) were lower in ML mice, while
Staphylococcus (P < 0.01), Providencia (P < 0.01), Yaniella
(P < 0.01), Aeromonas (P < 0.01), Facklamia (P < 0.01),
uncultured_Muribaculaceae_bacterium (P < 0.05), Aerococcus
(P < 0.05), lgnavigranum (P < 0.05) and Jeotgalicoccus (P < 0.05)
were higher (Figure 10).

Likewise, we compared the abundance of bacteria among
the four groups at the phylum and genus levels. The results
showed that the phylum Deferribacterota was significantly
higher in CL mice compared to MC animals (P < 0.05).
Firmicutes was markedly lower in group CL (P < 0.05)
and ML (P < 0.05) compared to group MC, and it was
also significantly lower than that in group CC (P < 0.05).
Gemmatimonadota in ML animals was dramatically lower
compared to MC animals (P < 0.05). Proteobacteria in CL
mice showed a significantly higher abundance compared to
CC (P < 0.01) and MC (P < 0.05) animals, respectively.
Similar results were observed in ML mice, with a significantly
higher abundance of Proteobacteria in ML compared to CC
(P < 0.01) and MC (P < 0.05) (Figure 11A). At the genus
level, the abundance of Acetatifactor in CL mice was significantly

higher than in CC animals (P < 0.05). Candidatus_Solibacter
(P < 0.05) and unclassified_Sphingomonadaceae (P < 0.05)
in CL mice were notably higher compared to ML mice.
Colidextribacter in MC mice was significantly lower than that in
CC (P < 0.05) and CL (P < 0.05) animals. Erysipelatoclostridium
(P < 0.05) and Mucispirillum (P < 0.05) in MC animals was
markedly higher than that in CL mice. Escherichia_Shigella was
higher in MC animals than CC (P < 0.05) and CL mice
(P < 0.05). Similarly, this genus was obviously higher found
in group ML than groups CC (P < 0.01) and CL (P < 0.05).
Family_XIII_UCG_001 in group CC was higher than group MC
(P < 0.05) and ML (P < 0.05), respectively. Incertae_Sedis
(P < 0.05) and Serratia (P < 0.05) was significantly higher
in mice in CL than that in MC. Lachnospiraceae_UCG_001
(P < 0.05), Novosphingobium (P < 0.05), Roseburia (P < 0.05)
and unclassified_Comamonadaceae (P < 0.05) in CC mice was
notably higher than ML mice, respectively. Oscillibacter in CC
animals was significantly higher than MC (P < 0.01) and
ML (P < 0.05) groups. Peptococcus was discovered higher in
group CC than group MC (P < 0.05) and ML (P < 0.01).
Similarly, it was observably higher in CL mice than ML mice
(P < 0.05). Providencia was obviously higher in ML mice
than animals in other groups (P < 0.05). RB41 was higher
in CL groups than ML (P < 0.01). Tyzzerella in group CC
was higher than group MC (P < 0.05) and ML (P < 0.05).
Staphylococcus in mice in group ML was significantly higher
than it in group MC (P < 0.05), while Streptococcus in
mice in group ML was significantly lower than group MC
(P < 0.05). UCG_005 in mice in CC was markedly higher
than animals in group CL (P < 0.01) and ML (P < 0.05).
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FIGURE 9

Marker microbiota analysis of mice in different groups via LEfSe analysis.

The abundance of unclassified_Lachnospiraceae in group ML
was significantly lower than it in group CC (P < 0.05) and
CL (P < 0.05). Unclassified_Peptococcaceae in CC animals was

markedly higher than MC animals (P < 0.05), similarly it was
higher in CL mice than MC (P < 0.05) and ML (P < 0.05)
(Figure 11B).
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LPS changed microbiota function in mice
among different groups

Function prediction via Picrust2 showed that obviously
different functions of KEGG level of organismal systems
(P < 0.05), genetic information processing (P < 0.05) and
metabolism (P < 0.05) were examined between CC and

ML mice (Table 5). Phenotypic analysis bugbase revealed
that Contains_Mobile_Elements (P < 0.05), Gram_Negative
(P < 0.05) and Gram_Positive were observably higher in ML
mice, Facultatively_Anaerobic (P < 0.05), Potentially_Pathogenic
(P < 0.05) and Stress_Tolerant (P < 0.05) were significantly
higher in mice in CL and ML (Table 6). Tax4Fun analysis
found that glycan biosynthesis and metabolism (GBD)
(P < 0.01), circulatory system (P < 0.01), translation

FIGURE 10

Marker microbiota analysis of mice in different groups via metastats.

FIGURE 11

Distinguished microbiota analysis of mice in different groups. (A) Phylum, (B) Genus. Significance is presented as *p < 0.05, **p < 0.01; data are
presented as the mean ± SEM (n = 6).
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(P < 0.05), transcription (P < 0.05), folding, sorting and
degradation (FSD) (P < 0.05), replication and repair (RR)
(P < 0.05), and endocrine and metabolic diseases (EMDs)
in CL animals were obviously lower than mice in CC,
while metabolism of other amino acids (P < 0.05), cellular
community-prokaryotes (P < 0.05) and signal transduction
(P < 0.05) were significantly higher. Compared with mice
in group CC, metabolism of other amino acids (P < 0.01),
infectious diseases: bacterial (P < 0.05) and metabolism
of terpenoids and polyketides (P < 0.05) were observably
higher, while translation (P < 0.01), transcription (P < 0.05),

GBD (P < 0.05), FSD (P < 0.05), RR (P < 0.05), and
circulatory system (P < 0.05) were lower (Figure 12A).
FAPROTAX analysis showed that nitrate reduction (P < 0.05)
and chemoheterotrophy (P < 0.05) in CL and ML were
memorably lower than CC, while nitrate reduction (P < 0.01),
human pathogens all (P < 0.05), mammal gut (P < 0.05)
and human gut (P < 0.05) were significantly higher in
ML. Compared with animals in MC, nitrate reduction
(P < 0.01), human pathogens (P < 0.05) and mammal gut
(P < 0.05) were obviously higher in animals in ML group
(Figure 12B).

TABLE 5 Comparing KEGG level 1 function of mice microbiota in different groups via picrust2.

Class 1 CC MC CL ML

Organismal systems 1.29± 0.06 1.30± 0.04 1.35± 0.04 1.37± 0.05*

Cellular processes 3.73± 0.39 3.68± 0.61 3.44± 0.18 3.53± 0.24

Human diseases 2.77± 0.40 2.73± 0.25 2.96± 0.26 3.04± 0.22

Genetic information processing 8.84± 0.87 8.83± 1.34 7.93± 0.65 7.60± 0.63*

Environmental information processing 7.27± 0.83 7.45± 0.0.40 7.52± 0.86 7.33± 0.82

Metabolism 76.10± 0.63 76.00± 0.81 76.80± 0.97 77.13± 0.57*

Data are presented as the mean± std.dev (n = 6), significance is presented as *p < 0.05.

TABLE 6 Comparing phenotypic analysis of mice microbiota in different groups via bugbase prediction.

Phenotypes CC MC CL ML

Aerobic 37.76± 29.96 31.33± 14.09 21.06± 11.56 26.67± 20.41

Anaerobic 52.61± 33.35 59.77± 22.80 44.30± 20.85 38.31± 24.41

Contains_Mobile_Elements 0.32± 0.34a 1.58± 2.14a 23.67± 24.27a 23.04± 15.89b

Facultatively_Anaerobic 7.70± 9.35a 7.53± 9.23a 32.57± 20.47b 33.28± 21.12b

Forms_Biofilms 0.64± 0.70 0.42± 0.55 4.95± 7.71 0.94± 0.93

Gram_Negative 46.75± 27.30a 44.81± 26.25a 69.34± 16.51a 76.68± 8.18b

Gram_Positive 53.25± 27.30a 55.19± 26.25a 30.66± 16.51a 23.32± 8.18b

Potentially_Pathogenic 0.87± 0.86a 1.71± 2.14a 27.73± 21.69b 23.14± 15.91b

Stress_Tolerant 1.05± 1.05a 3.52± 3.67a 29.99± 20.34b 25.32± 16.90b

Data are presented as the mean± std.dev (n = 6), significance is presented as different letters when p < 0.05.

FIGURE 12

Potential Function prediction analysis of mouse microbiota. (A) Tax4Fun, (B) FAPROTAX.
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LPS and cold normal saline changed
metabolites in mice among different
groups

Out of 4,320 metabolites, 2,181 and 2,139 were in positive
and negative ion mode, respectively in mice in our study. Those
metabolites were mainly annotated to amino acid metabolism
and lipid metabolism via KEGG (Figure 13A), lipids and lipid-
like molecules and organic acids and derivatives via HMDB
(Figure 13B), and fatty acyls and glycerolipids via LIPID MAPS
(Figure 13C). Compared with CC mice, there were 43 up-regulated

and 19 down-regulated metabolites in MC animal, 410 up-
regulated and 968 down-regulated metabolites in CL animal,
while 213 up-regulated and 128 down-regulated metabolites in
CL animals. Compared with group MC, there were 205 up-
regulated and 792 down-regulated metabolites in CL animal,
whereas 182 up-regulated and 103 down-regulated metabolites
in ML animals. Compared with CL group, there were 1,046 up-
regulated and 428 down-regulated metabolites in ML animals
(Figure 14). Venn map showed that there were no shared
differential metabolites among mice groups (Figure 15). Z-score
analysis of top 30 differential metabolites in animals showed

FIGURE 13

Metabolites annotation of mice. (A) KEGG, (B) HMDB, and (C) LIPID MAPS.

FIGURE 14

Volcano plot of differential metabolites in mice.
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FIGURE 15

Venn map of differential metabolites among different mice groups.

that the abundance of metabolites in mice treated with ice-
cold normal saline decreased with red balls mainly distributed
in MC and ML sides, while LPS challenging could increase
the abundance of metabolites with more red balls in the CL
sides (Supplementary Figure 2). To further reveal the marker
metabolites between mice groups, we examined metabolites
between CC vs. MC and CC vs. ML. The results showed
that compared with mice in group CC, neg_3481 (P < 0.05),
neg_457 (P < 0.01), neg_7126 (P < 0.05), pos_771 (P < 0.05),
pos_715 (P < 0.05), neg_539 (P < 0.05), neg_4796 (P < 0.05),
pos_1504 (P < 0.05), pos_3391 (P < 0.05), neg_6883 (P < 0.05)
and pos_4916 (P < 0.05) were obviously higher in group MC
and ML, while neg_6324 (P < 0.05) and pos_783 (P < 0.05)
were significantly lower in group MC and ML. The abundance
of neg_6169 (P < 0.05) and neg_6271 (P < 0.05) were
observably lower in MC than CC, while higher in ML. The
abundance of neg_1751 (P < 0.01), neg_87 (P < 0.01), pos_699
(P < 0.05) and pos_4607 (P < 0.05) in MC were markedly
higher (P < 0.05) than CC, while lower in ML (Supplementary
Figure 3). Whereas, comparing of metabolites in mice in CC
indicated that 127 shared differential metabolites in group CL and
ML, with 94 lower abundant metabolites and 33 higher abundant
metabolites (Table 7).

Correlation analysis of gut microbiota
and inflammatory cytokines in mice

Correlation analysis showed that Enterococcus and
Escherichia_Shigella were both positively related to TNF-
α, IL-1β and IL-6, while Lachnospiraceae_UCG_001 and
unclassified_Lachnospiraceae were negatively related to
these inflammatory cytokines. Bacteroides was positively
related to TNF-α, Parateroides was positively related to
IL-10, TNF-α and IL-1β, and unclassified_Muribaculaceae

was positively related to IL-10, while Colidextribacter and
Lachnospiraceae_NK4A136_group were negatively related to
IL-1β and IL-6 (Supplementary Figure 4).

Discussion

During the winter period or in cold areas, cold water can
induce stress in animals. When it is combined with factors
such as feed supplements, social factors and environmental
stresses, it can significantly impair the function of the digestive
system in animals, and lead to growth performance disorders
(Yin et al., 2014; Oraby et al., 2021; Rehman et al., 2021).
In this study, we aimed to investigate the impact of cold
stimulus combined with LPS on mice. Our findings revealed
that the mice treated with cold normal saline exhibited a
slightly lower body weight. This observation is consistent
with previous studies conducted on pigs in which different
temperature water treatments influenced the body weight (Zhang
et al., 2020). Pathological analysis revealed that cold stress had
minimal impact on the integrity of intestinal villi and gastric
epithelium, while LPS significantly destroyed the villi. These
findings are congrant with previous studies conducted on cold-
stressed broilers (Su et al., 2018) and LPS-challenged hens
(Feng et al., 2023).

Furthermore, the cytokines TNF-α and IL-6 were significantly
more expressed in mice challenged with LPS and cold normal saline
stress compared to other groups. Whereas, IL-1β level was similar
between groups CC and CL, but it was significantly elevated in
mice treated with cold normal saline + LPS. Previous study reported
that chronic cold exposure upregulated IL6 and TNFα level in the
blood of mice (Bal et al., 2017). Our findings are in line with their
results in which cold normal saline stress increase the expression of
TNF-α and IL-6.
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TABLE 7 Comparing of differential metabolites among
different mice groups.

ID CC CL ML

neg_1198 33.07± 17.46a 135.20± 74.40b 72.99± 28.02b

neg_1556 3836.96± 315.62b 2990.18± 622.50a 2987.65± 661.52a

neg_1598 6562.27± 3649.38b 1409.85± 958.93a 1897.95± 959.68a

neg_1683 164.84± 87.20b 35.87± 23.49a 31.38± 21.59a

neg_1745 127.60± 27.63c 50.20± 27.30a 82.88± 13.63b

neg_1751 27.41± 12.37b 8.13± 7.14a 9.98± 7.01a

neg_1790 213.76± 19.45c 75.04± 17.08a 126.06± 10.16b

neg_1819 33.69± 31.76a 82.37± 26.70b 217.30± 142.44b

neg_1830 758.31± 184.44b 391.08± 172.60a 396.48± 122.24a

neg_2058 11.35± 9.14a 28.81± 10.51b 40.49± 22.07b

neg_2088 6140.61± 2537.07b 2008.73± 470.76a 2125.20± 798.61a

neg_2352 754.67± 1084.69a 3595.94± 1739.60b 3417.12± 2193.03b

neg_3041 161.69± 62.16b 77.94± 39.70a 241.30± 46.43c

neg_3305 738.85± 111.02b 458.96± 129.22a 462.15± 96.80a

neg_335 194.08± 29.05b 86.22± 26.31a 120.24± 25.24a

neg_336 273.50± 108.99b 44.32± 25.33a 117.69± 79.59a

neg_3439 105.94± 140.46a 493.43± 238.22b 320.37± 124.28b

neg_3667 4.79± 9.70a 68.50± 48.74b 71.84± 26.57b

neg_3765 1514.62± 509.87b 530.18± 192.89a 812.15± 258.59a

neg_3801 24414.46± 8231.70b 9737.90± 5857.18a 12475.74± 5106.68a

neg_381 520.97± 131.36c 89.03± 19.11a 218.78± 90.63b

neg_3954 23780.12± 7905.96c 8040.20± 4143.39a 13795.74± 2672.11b

neg_406 17735.61± 5578.39c 2080.01± 339.00a 7906.46± 3804.20b

neg_4452 6984.31± 2014.20b 4174.15± 1406.84a 4244.05± 582.62a

neg_471 296.71± 69.52b 167.78± 41.54a 211.55± 44.99a

neg_4774 1014.78± 378.38c 195.90± 143.81a 563.30± 209.31b

neg_478 884.96± 264.79c 286.06± 71.49a 547.49± 176.05b

neg_4796 517.57± 192.50a 1256.56± 602.77b 1693.47± 746.30b

neg_485 8061.86± 2603.25c 730.48± 561.39a 4198.18± 2243.77b

neg_4878 2368.18± 856.82c 497.93± 208.63a 1153.53± 402.62b

neg_4939 14443.58± 3996.24c 3704.55± 1851.07a 6653.47± 2168.27b

neg_4970 169.74± 43.30a 1131.30± 668.86b 2004.70± 954.91b

neg_508 1019.59± 261.38b 513.35± 180.02a 628.64± 184.37a

neg_5089 2002.32± 1269.18a 6585.82± 3665.93b 10566.29± 5215.02b

neg_5210 4117.40± 1611.32c 666.28± 314.09a 1701.79± 707.80b

neg_5222 158435.10± 46708.06c 45323.48± 21375.06a 96036.72± 28872.87b

neg_5224 371.72± 126.98b 121.36± 73.08a 190.93± 86.04a

neg_5253 547.70± 124.64c 163.79± 76.62a 342.35± 153.65b

neg_5329 448.83± 70.37b 299.41± 91.80a 339.57± 79.46a

neg_5399 31.22± 29.09a 127.88± 80.19b 571.94± 292.91c

neg_5406 11726.23± 4434.50b 3089.03± 798.86a 4195.31± 742.53c

neg_5572 20.51± 18.20a 83.47± 30.47b 112.16± 70.99b

(Continued)

TABLE 7 (Continued)

ID CC CL ML

neg_5592 2307.16± 1094.87a 4817.65± 1244.49b 4163.16± 874.03b

neg_574 4833.78± 2092.78c 572.14± 95.36a 1962.32± 1287.23b

neg_577 2607.41± 1131.95b 331.70± 158.62a 650.89± 428.41a

neg_578 492.53± 131.40b 146.92± 56.56a 236.18± 122.00a

neg_581 2669.57± 1179.95b 467.98± 76.42a 1103.83± 713.88a

neg_601 494.69± 120.96b 155.81± 62.66a 283.54± 148.32a

neg_6173 291.47± 62.71a 549.08± 158.00b 743.58± 187.45b

neg_6221 21.03± 13.82a 63.75± 12.91b 106.48± 60.37b

neg_6242 1423.83± 674.37a 11954.68± 8368.04b 3864.34± 2024.83b

neg_6324 4399.15± 1060.33b 1688.54± 788.53a 2732.95± 963.99a

neg_6362 1253.77± 257.68b 555.29± 238.83a 690.29± 268.98a

neg_6432 2462.59± 572.13b 1117.27± 492.70a 1325.89± 533.48a

neg_6522 2584.38± 1399.82b 888.98± 791.94a 695.70± 300.39a

neg_6581 13.00± 11.83a 167.00± 100.66b 64.13± 33.06b

neg_6582 892.06± 701.20a 7449.60± 4601.59b 3956.39± 2164.10b

neg_671 26968.05± 13838.66c 2798.41± 782.76a 8661.32± 5462.16b

neg_674 4851.40± 1084.60b 2278.15± 482.32a 2862.09± 853.62a

neg_6765 21.76± 27.96a 299.10± 219.90b 479.13± 393.34b

neg_6823 1346.85± 758.51a 4833.82± 2452.01b 3830.03± 1958.09b

neg_6913 137886.28± 97522.72b 11193.54± 7971.42a 21812.49± 28529.04a

neg_7013 6143.66± 906.40a 53349.97± 24038.65b 39412.50± 25899.05b

neg_830 63.66± 13.48b 44.98± 5.54a 41.65± 8.49a

neg_836 19475.29± 8469.42b 1143.80± 568.40a 1143.80± 568.40a

neg_85 25.29± 17.46a 74.76± 24.70b 57.46± 8.44b

neg_88 131.02± 30.28b 38.22± 24.16a 64.16± 23.64a

neg_928 4758.94± 1151.76b 2315.88± 396.22a 2618.04± 450.70a

neg_929 3861.78± 1502.59b 657.04± 152.17a 785.12± 370.81a

neg_934 375.91± 87.21b 244.99± 46.84a 223.38± 46.87a

neg_962 2387.74± 872.87b 347.79± 158.42a 691.30± 332.90a

pos_101 35.26± 13.70b 9.01± 9.04a 16.66± 11.67a

pos_111 179.65± 33.57b 127.09± 38.49a 270.18± 41.82c

pos_120 162.89± 28.43b 104.68± 42.31a 226.26± 27.28c

pos_1241 1612.74± 384.75b 639.20± 277.29a 667.70± 589.61a

pos_135 21.76± 8.64b 6.16± 4.75a 8.53± 4.91a

pos_137 55.49± 14.07b 34.73± 14.12a 75.85± 13.45c

pos_1527 1433.16± 369.76b 960.75± 187.49a 897.95± 267.67a

pos_1678 3732.37± 2687.22a 9030.32± 3598.49b 9951.02± 4849.47b

pos_190 1270.08± 274.45b 478.72± 268.87a 661.93± 181.21a

pos_305 28.68± 17.86b 4.67± 5.39a 62.10± 23.63c

pos_318 1515.25± 645.48b 146.11± 73.63a 305.24± 210.36a

pos_3262 523.14± 225.11c 59.23± 21.70a 158.94± 85.34b

pos_3412 176.14± 70.73c 25.76± 10.59a 86.33± 43.74b

pos_355 83.47± 35.41c 6.09± 6.91a 40.96± 15.82b

(Continued)
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TABLE 7 (Continued)

ID CC CL ML

pos_4053 183.61± 91.59a 394.88± 64.95b 448.39± 186.59b

pos_461 45.02± 5.04b 24.97± 16.66a 22.40± 6.90a

pos_4633 588.10± 152.55b 290.05± 142.60a 221.15± 82.51a

pos_482 776.77± 369.55c 19.85± 22.17a 298.62± 243.72b

pos_498 600.32± 275.63b 146.84± 71.72a 260.20± 174.62a

pos_5000 2707.16± 1052.65b 1434.77± 553.10a 4528.64± 1449.18c

pos_5165 243.17± 122.32a 705.73± 214.14b 2681.04± 861.58c

pos_5199 151.46± 88.02a 275.60± 84.50b 596.29± 252.17c

pos_5239 25.00± 37.13a 146.34± 86.50b 114.10± 52.48b

pos_5265 304.55± 102.30c 106.81± 33.47a 166.58± 41.40b

pos_5266 146.16± 47.13b 57.87± 15.77a 78.94± 17.50a

pos_5268 97.19± 26.85b 37.01± 11.62a 41.00± 18.13a

pos_5269 2801.55± 1037.16b 1304.27± 459.16a 1537.39± 439.94a

pos_5424 1729.51± 604.11b 604.74± 392.17a 886.82± 409.98a

pos_5531 948.73± 281.52b 516.96± 261.90a 435.77± 95.40a

pos_5899 542.57± 196.19a 3892.82± 2543.66b 3370.83± 2021.23b

pos_598 140361.16± 43082.17a 24809.18± 14315.74b 24809.18± 14315.74b

pos_6025 185.22± 47.41b 105.43± 44.50a 118.67± 37.25a

pos_6064 733.73± 209.51a 1235.90± 230.23b 2146.20± 762.14c

pos_609 195.47± 97.71c 14.30± 10.57a 72.67± 43.36b

pos_6099 1577.45± 454.01a 15237.29± 11320.29c 12216.60± 4648.55b

pos_6146 6115.40± 2305.52c 1324.47± 415.27a 3094.72± 536.07b

pos_619 5394.04± 1664.79b 1136.21± 756.32a 2773.09± 1707.43a

pos_620 39.25± 12.09b 8.36± 4.46a 13.10± 12.97a

pos_621 773.71± 247.55b 129.33± 69.45a 309.73± 232.69a

pos_6249 2768.17± 778.71c 877.96± 414.92a 1831.54± 423.24b

pos_6405 809.69± 229.70a 1882.51± 609.71b 1635.54± 407.97b

pos_6646 1872.51± 694.98b 708.78± 365.46a 877.43± 198.16a

pos_6725 276.60± 76.67b 128.63± 97.98a 155.60± 57.67a

pos_6889 10388.01± 2876.39c 2620.05± 1556.63a 5667.42± 2170.47b

pos_6961 248.79± 97.16b 89.13± 49.15a 425.01± 141.92c

pos_7617 519.30± 84.38a 2461.45± 1081.21b 2790.60± 1801.86b

pos_762 179.67± 55.39b 61.29± 24.87a 52.46± 45.29a

pos_7698 13132.79± 4950.31a 21968.14± 6396.33b 34126.43± 10518.70b

pos_7749 584.61± 112.35b 392.79± 137.82a 911.55± 72.67c

pos_783 227.54± 90.95b 33.10± 28.85a 94.55± 72.67a

pos_8045 685.39± 148.84b 406.45± 103.18a 886.37± 115.58c

pos_806 243.82± 118.45b 23.22± 28.23a 69.21± 114.87a

pos_8108 540.46± 117.12b 314.67± 116.01a 784.02± 94.97c

pos_8112 7987.51± 1358.04b 5198.31± 1640.70a 10436.67± 1341.77c

pos_832 9894.85± 3939.77b 1387.88± 561.12a 3719.36± 3176.71a

pos_99 79.63± 16.18b 30.53± 19.93a 35.69± 19.49a

Data are presented as the mean± std.dev (n = 6), significance is presented as different letters
when p < 0.05.

To explore the potential mechanisms, we detected the gene
expressions of tight junction proteins in small intestine (jejunum
and ileum). Among them OCCLUDIN is recognized as important
component of intestinal permeability (Chen et al., 2015, 2022).
Whereas, relative gene expression confirmed that significant
differences were detected in the expression levels of OCCLUDIN
and CASPASE-1 in mice in the CL and ML groups. The expression
of OCCLUDIN is in line with a study on inflammatory bowel
disease in humans (Chen et al., 2015), while expression of
CLAUDIN is in line with He et al. (2022). Additionally, slight
differences in CLAUDIN and NLRP3 were observed between mice
in the CL and ML groups. Previous studies found that the activation
of Caspase-1 by NLRP3 cause inflammation reaction (Sho and Xu,
2019; He et al., 2022).

Moreover, our study assessed the antioxidant indexes, NO
levels, and cytokine levels in the serum of various groups
in mice. Our findings revealed that cold stress reduced the
antioxidant capacity in LPS-challenged mice by lowering the level
of T-AOC, GSH-Px, and SOD, and increasing the level of MDA.
Additionally, cold stress promoted an inflammatory response, as
evidenced by higher levels of IL-1β in mice treated with cold
normal saline + LPS. Previous studies have mentioned that the
expression of antioxidant is disturbed in different inflammatory
conditions (Sho and Xu, 2019; Aziz et al., 2021; Murtaza et al.,
2021). Gut microbiome analyzing showed that cold stress led
to a decrease in data numbers in the MC group, as well as a
reduction in the Shannon and Simpson indexes in the ML group.
Moreover, cold stress increased the beta diversities of PCA, PCoA,
and NMDS.

To further investigate the distinguished bacteria influenced by
cold stress and LPS, we conducted LEfSe analysis and identified 12
biomarkers (o__Enterobacterales, C__Gammaproteobacteria,
p__Proteobacteria, f__Enterobacteriaceae,
s__unclassified_Escherichia_Shigella, g__Escherichia_Shigella,
p__Firmicutes, c__Clostridia, o__Oscillospirales,
f__Oscillospiraceae, s__unclassified_Bacteroides and
g__Lachnospiraceae_NK4A136_group) in different mouse groups,
which was partly in line with the results in cold stress treated rates
(Sun et al., 2023). Among them higher abundance of pathogenic
s__unclassified_Escherichia_Shigella and g__Escherichia_Shigella
were found in mice in ML, which inferred that cold stress could
promote the colonization of harmful bacteria in LPS induced mice.
When compared with CC mice, the abundance of 20, 20, and 19
genera were obviously different with MC, CL, and MC animals,
respectively. Compared with MC mice, the abundance of 20 and 20
genus were prominently different with mice in CL and ML groups,
respectively. There were different 20 genus between CL and ML.
Further analysis revealed significant differences in the abundance
of 4 phyla and 24 genera were among the mouse groups. Notably,
the abundance of Candidatus_Solibacter in the ML group was
lower compared to the other groups, particularly the CL group.
Previous studies have reported a positive correlation between
Candidatus Solibacter, Peptococcus, and antioxidant capacity
(Peng et al., 2021; Kong et al., 2022), which is suggesting that the
decreased abundance of these genera in the MC and ML groups
may indicate reduced oxidative resistance in animals exposed to
cold stress.

Additionally, Escherichia_Shigella is a genus known to cause
mucosal inflammation and has been found in abundant in
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mice with ulcerative colitis and individuals with Crohn’s disease
(Jialing et al., 2020; Ma et al., 2022). The higher abundance
of this genus observed in mice in the MC and ML groups,
particularly in the ML animals, is consistent with previous
studies (Chen et al., 2022). This finding suggests that cold
stress may exacerbate intestinal inflammation in mice. On
the other hand, lower abundances of Family_XIII_UCG_001,
Lachnospiraceae_UCG_001, Novosphingobium, RB41, and
Tyzzerella have been previously reported in chronic colitis mice
(Huangfu et al., 2021; Xu et al., 2021), Crohn’s disease patients
(Jiang et al., 2022), ulcerative colitis mice (Wang et al., 2019),
heat stress-induced rabbits (Shi et al., 2022) and Alzheimer
patients (Kaiyrlykyzy et al., 2022), respectively. These findings are
consistent with the observations in the MC and ML groups of the
current study, which indicated that cold stress may have a negative
impact on mice by reducing the abundance of these four genera.

The proportion of Mucispirillum was higher in cold stressed
mice, which was in agreement with findings in colitis mouse (Li
et al., 2022). Providencia is an opportunistic pathogenic genera
known to cause acute enteric infection (Ovchinnikova et al., 2013),
and its higher abundance has been previously reported in diarrheal
dogs (Herstad et al., 2021). The increased abundance of this
pathogenic genus may contribute to intestinal injury in mice.
Staphylococcus is also a pathogenic genera threatening public health
(Hoveida et al., 2019), which may infer that this genera negatively
affect animals in the current study.

Previous studies found that
unclassified_Lachnospiraceae, Unclassified_Peptococcaceae and
unclassified_Sphingomonadaceae were negatively associated with
the pathogenesis of type 2 diabetes (Kim et al., 2022), pulmonary
fibrosis (Li et al., 2022), and mastitis in camel, respectively. These
findings are consistent with the decreased abundance of these three
genera observed in the cold-stressed animals in the current study.
Roseburia is a promising probiotic genus known to improve the
gut ecosystem (Sanders et al., 2019; Seo et al., 2020). The lower
abundance of Roseburia in the MC and ML groups may indicate
that cold stress contributes to damage by reducing the presence of
this genus.

Cold stress and LPS induction also had an impact on the
metabolites in mice. We detected a total of 4,320 metabolites,
with 43 up-regulated and 19 down-regulated metabolites in the
CC vs. MC animal comparison. Similarly, in the comparison
of ML vs. CL animals, we observed 1,046 up-regulated and 428
down-regulated metabolites. Z-score analysis further confirmed
the changes in metabolites induced by cold stress. Among these
metabolites, there were 19 that showed significant changes
between CC vs. MC and CC vs. ML groups. These metabolites
include (neg_3481, neg_457, neg_7126, pos_771, pos_715,
neg_539, neg_4796, pos_1504, pos_3391, neg_6883, pos_4916,
neg_6324, pos_783, neg_6169, neg_6271, neg_1751, neg_87,
pos_699, and pos_4607). The alterations in these metabolites,
induced by cold stress and LPS, ultimately led to changes in
microbiota function.

There are many reports in which it is mentioned that systemic
LPS treatment in mice severely impact whole body temperature
as well as induce thermogenesis proteins in the skeletal muscle
(Bal et al., 2021). In our study, LPS treatment is probably is
not systemic, that’s why there were no noticeable induction of

thermogenesis proteins in the skeletal muscle. This may be a
limitation of present study.

Conclusion

In conclusion, we investigated the impact of cold stress on LPS-
induced mice and observed that cold stress exacerbated intestinal
damage by disrupting the balance of gut microbiota and altering
its metabolites. These findings have important implications for
improving the feeding and management practices of livestock in
cold regions or during cold periods.
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SUPPLEMENTARY FIGURE 1

Comparing of villus height and crypt depth in mice in different groups. (A)
jejunum, (B) ileum, (C) colon. Significance is presented as ∗p < 0.05,
∗∗p < 0.01, ∗∗∗p < 0.001, and ∗∗∗∗p < 0.0001; data are presented as the
mean ± SEM (n = 3).

SUPPLEMENTARY FIGURE 2

Z-score analysis of top 30 differential metabolites among
different mice groups.

SUPPLEMENTARY FIGURE 3

Comparing of differential metabolites among different mice groups.

SUPPLEMENTARY FIGURE 4

Analysis of the correlation between gut microbiota and inflammatory
cytokines in mice.
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While dysbiosis within the intestinal ecosystem has been associated with

functional constipation (FC), the mechanisms underlying the interactions

between FC and the microbiome remain poorly elucidated. Recent

investigations suggested that host microRNAs (miRNAs) can modulate bacterial

growth and influence the composition of the gut microbiome. To explore

the connection between gut microbiota and fecal miRNAs in FC patients, we

initially employed 16S rRNA sequencing to assess the gut microbial landscape

in 30 FC patients and 30 healthy controls (HCs). The α-diversity within the

FC group exhibited some alterations, and the β-diversity significantly differed,

signifying distinctive variations in gut microbiota composition between FC

patients and HCs. Subsequently, we identified 44 differentially expressed

(DE) miRNAs in feces from FC patients and HCs. Through correlation

analysis between DE miRNAs and FC-associated microbiota, we detected

an interaction involving nine DE miRNAs (miR-205-5p, miR-493-5p, miR-

215-5p, miR-184, miR-378c, miR-335-5p, miR-514a-3p, miR-141-3p, and

miR-34c-5p) with seven bacterial genera (Oscillibacter, Escherichia.Shigella,

UCG.002, Lachnospiraceae_NK4A136_group, Lachnospiraceae_UCG.010,

Eubacterium_ruminantium_group and Megamonas), as evidenced by a co-

occurrence network. Further, a comprehensive panel of seven diagnostic

biomarkers (Oscillibacter, Escherichia.Shigella, UCG.002, miR-205-5p, miR-

493-5p, miR-215-5p, and Lachnospiraceae_NK4A136_group) demonstrated

robust discriminatory capacity in predicting FC status when integrated into

a random forest model (AUC = 0.832, 95% CI: 65.73–98.88). Microbiomes

correlating with DE miRNAs exhibited enrichment in distinct predicted

metabolic categories. Moreover, miRNAs correlated with FC-associated bacteria

were found to be enriched in signaling pathways linked to colonic contractility,

including Axon guidance, PI3K-Akt signaling pathway,
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MAPK signaling pathway, and Hippo signaling pathway. Our study offers a

comprehensive insight into the global relationship between microbiota and fecal

miRNAs in the context of FC, presenting potential targets for further experimental

validation and therapeutic interventions.

KEYWORDS

functional constipation, gut microbiota, microRNA, 16S rRNA, microRNA sequencing

GRAPHICAL ABSTRACT

Highlights

• This study suggested functional constipation (FC) patients
display distinct microbial profiles and identified 26 potential
FC-associated bacteria.
• This study identified unique fecal miRNA

patterns in FC patients.
• Correlations were found between the abundance of seven

bacterial genera and nine fecal miRNAs.
• This study might shed light on a novel underlying mechanism

by which miRNAs can selectively recruit microbes by
orchestrating glycan biosynthesis and enhancing axon
guidance in the enteric nervous system.

1 Introduction

Functional constipation (FC) is characterized by chronic and
non-organic causes of constipation, excluding cases associated with
irritable bowel syndrome, structural abnormalities, or metabolic
disorders (Black et al., 2020). FC is a prevalent functional bowel
disorder on a global scale, with an incidence of approximately
17.5% in the Americas and the Asia Pacific region, 8.75% in
Europe, and ranging from 3 to 17% in China (Palsson et al., 2020).

While FC does not pose an immediate threat to life, its substantial
disease burden cannot be underestimated. Prolonged constipation
may contribute to the development of colon cancer, and straining
during defecation can increase the risk of cardiovascular and
cerebrovascular events in affected individuals (Power et al., 2013;
Dong et al., 2023). Moreover, certain metabolites produced by
gut bacteria can influence brain function (Morais et al., 2021). As
the precise pathophysiological mechanisms underlying FC remain
incompletely understood, current treatment approaches primarily
focus on symptom management. However, long-term reliance on
laxatives can lead to adverse reactions such as laxative dependence,
melanosis coli, and electrolyte imbalances (Bharucha and Lacy,
2020; Shah et al., 2021; Sharma et al., 2021). Therefore, investigating
the pathogenesis of FC and enhancing treatment efficacy hold
substantial clinical significance.

The intestinal microbial ecosystem represents the largest and
most vital microbial ecosystem of the organism, playing a pivotal
role in activating and sustaining intestinal physiological functions
(Jia et al., 2018; Fan and Pedersen, 2021). Research by Parthasarathy
et al. (2016) has revealed alterations in the gut microbiota
composition of patients with constipation. Notable changes include
significant reductions in the populations of beneficial bacteria such
as Lactobacillus and Bifidobacterium, alongside significant increases
in the abundance of pathogenic bacteria like Enterobacter and
Escherichia coli (Parthasarathy et al., 2016). Functional studies
have demonstrated that the gut microbiota of patients with
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FC can modulate the levels of 5-hydroxytryptamine (5-HT) in
the intestinal tract by influencing the expression of tryptophan
hydroxylase-2 (TPH2). This modulation, in turn, impacts local
neural activity within the intestinal tract, regulating intestinal
secretion and motility (Bhattarai et al., 2018). Additionally, there
is a significant increase in bacteria involved in the metabolism of
butyric acid and bile acids within the gut microbiota of FC patients
(Fan et al., 2022). These findings collectively underscore an intricate
interplay between gut microorganisms and the host in individuals
with constipation, although the precise key regulatory elements
governing this interaction remain elusive.

MicroRNAs (miRNAs), which have been highly conserved
throughout evolution, represent a class of endogenous, non-coding
single-stranded RNAs approximately 22 nucleotides in length (Yao
et al., 2022). They exert a post-transcriptional level of control
by negatively regulating the expression of target genes through
complementary binding with specific sequences on mRNAs (Hong
et al., 2021). Mazzone et al. (2020) identified 13 significantly
up-regulated miRNAs in the colon mucosa of FC patients.
Additionally, in animal experiments, miR-129 was observed to be
markedly overexpressed in colon tissues in an FC mouse model,
and it was found to influence the distribution and function of
Interstitial Cells of Cajal (ICC) through negative regulation of
the N-acetylgalactosaminyltransferase-like 1/transforming growth
factor-β1 signaling pathway (Wang et al., 2022). All these studies
suggested that miRNAs are involved in the pathophysiology of
FC and have the potential to be a non-invasive marker for the
diagnosis and assessment of FC. Recent findings by Liu et al. (2016)
further revealed that miRNAs in intestinal epithelial cells and
Hopx-positive cells could enter the gut microbiota to modulate and
regulate the transcription of microbiota-related genes, providing
insight into how host cells can regulate microbial communities.
However, our understanding of the role of miRNAs in the interplay
between the host and gut microbiota in the context of FC remains
limited.

To deepen our comprehension of the gut microbiota structure
in FC and elucidate the relationship between gut microbiota and
fecal miRNAs, this study first employed 16S rDNA sequencing and
small RNA sequencing techniques to analyze the gut microbiota
structure and fecal miRNA expression profiles. Subsequently,
correlation analyses were conducted between the identified
miRNAs and gut microbiota, and a random forest model was
constructed to assess the collective diagnostic potential of these
biomarkers. Finally, pathway analysis was employed to predict the
biological functions of these miRNAs and gut microbiota. To the
best of our knowledge, this study represents the first attempt to
investigate the associations between miRNA expression and the
microbiome within the context of FC.

2 Results

2.1 Information of cohort FC patients and
healthy subjects

A total of 30 subjects with a clinical diagnosis of FC (age,
30.00 [8.50]; sex, male: female, 3:27) and 30 healthy individuals
(age, 29.50 [18.00]; sex, male: female, 4:26) were recruited from
February of 2022 to December of 2022 (Table 1). There was no

statistical difference in age, gender, and body mass index between
the two groups (p-value > 0.05), indicating these characteristics are
matched. Defecation frequency and BSFS scores were statistically
decreased (p-value < 0.01), while the defecation difficulties and
PAC-QOL scores were significantly increased in FC patients when
compared to the healthy individuals (p-value < 0.01).

2.2 Alterations of gut microbiota
composition in FC patients based on 16S
rRNA data

The rarefaction curves and species accumulation boxplots were
generated from ASVs, with 97% identity achieved in all samples
(Supplementary Figure 1). This indicated that the testing samples
were sufficient and the amount of data were reasonable for the
investigation of fecal microbiota. The FC group and the healthy
control (HC) group displayed 2,870 and 1,632 unique ASVs,
respectively. A total of 919 ASVs were shared by both groups
(Figure 1A). Taking the genus level as an example, there was
a difference in the relative abundance of species between the
FC group and the HC group. Bacteroides and Parabacteroides
were significantly increased, while Megamonas were decreased in
the FC group (p-value < 0.01 or 0.05) (Figure 1B). The results
of seven indexes in α-diversity analysis are shown in Table 2,
Supplementary Figure 2, and Figures 1C, D. It is indicated that the
α-diversity of gut microbiota in FC patients was richer than HCs,
there were significant differences in the 6 indexes (p-value < 0.01 or
0.05), except for the goods coverage index. The PCoA and NMDS
were performed to investigate the extent of the similarity of the
microbial communities in the two cohorts based on unweighted
UniFrac distance metrics (Figures 1E, F). These analyses indicated
that the microbiota composition of the FC group clusters was
more heterogeneous and significantly different from that of the HC
group.

To identify microbes with significantly different relative
abundance in the two cohorts, a t-test was carried out
(Figure 2A). As compared with HCs, the abundance of 22
genera, including Bacteroides (p = 0.007) and Parabacteroides
(p = 0.003) were significantly increased, while the abundance
of Megamonas (p = 0.021) and Collinsella (p = 0.042) were
decreased in FC patients (Figure 2A). Meanwhile, LEfSe
analysis identified 29 significantly different microbes between
the two groups, the LDA distribution diagram analysis
(LDA > 3.5) showed a clear alteration of the microbiota
characterized by higher CAG_352, Subdoligranulum, UCG_002,
Lachnospira, Parabacteroides, Lachnospiraceae_NK4A136_group,
Eubacterium_coprostanoligenes_group, Escherichia_Shigella, and
Bacteroides levels in FC group (Figures 2B, C). However,
Megamonas levels were significantly decreased in FC patients
(Figures 2B, C).

2.3 Sequencing analysis revealed
differentially expressed miRNAs between
the two groups

Through miRNA high-throughput sequencing analysis, 1,844
miRNAs were obtained from all samples, including 1,047 known
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TABLE 1 Demographics and characteristics of study cohort.

Healthy subjects FC patients p-value

Subjects (n) 30 30 N/A

Age (years) 30.00 [8.50] 29.50 [18.00] 0.50

Sex, male/female 3/27 4/26 0.50

Body mass index (kg/m2) 21.51± 2.09 20.94± 2.49 0.34

Disease duration (months) N/A 121.00 [111.75] N/A

Average of CSBMs per week (n) 7.00 [0.00] 1.50 [3.00] <0.001

Average of SBMs per week (n) 7.00 [1.00] 2.00 [2.25] <0.001

Straining during defecation 0.00 [0.19] 1.00 [0.08] <0.001

BSFS scores 4.09± 0.40 2.91± 1.14 <0.001

PAC-QOL scale 1.13± 0.09 2.50± 0.62 <0.001

Self-rating depression scale 34.92± 8.08 40.38± 9.02 0.292

Self-rating anxiety scale 34.38 [11.25] 38.75 [12.50] 0.004

FC, functional constipation; CSBMs, complete spontaneous bowel movements; SBMs, spontaneous bowel movements; BSFS, Bristol stool form scale; PAC-QOL, patient-assessment of
constipation quality of life.

FIGURE 1

The shift of gut microbiota in FC patients and HCs based on the 16S rDNA data. (A) Venn diagram of the observed ASVs in FC and HC. (B) The relative
abundance between two groups at the level of genus (Top 20). (C,D) Difference analysis of Shannon and Simpson index between the FC and HC
groups. (E,F) PCoA and NMDS of the microbiota based on the unweighted UniFrac distance metrics. ANOSIM, R = 0.3742, p = 0.004. *p < 0.05 and
**p < 0.01 are indicated.

miRNAs and 797 newly predicted miRNAs. After alignment
of miRNA sequence data against the human miRNA database
(miRBase v21),1 principal component analysis (PCA) visualized
the sample distribution in a two-dimensional scatter plot, the
contribution of PC1 and PC2 to the overall variance in the data set

1 http://www.mirbase.org/

is 19.9 and 11.1%, respectively (Figure 3A). These data indicated
that the overall miRNA expression pattern was distinguished
according to the presence of FC.

The fecal miRNAs differentially expressed between patients
with FC and HCs were determined according to a statistical
criterion of p-value < 0.05, log2FoldChange (log2FC) ≥ 1 and
CPM ≥ 1. A total of 44 significantly different miRNAs were
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TABLE 2 α-diversity indices comparing FC patients to healthy subjects.

α -diversity index Healthy subjects FC patients p-value

Chao1 278.88 [110.40] 366.17 [146.17] <0.001

Dominance 0.05 [0.04] 0.03 [0.02] <0.001

Goods coverage 1.00± 0.00 1.00 [0.00] 0.309

Observed otus 278.50 [110.00] 364.00 [142.00] <0.001

Pielou_e 0.69± 0.07 0.76± 0.04 0.022

Shannon 5.68± 0.87 6.51± 0.44 0.030

Simpson 0.95 [0.04] 0.97 [0.02] <0.001

FC, functional constipation. Pielou_e and Shannon index were tested by t-test; Chao1, Dominance, Goods coverage, Observed_otus and Simpson index were tested by Wilcoxon Mann-
Whitney U test.

FIGURE 2

Differential microbes in FC patients and HCs. (A) The bar plots of the relative abundance of differential genera based on t-test. (B) LDA scores for the
bacterial taxa are differentially abundant between groups (LDA > 3.5). Green bars indicate taxa with enrichment in FC, and red bars indicate taxa with
enrichment in HC. (C) Evolutionary cladograms generated by LEfSe indicate differences in the bacterial taxa between groups. Green bars indicate
taxa with enrichment in FC, and red bars indicate taxa with enrichment in HC.

identified, with 20 upregulated and 24 downregulated in FC group
compared to HC group (Figure 3B). The heatmap of the 44
different miRNAs of the FC and HC groups is shown in Figure 3C.

2.4 The preliminary screening results of
the differential expressed miRNAs and
constipated-associated gut microbiota

In terms of sequencing results, miRNAs with extremely low
signals (base mean = 0) were not selected. As shown in Tables 3, 4,

the top 10 differentially expressed (DE) miRNAs with higher
enrichment in FC patients include miR-4700-5p, miR-493-5p, miR-
514a-3p, miR-369-3p, miR-335-5p, miR-34c-5p, miR-378d, miR-
335-3p, miR-378c, and miR-184 (Table 3); meanwhile, miR-4476,
miR-215-5p, miR-526a-5p, miR-520c-5p, miR-518, miR-141-3p,
miR-205-5p, and miR-517 were observed at higher enrichment in
healthy controls (Table 4).

Correlation analysis can help measure the closeness of
significant gut microbiota to clinical indicators. With reference
to the results of LEfSe analysis (Figures 2B, C) and relative
abundance differences between groups (Figure 2A), 26
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FIGURE 3

Analysis of fecal miRNAs in FC patients and HCs by the next generation RNA sequencing. (A) PCA of differential miRNAs distinguishes two cohorts.
(B) Volcano plot showing differential expression of miRNAs. Differential miRNAs expression is shown by red (upregulated) versus blue
(downregulated) intensity. The Y-axis depicts a 2.0-fold up or down change, while the X-axis represents a p-value of 0.05. (C) Heatmap of
differentially expressed miRNAs; 20 upregulated and 24 downregulated miRNAs are presented.

TABLE 3 Top 10 upregulated fecal miRNAs in FC patients compare with HCs.

Mature_ID baseMean_HC baseMean_FC log2FoldChange p-value

hsa-miR-4700-5p 71.815615350 693.827634690 3.366860705 0.000105565

hsa-miR-493-5p 16.704200050 173.056229683 3.258242335 0.009301524

hsa-miR-514a-3p 49.673742633 253.023384167 2.560963284 0.011150233

hsa-miR-369-3p 26.175798417 188.508430743 2.31652355 0.029673918

hsa-miR-335-5p 55.940851755 269.550745500 2.219740171 0.043330153

hsa-miR-34c-5p 214.96979333 1041.70131158 2.16592952 0.001705622

hsa-miR-378d 118.96303679 446.120967775 2.041749259 0.018700679

hsa-miR-335-3p 177.38402455 733.078402583 1.939176065 0.007201004

hsa-miR-378c 431.04086138 1420.23373135 1.814298629 0.004796602

hsa-miR-184 85.769245733 297.110001637 1.802566638 0.049538533

different gut genera were preliminary screened. The results of
Spearman’s correlation analysis between these bacterial genera
and constipated-manifestations are shown in Supplementary
Table 2 and Figure 4, including Lachnospiraceae_NK4A136_group,
Megamonas, Lachnospiraceae_UCG.010, Escherichia.Shigella,
Eubacterium_ruminantium_group, Barnesiella, UCG.010,
UCG.005, UCG.002, Colidextribacter, Parabacteroides, Oscillibacter,
Bacteroides and Flavonifractor (FDR-corrected p < 0.05).

2.5 The correlation analysis and
co-occurrence network construction
among the DEMs and FC-associated
microbiomes

Subsequently, correlation analysis between the DE miRNAs
and FC-associated gut microbiota was performed (Figure 5A;
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TABLE 4 Top 10 downregulated fecal miRNAs in FC patients compare with HCs.

Mature_ID baseMean_HC baseMean_FC log2FoldChange p-value

hsa-miR-4476 704.389441 22.493451 5.26066761917007 0.000000569

hsa-miR-215-5p 16319.510613 1085.697440 3.92030432655696 0.000105701

hsa-miR-526a-5p 101.571103228 4.142552805 2.92188708907852 0.02845614

hsa-miR-520c-5p 101.571103228 4.142552805 2.92188708907852 0.02845614

hsa-miR-518f-5p 101.571103228 4.142552805 2.92188708907852 0.02845614

hsa-miR-518d-5p 101.571103228 4.142552805 2.92188708907852 0.02845614

hsa-miR-141-3p 316.647900822 42.55817459 2.7580489273887 0.002529715

hsa-miR-205-5p 853.539032167 98.04627931 2.7422651145099 0.0000063907

hsa-miR-517b-3p 231.263391800 25.04197379 2.44023464326948 0.013306236

hsa-miR-517a-3p 231.263391800 25.04197379 2.44023464326948 0.013306236

FIGURE 4

Heatmap showing bacterial genera that were significantly correlated with the constipated-indicators. Blue indicates negative correlations, and red
indicates positive correlations. The color depth was related to the absolute value of the correlation coefficient. *FDR-corrected p < 0.05 and
**FDR-corrected p < 0.01 are indicated.

Supplementary Table 3). The correlations clearly show a distinct
pattern based on the enrichment of miRNAs, 11 miRNAs that
have statistically significant positive or negative correlations with
9 microflora (FDR-corrected p < 0.05).

Then, a co-occurrence network was constructed to visualize the
relationships between these miRNAs and their correlated bacteria
(Figure 5B; Supplementary Figure 3). The network showing the
interconnection between these miRNAs and bacterial genera, which
consists of 20 nodes and 43 edges with the average degree of
connexions at 4.30 (The detailed information can be found in
Supplementary Tables 4, 5).

Interestingly, miR-205-5p was inversely associated with
Escherichia.Shigella, Megamonas, Lachnospiraceae_NK4A136_

group, Eubacterium_ruminantium_group and Lachnospiraceae_
UCG.010, while positively interacted with miR-514a-3p, miR-
378c and Oscillibacter. Furthermore, miR-514a-3p expression
was negatively associated with miR-335-5p, miR-34c-5p, miR-
215-5p, Lachnospiraceae_NK4A136_group, Eubacterium_ruminan
tium_group and Lachnospiraceae_UCG.010, and was positively
associated with miR-378c. Additionally, an interaction among
miR-34c-5p, Eubacterium_ruminantium_group, miR-215-5p,
Lachnospiraceae_NK4A136_group and Lachnospiraceae_UCG.010
was also observed. In the same way, Escherichia.Shigella abundance
was negative related to miR-184 and Oscillibacter, and was positive
related to the abundance of Megamonas. Experimental validations
are required to investigate these correlations.
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FIGURE 5

FC-associated microbiomes significantly correlated with most significantly DE miRNAs. (A) The heatmap shows the 20 most significantly DEMs
correlated with FC-associated microbiomes. Positive correlations are shown in red, and negative correlations are shown in blue. (B) Interaction
network showing the 11 DEMs and their correlated bacteria. Each node presents a miRNA or bacteria. Edge thickness represents the magnitude of
the correlation, with red indicating positive correlation and with blue indicating negative correlation. *FDR-corrected p < 0.05 and **FDR-corrected
p < 0.01 are indicated.

Moreover, the expression of miR-4700-5p was positive
related to UCG.010 and UCG.005, and the expression of miR-
369-3p was positive related to the abundance of UCG.005
(Supplementary Figure 3).

2.6 Predicted functions of microbiomes
correlated with DE miRNAs

To confirm the findings of the analysis of the interaction
between certain gut microbiota and miRNAs, bioinformatics
predictions were conducted. The KEGG information
corresponding to the ASVs was obtained using PICRUSt software
(Figure 6). Meanwhile, all the KEGG pathways based on level 2
were disrupted in FC, relative to HC group (Figure 6A). There were
significant differences in carbohydrate metabolism (p = 0.021),
energy metabolism (p = 0.039), translation (p = 0.007), metabolism
of cofactors and vitamins (p = 0.006), cellular processes and
signaling (p < 0.001), lipid metabolism (p < 0.001) and cell growth
and death (p = 0.017) between two groups (Figure 6B). The LEfSe
analysis results based on the prediction of KEGG pathway are
shown in Figure 6C. The differential microbiomes in the FC
group were closely related to glycan biosynthesis and metabolism,
lipid metabolism, cellular processes and signaling, xenobiotics
biodegradation and metabolism, metabolism, transport and
catabolism, and endocrine system (Figure 6C).

2.7 Predicted functions of miRNAs
correlated with FC-associated
microbiomes

Then, we investigate the function of miRNAs correlated
with FC-associated microbiomes. We hypothesized that if these
bacteria affect FC through modulating miRNA expression, then

miRNAs that are significantly correlated with the bacteria should
show enrichment in constipation-related genes and pathways. The
target genes of the miRNAs can be found in Supplementary
Figure 4 and Supplementary Table 6, while the MF, CC, and
BP analysis of the target genes of the miRNAs are shown in
Figure 7A. The top 5 statistically significantly enriched BP terms
were Axon development (-Log10 p-value = 9.628), Muscle tissue
development (-Log10 p-value = 11.67), Regulation of nervous
system development (-Log10 p-value = 8.63), Epithelial cell
proliferation (-Log10 p-value = 7.88), and Cell-cell adhesion via
plasma-membrane adhesion molecules (-Log10 p-value = 13.57).
Then, we predicted the functions of miRNAs by assigning
pathways to the miRNA targets using the KEGG database.
As shown in Figure 7B, the top 5 significantly enriched
KEGG pathways were the PI3K-Akt signaling pathway (-Log10
p-value = 4.86), MAPK signaling pathway (-Log10 p-value = 4.33),
Hippo signaling pathway (-Log10 p-value = 6.43), Axon guidance
(-Log10 p-value = 5.19), and Regulation of actin cytoskeleton (-
Log10 p-value = 2.43). Overall, the results of the GO and KEGG
analyses indicate that fecal miRNAs correlated with FC-associated
bacteria are involved in the regulation of colonic smooth muscle
contractility and motility in FC patients.

2.8 Diagnostic efficacy analysis of
associated DE miRNAs and microbiota in
patients with FC

To further explore the potential diagnostic biomarkers,
the ROC curve and AUC index were drawn for statistical
analysis. The random-forest model was applied to construct
the diagnostic prediction model based on the correlation
analysis results between the DE miRNAs and FC-associated
microbiomes. The AUC and these indicators are shown in
Table 5 and Figure 8A, which were regarded as potential
diagnostic features. After comprehensive consideration of
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FIGURE 6

PICRUSt analyses of the microbiomes correlated with DE miRNAs. (A) The average abundance of KEGG pathway differentially enriched in HC and FC
according to level 2. (B) The bar plots of the relative functional abundance between groups based on Wilcoxon rank-sum test. (C) LDA scores for the
KEGG functions showed different abundances between HC and FC. Only taxa with LDA > 2.0 are shown.

FIGURE 7

GO and KEGG signaling pathway analyses of the differentially
expressed miRNAs correlated with FC-associated microbiomes.
(A) Gene Ontology designations and (B) KEGG pathways were
generated via DAVID database. Only terms with −Log10 p-value > 2
are presented.

the AUCs and random-forest scores (Figures 8B, C), seven
potential diagnostic biomarkers (including Oscillibacter,
Escherichia.Shigella, UCG.002, miR-205-5p, miR-493-5p, miR-
215-5p, and Lachnospiraceae_NK4A136_group) were screened out

and showed a strong diagnostic ability to predict FC status with
AUC = 0.832 (95% CI: 65.73–98.88). On the whole, combined use
of these diagnostic features may accurately discriminate against FC
patients and healthy populations.

3 Discussion

This study employed a prospective cohort design, enrolling
healthy individuals as controls and individuals diagnosed
with FC as participants. Through 16S rDNA and miRNA
sequencing, the initial investigation revealed substantial
discrepancies in the composition of the gut microbiota between
FC patients and the healthy controls. Specifically, Oscillibacter,
Escherichia.Shigella, UCG.002, Lachnospiraceae_NK4A136_group,
Lachnospiraceae_UCG.010, and Eubacterium_ruminantium_group
exhibited elevated relative abundance in the FC patients compared
to the healthy controls, while the relative abundance of Megamonas
was notably reduced in the FC patients. Furthermore, we identified
44 DE miRNAs in the fecal samples when comparing FC patients
with healthy subjects. Among these miRNAs, miR-493-5p, miR-
184, miR-378c, miR-335-5p, miR-514a-3p, and miR-34c-5p were
significantly up-regulated in the FC patients, while miR-205-5p,
miR-215-5p, and miR-141-3p were significantly down-regulated.
Moreover, network analysis unveiled interactions among the
aforementioned DE miRNAs and seven dominant bacterial genera.
The incorporation of these correlated miRNAs with bacterial
genera in diagnosis models demonstrated robust diagnostic
performance, introducing a novel approach for detecting
FC through the lens of gut microbiota-miRNA interactions.
Additionally, functional analysis revealed that miRNAs strongly
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TABLE 5 AUCs and importance of associated DE miRNAs and bacterial genera for the diagnosis of FC.

Features AUCs Random_forest score p-value

Oscillibacter 0.99609375 47.60270751 0.0074308

Escherichia.Shigella 0.94140625 34.70327863 0.00000116

UCG.002 0.962890625 31.1279629 0.001357407

miR-205-5p 0.8203125 24.75648229 0.023738515

miR-493-5p 0.83203125 19.68565209 0.019342821

miR-215-5p 0.77734375 14.4763298 0.007411587

Lachnospiraceae_NK4A136_group 0.83203125 13.79572187 0.00000792

miR-184 0.798828125 13.14203929 0.001180187

Lachnospiraceae_UCG.010 0.8359375 12.04186135 0.001971689

miR-378c 0.734375 9.666136448 0.637159684

miR-335-5p 0.775390625 8.321658334 0.294937957

miR-514a-3p 0.6015625 7.031576587 0.037125322

miR-141-3p 0.734375 6.669248571 0.003933245

Megamonas 0.548828125 5.710350377 0.001074839

miR-34c-5p 0.7421875 5.304328568 0.020979493

Eubacterium_ruminantium_group 0.71484375 1.881095259 0.0000204

associated with the gut microbiota were enriched in pathways
related to axon guidance, hinting at a potential contribution of
axon guidance mechanisms to the pathogenesis of FC.

The gut microbiota, constituting the largest microbial
ecosystem within the human body, plays a pivotal role in
numerous metabolic processes (Yan et al., 2022). Beyond its
primary role in digestion and absorption, the gut microbiota
serves various functions, including the promotion of intestinal
motility, establishment of immune defenses, protection against
pathogen infiltration and tumor development, and maintenance
of overall growth, metabolism, and intestinal equilibrium (Pan
et al., 2022; Xiao and Kashyap, 2022). Any perturbation or
dysregulation of the microbial composition can lead to metabolic
disruptions. Our findings demonstrated significant alterations
in the structure, abundance, and co-occurrence patterns of gut
microbiota in FC patients in comparison to healthy subjects,
aligning with similar microbial shifts observed in prior research
studies (Parthasarathy et al., 2016; Tigchelaar et al., 2016; Xie et al.,
2021; Nikolaieva et al., 2022).

The biggest innovative finding of this study is that
miRNAs likely mediate host-microbiome communication
in the context of FC. Notably, an intricate interplay was
observed involving miR-205-5p, the relative abundance of six
distinct intestinal bacteria (Oscillibacter, Escherichia.Shigella,
Megamonas, Lachnospiraceae_NK4A136_group, Eubacterium_
ruminantium_group, and Lachnospiraceae_UCG.010), and two
specific miRNAs (miR-514a-3p and miR-378c). Chen et al. (2022b)
previously demonstrated that miR-205-5p exhibited reduced
expression in gastric cancer (GC) cells and its up-regulation exerted
inhibitory effects on GC cell proliferation. Escherichia.Shigella, a
relatively uncommon pathogenic bacterium within the human
microbiota and a member of the Enterobacteriaceae family,
can modulate the onset and progression of constipation by
producing docosapentaenoic acid, which in turn reduces

gastrointestinal motility (Chen et al., 2022a). Oscillibacter,
Lachnospiraceae_NK4A136_group, and Lachnospiraceae_UCG.010
fall under the category of short-chain fatty acids (SCFAs)
producing bacteria (Zhang X. et al., 2023). The SCFAs have
a direct impact on enterocytes, prompting the expression of
TPH1. This, in turn, promotes the synthesis of colonic 5-HT,
thereby enhancing intestinal motility (Reigstad et al., 2015).
Eubacterium_ruminantium_group, on the other hand, participates
in downstream bacterial lipopolysaccharide metabolic pathways.
It interacts with the toll-like receptor 4 and activates the molecule
myeloid differentiation factor 88/nuclear factor-κB pathway
in immune cells, ultimately leading to the secretion of pro-
inflammatory cytokines such as interleukin-6, interleukin-1, and
tumor necrosis factor-α, thereby exacerbating the inflammatory
response (Kanauchi et al., 2006; Lu et al., 2022). Meanwhile,
Megamonas is considered a probiotic bacterium with potential
contributions to maintaining an anti-inflammatory milieu through
the regulation of the balance between regulatory T cells and T
helper cell 17 (Shimizu et al., 2019; Yang et al., 2023).

MiR-514a-3p displayed associations with the abundance of
three specific intestinal bacteria (Lachnospiraceae_NK4A136_
group, Eubacterium_ruminantium_group, and Lachnospiraceae_
UCG.010), in addition to four miRNAs (miR-378c, miR-335-
5p, miR-34c-5p, and miR-215-5p). While direct correlations of
miR-514a-3p, miR-378c, and miR-335-5p with FC have not been
reported, their known functions and their potential relevance to
FC pathogenesis offer valuable avenues for future investigation.
Previous studies have indicated that miR-514a-3p and miR-
335-5p may contribute to the proliferation, migration, and
phenotypic switch of vascular smooth muscle cells (VSMCs)
(Ma J. et al., 2022; Ma R. et al., 2022). Additionally, miR-514a-
3p was identified as a novel tumor suppressor, with functional
assays demonstrating its capacity to inhibit cell proliferation by
targeting the epidermal growth factor receptor in clear cell renal
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FIGURE 8

Random forest model prediction of diagnostic efficacy of associated DE miRNAs and microbiota between FC patients and healthy controls. (A) The
importance of associated features from the model with the highest accuracy. (B) The random forest model displaying the classification for FC and
HCs employing 3, 5, 7, 10, 13, and 16 different genera or miRNAs. (C) The random forest model used 7 different genera or miRNAs.

cell carcinoma (Ke et al., 2017). Additionally, miR-378c has shown
a promising value as a diagnostic and prognostic indicator for
gastric cancer (Zhang et al., 2021). Notably, miR-378c can promote
phenotypic modulation of VSMCs within atherosclerotic lesions by
directly targeting the sterile alpha motif domain containing 1 (Tian
et al., 2021).

Furthermore, a connection involving miR-34c-5p, Eubacte
rium_ruminantium_group, miR-215-5p, Lachnospiraceae_NK4A
136_group, and Lachnospiraceae_UCG.010 was also identified. Xu
et al. (2021) demonstrated that M1 macrophage-derived exosomal
miR-34c-5p could target the tyrosine kinase receptor/stem
cell factor signaling pathway. This regulation influenced the
expression profile of ICC in colonic tissues, ultimately restoring
intestinal motility in an FC rat model. Additionally, Yao et al.
(2020) investigated the role of miR-215-5p in the regulation of
inflammation, suggesting its potential relevance to FC-related
research. Furthermore, Cai et al. (2019) found that miR-215-5p

might modulate cell autophagy by targeting the phosphoinositide
3-kinase/protein kinase B/mammalian target of rapamycin
signaling pathway and the reactive oxygen species/mitogen-
activated protein kinase signaling pathway. Given the established
correlation between cell autophagy and the initiation and
progression of FC (Wang et al., 2022), this association holds
particular significance. In summary, these identified interactions
within the present study provide valuable insights for further
exploration and validation in animal models to elucidate their
directional causality.

Although we recruited patients without severe anxiety,
included FC patients still showed significantly higher SAS scores.
The relationship between anxiety and FC is complex and
multifaceted. Studies have shown that people with anxiety are
more likely to experience gastrointestinal symptoms, including
constipation; on the other hand, the embarrassment of living
with FC can also exacerbate feelings of anxiety (Liu et al., 2021;
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Shiha et al., 2021). The gut microbiota has emerged as a key player
in the bidirectional communication between the gut and the brain,
known as the gut-brain axis (Margolis et al., 2021). Emerging
evidence suggests that disturbances in the gut-brain axis may
contribute to the development of both anxiety and FC (Jin et al.,
2020; Westfall et al., 2021). Studies in animals have demonstrated
that perturbations in the gut microbiota can lead to anxiety-like
behaviors (Tao et al., 2024), while clinical research in humans has
suggested that alterations in the gut microbiota may be associated
with anxiety disorders (Wei et al., 2023). The gut microbiota could
influence gut-brain axis through several mechanisms, including
the production of serotonin and gamma-aminobutyric acid (Zhang
W. et al., 2023), modulation of the immune response (Li et al.,
2023), and regulation of the hypothalamic-pituitary-adrenal axis
(Tsilimigras et al., 2018). In light of these findings, future studies
could explore whether fecal miRNAs could be utilized as a potential
target for modifying the gut microbiota to help manage anxiety
and FC.

Currently, the etiology and pathogenesis of FC remain elusive
and are primarily associated with aberrations in gastrointestinal
motility, chronic intestinal inflammatory responses, diminished
mechanosensitivity in the intestine, and abnormal brain-gut
interactions (Wald, 2016; Vriesman et al., 2020). Intriguingly,
functional predictions arising from this investigation have
unveiled a significant enrichment of axon guidance pathways
in miRNAs closely intertwined with the gut microbiota. Of
note, glycans play pivotal roles in transmitting axonal signals,
and enzymes responsible for glycan modifications finely regulate
the information conveyed to axons, which can subsequently be
interpreted by glycan-binding proteins (Sakamoto et al., 2021;
Abad-Rodríguez et al., 2023). Enhanced glycan production may,
in turn, augment the recruitment of certain bacteria (Kudelka
et al., 2020). Consequently, these findings might shed light
on a novel underlying mechanism by which miRNAs can
selectively recruit particular microbes by orchestrating glycan
biosynthesis and enhancing axon guidance function in the nervous
system, ultimately retarding intestinal transit. Nevertheless, this
mechanism warrants further comprehensive exploration.

Given the incomplete understanding of FC’s precise
pathophysiology and the absence of specific biomarkers, FC
is typically diagnosed based on clinical symptoms, often in
conjunction with procedures such as enteroscopy (Aziz et al., 2020;
Black et al., 2020). The diagnosis is confirmed after ruling out
other organic gastrointestinal disorders, which can be challenging
and may lead to misdiagnosis or undiagnosis (Sharma et al., 2021;
Chiarioni et al., 2023; Sun et al., 2023). In this study, a combined
diagnostic approach employing seven diagnostic biomarkers
(Oscillibacter, Escherichia.Shigella, UCG.002, miR-205-5p, miR-
493-5p, miR-215-5p, and Lachnospiraceae_NK4A136_group)
yielded an impressive AUC value of 83.20%. This signifies a high
predictive accuracy and holds significant promise for clinical
application (Ren et al., 2019). This study introduces a novel
diagnostic method for FC from the perspective of miRNA-gut
microbiota interactions. Moreover, this non-invasive, cost-
effective, and convenient fecal sample-based diagnosis provides an
expedited and valuable clinical tool.

Nonetheless, several limitations warrant acknowledgment in
this study. Firstly, the relatively small clinical sample size in
this study may limit the detection of subtle miRNA expression

differences between groups. Secondly, the study does not
directly validate the causal relationships between these miRNAs
and bacterial genera. Future study should consider isolating
differentiated strains to verify its relevance with miRNAs. Thirdly,
predictions derived from bioinformatics may not always precisely
mirror real biological systems. Despite these constraints, the study’s
elucidation of potential interactions between fecal miRNAs and
the gut microbiota underscores their critical relevance for future
inquiries into the pathogenesis of constipation.

4 Materials and methods

4.1 Ethics statement

The study was approved by the Ethics Committee of the
Affiliated Hospital of Chengdu University of Traditional Chinese
Medicine (Approval No. 2021KL-023). All subjects signed an
informed consent form. All of them received a case report form and
a fecal collection kit.

4.2 Study subject recruitment

A total of 30 patients with FC and 30 healthy volunteers were
enrolled in the study. All patients with FC were recruited from
the Outpatient Clinic of Anorectal and Digestive Departments
of the Affiliated Hospital of Chengdu University of Traditional
Chinese Medicine from February 2022 to December 2022. All
patients with constipation were diagnosed by the specialist of
the Anorectal or Digestive Department prior to enrollment.
Inclusion criteria: patients aged 18–60 years regardless of gender;
patients who met the Rome IV criteria (Palsson et al., 2020)
for the diagnosis of FC and had a history of constipation for
at least half a year; patients with a frequency of complete
spontaneous bowel movements (CSBMs) ≤ 2 times per week,
which lasted for more than 3 months (Yao et al., 2022); patients
without special eating habits (vegetarian, vegan diet, or related
to particular religious or social traditions) and mental disorders
such as severe anxiety and depression [self-rating anxiety scale
(SAS) or self-rating depression scale (SDS) standard score < 75
points]; the patients with exertion in defecation and dry stool
at baseline [Bristol stool form scale (BSFS) ≤ 3 points]; patients
who had no medication history for constipation, including
intestinal microecologics, probiotics preparation, etc. Exclusion
criteria: patients with a history of abdominal or anorectal surgery;
patients with irritable bowel syndrome and organic or drug-
induced constipation; patients with constipation secondary to
endocrine, metabolic, or neurogenic constipation; patients with
heart, liver, kidney damage or cognitive dysfunction, aphasia,
or unable to cooperate with sampling and treatment; patients
with other primary diseases caused by gut microbiota disorder
(diabetes, obesity, migraine, etc.); pregnant or lactating patients,
or patients with a pregnancy plan within the next 3 months. The
health volunteers were mainly from society and online (WeChat
Official Account and Moments). Inclusion criteria for healthy
volunteers: aged 18–60 years regardless of gender; all subjects
underwent a physical examination to ensure good physical health;
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no record of antibiotics, probiotics, yogurt, and other fermented
dairy products during the baseline period; subjects not enrolled
in other clinical studies, and signed the informed consent form.
Exclusion criteria: following the special diet for other reasons
(vegetarian, vegan diet, or related to particular religious or social
traditions) were excluded; subjects with mental disorders such
as severe anxiety and depression; subjects during pregnancy or
lactation; subjects who cannot cooperate with blood and fecal
sample collection.

The baseline clinical data of each subject, including gender,
age, course of the disease, gastrointestinal symptoms, medication
history, allergic history, and lifestyle habits (such as water
intake and exercise level) was recorded by the investigator.
The quality of life of all subjects was assessed using Patient-
Assessment of Constipation Quality of Life (PAC-QOL), and the
psychological and emotional disorders of patients were evaluated
with SAS and SDS.

4.3 Fecal sample collection and storage

In the week before sampling, participants were instructed to
maintain their regular diet (with no special changes compared with
the previous); 72 h before sampling, participants were instructed
to avoid intense physical activities such as running; and 24 h
before sampling, it is mandatory to refrain from consuming coffee,
chocolate, or any other caffeinated foods. Patients received the
teaching video, as well as detailed written and oral instructions
on how to collect feces using the Longsee fecal microbial genome
protection solution kit (Guangdong Nanxin Medical Technology
Co., Ltd.). The collection of two tubes of feces is required for
the detection of gut microbiome and fecal miRNAs. Because it is
difficult for FC patients to collect feces, the collection site could be
chosen at home or in the hospital according to the specific situation.
About 300 mg of formed stool from the middle section is collected,
and then immediately transferred to a −80◦C refrigerator in the
hospital or temporarily frozen in the refrigerator at home. It should
be quickly transferred to the researchers within 24 h for further
sequencing analysis.

4.4 DNA isolation and 16S rRNA gene
sequencing

The genomic DNA was extracted from the samples using
CTAB- or SDS-based method, and then the purity and
concentration of the DNA were detected by agarose gel
electrophoresis. An appropriate amount of sample DNA was
placed into a centrifuge tube and diluted to 1 ng/µL with sterile
water. With the diluted genomic DNA as the template, PCR
amplification was performed targeting the V3-V4 region of
16S rRNA using specific Barcode-tagged primers. The primer
sequences of the 16S V34 region were as follows: forward (F):
CCTAYGGGRBGCASCAG; R: GGACTACNNGGGTATCTAAT.
The library was constructed using TruSeq R© DNA PCR-Free Sample
Preparation Kit, and the constructed library was sequenced on
the computer using the Illumina Hiseq platform (NovaSeq6000,
China). All Effective Tags were clustered using the Uparse

algorithm (Uparse v7.0.1001),2 and the obtained sequences
were clustered into Amplicon Sequence Variants (ASVs) at 97%
Identity (default). The Mothur method and SILVA138.13 SSUrRNA
database were employed for species annotation and analysis of
ASVs sequences (threshold value set at 0.8∼1).

4.5 Analysis of species diversity,
community structure, and differential
microbes

The parameters Observed-species, Chao1, Shannon, Simpson,
ACE, Goods-coverage, and PD_whole_tree were calculated using
Qiime software (Version 1.9.1) to evaluate the α-diversity of the gut
microbiota. The rank abundance curve, and species accumulation
curve were plotted with R software (Version 4.2.1), and the
difference in α-diversity between groups was analyzed with R
software. The Unifrac distance was calculated using Qiime software
(Version 1.9.1). Principal coordinate analysis (PCoA) and non-
metric multi-dimensional scaling (NMDS) maps were plotted
using R software to evaluate the β-diversity. The PCoA analyses
were conducted with the ade4 package and ggplot2 package of R
software, and NMDS analysis was done using the vegan package
of R software. LEfSe analysis was performed with LEfSe software,
and a linear discriminant analysis (LDA) score of 3.5 was set as
the default screening value. The ANOSIM function of the vegan
package in the R program was employed for ANOSIM analysis.
The species showing significant differences between groups were
subjected to a t-test and the graphs were drawn using R software.

4.6 MicroRNA extraction and sequencing

Fecal samples from six patients with FC and six healthy
subjects were selected using stratified random sampling with the
age as the stratifying variable to minimize the potential for any
bias or confounding factors (Verhoef et al., 2014; Kho et al.,
2016) (demographic characteristics of these subjects can be found
in Supplementary Table 1). The total RNA was extracted from
samples using the miRNeasy Mini Kit (Qiagen, Hilden, Germany).
The purity and concentration of total RNA in the samples were
determined by NanoDrop ND1000 (Agilent Technologies, Inc.,
CA). The miRNA sequencing was performed with the Illumina
HiSeq 2000 sequencing system. The total RNA of all samples was
used to construct the miRNA sequencing library, including the
following steps: (1) 3’-linker connection; (2) 5′-linker connection;
(3) cDNA synthesis; (4) PCR amplification; (5) Selection of a
PCR amplification fragment with a size of about 135–155 bp
(corresponding to a small RNA of 15 to 35 nt). The library
was denatured into single-stranded DNA molecules, captured on
Illumina flow cells (Illumina, San Diego, CA), and amplified into
clusters in situ, followed by 51 cycles of final sequencing on
Illumina NextSeq according to the manufacturer’s instructions. The
expression profiles of miRNAs were statistically compared to the

2 http://www.drive5.com/uparse/

3 http://www.arb-silva.de/
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known genomes and obtained by the software miRdeep2. The mean
value of counts per million reads (CPM)≥ 1 was set as the threshold
value of miRNA expression in each group, and the miRNAs that
met the criteria were considered to be expressed in the subgroup
and then subjected to statistical analysis.

4.7 Correlation analysis and
co-occurrence network construction

Correlations among the frequency of completely autonomous
defecation in a week, fecal trait scores, degree of defecation
difficulty, PAC-QOL, SDS, SAS, gut bacterial genus, and
differentially expressed microRNAs were analyzed using
Spearman’s correlation coefficient. During the Spearman
correlation analysis, the Spearman correlation coefficient values
for species and environmental factors were first calculated with the
corr.test function from the psych package in R software and then
tested statistically for significance. The results were then visualized
with the pheatmap function from the pheatmap package.

After obtaining the matrix of correlation coefficients between
genus and miRNAs, the screening criteria were set as follows: (a) the
weakly-correlated connections were removed with a cutoff value
(>0.6) as the threshold; (b) node self-connections were filtered
out; (c) connections with a node abundance less than 0.005% were
removed; According to the filtered correlation coefficient values, a
co-occurrence network was constructed using Cytoscape Version
3.9.1 software4 with bacterial genus or miRNAs as nodes and values
as edges.

4.8 Random forest analysis

Random forest is a classical machine learning model based
on the classification tree algorithm that classifies the data into
training and testing sets, and then the classification function can be
continuously trained with the training set to achieve the optimal
classification performance, which is validated using the testing
set. Random forest analysis was performed using the Random
Forest package in R software, and the significant species were
screened with Random-Forest scores. Afterward, the performance
of each model was cross-validated (default 10-fold). Receiver
operating characteristic (ROC) curves were drawn, and the area
under the curve (AUC) was calculated to evaluate the diagnostic
performance of the model.

4.9 Functional annotation of bacterial
genus and microRNAs

For the gut bacterial genus, the functional gene compositions
of the target bacteria were analyzed using PICRUSt software,
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway data
corresponding to ASVs were obtained, and functional differences
were analyzed. For the differentially expressed microRNAs, we first

4 http://www.cytoscape.org

performed target gene prediction with the multimiR package in R
software. The target genes of the differentially expressed miRNAs
were then mapped to individual nodes of the Gene Ontology (GO)
database, and the number of genes in each node was counted.
Subsequently, Fisher’s exact test was used to identify significantly
enriched GO terms in the target genes of the differentially expressed
miRNAs. Through this analysis, the molecular function (MF),
cellular component (CC), and biological process (BP) of miRNA
target genes were analyzed to reveal their biological functions.
Finally, with KEGG Pathway as a unit, Fisher’s exact test was applied
to identify the pathways significantly enriched by the target genes
of the differentially expressed miRNAs, to identify the dominating
signal transduction pathways and biochemical metabolic pathways
in which they were involved.

4.10 Data analysis

SPSS 23.0 software was adopted for statistical analysis of the
difference between the two groups of clinical parameters. The
gender ratio was examined using 2 × 2 chi-square text. The
normality of all data was tested by the Shapiro–Wilk test, with
p > 0.05 indicating normal distribution, and the homogeneity
of variance was examined using one-way analysis of variance
(ANOVA) with p > 0.05 deemed as an equal variance. The
continuous variables obeying normal distribution and equal
variance were represented by x± S, and compared between the two
groups by the independent sample t-test; otherwise, the continuous
variables were represented as median (M), interquartile range
(IQR), and Wilcoxon Mann-Whitney U test was employed for their
comparison between the two groups. All sequenced data were
analyzed with R software. All statistical results were considered
statistically significant with p < 0.05.

5 Conclusion

In summary, this comprehensive study highlights notable
disruptions in the gut microbiota composition in individuals
affected by FC. Furthermore, our investigation unveiled dozens
of fecal miRNAs that are differentially regulated in FC patients.
Notably, we identified interactions between the abundance of
seven specific bacterial genera and the expression of nine fecal
miRNAs, strongly implicating fecal miRNAs as potential mediators
of the host-microbiome interplay in FC. This work provides
a first systems-level map of the association between microbes
and fecal miRNAs in FC, and subsequent investigations should
consider isolating differentiated strains to verify their causal
relevance with miRNAs.
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Compound Chinese medicine (F1) is a traditional prescription in Chinese 
medicine that is commonly used to treat spleen deficiency diarrhea (SDD). It has 
demonstrated remarkable effectiveness in clinical practice. However, the precise 
mechanism by which it exerts its antidiarrheal effect is still unclear. This study 
aimed at investigating the antidiarrheal efficacy and mechanism of F1 on senna-
induced secretory diarrhea (SDD). Senna was utilized to induce the development 
of a mouse model of senna-induced secretory diarrhea (SDD) in order to observe 
the rate of diarrhea, diarrhea index, blood biochemistry, and histopathological 
changes in the small intestine. Additionally, the levels of sodium and hydrogen 
exchange protein 3 (NHE3) and short-chain fatty acids (SCFAs) were determined 
using enzyme-linked immunosorbent assay (ELISA). The impact of F1 on the 
senna-induced SDD mouse models was evaluated by monitoring changes in the 
gut microbiota through 16S rRNA (V3-V4) sequencing. The results demonstrated 
that F1, a traditional Chinese medicine, effectively increased the body weight of 
SDD mice and reduced the incidence of diarrhea and diarrhea index. Additionally, 
F1 restored liver and kidney function, reduced the infiltration of inflammatory 
cells in intestinal tissue, and promoted the growth of intestinal villi. Furthermore, 
F1 was found to enhance the expression of NHE3 and SCFAs. It also increased 
the abundance of Firmicutes and Lactobacillus species, while decreasing the 
abundance of Proteobacteria and Shigella.

KEYWORDS

compound Chinese medicine, SDD, intestinal mucosa, intestinal flora, regulate

1 Introduction

Spleen deficiency diarrhea is a prevalent gastrointestinal syndrome in clinical practice (Ma 
et al., 2019; Shi et al., 2019). It is primarily caused by congenital endowment deficiency or 
prolonged illness, leading to weakness in the spleen and stomach, impaired digestion, and 
diarrhea (Mei et al., 2022). Some literature has pointed out that the irritable bowel syndrome 
caused by weak spleen and stomach is as high as 57.5% (Zhu et al., 2016). The spleen functions 
optimally in a dry environment. However, when the spleen and stomach are weak, they struggle 
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to digest and metabolize food, resulting in the formation of a cold and 
humid environment that further exacerbates the symptoms of spleen 
deficiency (Su et al., 2021). The symptoms include diarrhea with loose 
stools, weight loss, and dull fur. Based on the pathogenesis 
characteristics of the deficiency of spleen yang, the treatment focuses 
on the principle of regulating spleen and stomach (Wu, 1998). Chinese 
herbal medicine, as a significant component of complementary and 
alternative medicine, has gained considerable acceptance in clinical 
treatment. It is noteworthy that data reveals that 61.6% of patients 
suffering from digestive diseases have sought the benefits of traditional 
Chinese medicine (Tan et al., 2020). In clinical practice, the commonly 
used treatments are Sijunzi Decoction, Shengmai Yin, Shenling 
Baizhu San, etc., combined with spicy or bitter Chinese medicine to 
invigorate the spleen and eliminate dampness (Yu et al., 2016; Gan 
et al., 2017; You et al., 2020; Chen et al., 2022).

According to modern medicine, the concept of the ‘spleen’ 
involves the functions of multiple systems such as digestion, 
endocrine, and immunity (Lewis et al., 2019; Willard-Mack et al., 
2019; Li et  al., 2021). Traditional Chinese medicine considers the 
intestine to be an important component of spleen function. Recent 
medical research has also found a close association between small 
intestinal bacterial overgrowth (SIBO), gastrointestinal digestive 
dysfunction, intestinal inflammation, decreased immune function, 
and intestinal flora disorders (Brown et al., 2022; Banaszak et al., 2023; 
Li et al., 2023). The intestinal mucosal epithelium acts as a selective 
barrier that protects the host from harmful substances while allowing 
nutrient absorption (Turner, 2009; Fa et al., 2016). Disruption of this 
barrier can result in increased permeability, inflammation, reduced 
NHE3 activity, and other pathological changes, ultimately leading to 
diarrhea (Peritore-Galve et al., 2023). In recent years, there have been 
increasing reports on the potential of traditional Chinese medicine to 
improve the health of the intestinal mucosa (An et al., 2022). For 
instance, berberine has been found to protect the intestinal mucosal 
barrier function by reducing intestinal macrophage infiltration and 
the inflammatory response (Li et  al., 2020; Dong et  al., 2022). 
Additionally, Poria polysaccharide has shown promising results in 
reducing intestinal mucosal injury and inflammation in mice, thereby 
improving intestinal barrier function (Xu et al., 2023).

The intestinal flora and the animal immune system have a 
mutually beneficial relationship, known as the ‘flora-host’ symbiotic 
relationship (Zhou et  al., 2020). The active involvement of the 
intestinal flora and its metabolites in maintaining the balance of the 
intestinal immune system has a positive impact on preventing and 
controlling intestinal diseases, and it also plays an essential role in 
regulating animal health (Liu et al., 2022). When the dynamic balance 
of the intestinal microecosystem is disrupted, the intestinal flora 
becomes imbalanced, leading to various diseases both inside and 
outside the intestine (Hu and Yang, 2022; Liu et al., 2022). Traditional 
Chinese medicine has gained significant attention and research from 
experts and scholars due to its influence on the intestinal flora and its 
ability to regulate bodily functions (Che et al., 2022; Li et al., 2022). 
Since Chinese herbal medicines are typically consumed orally, their 
active ingredients directly interact with the intestinal flora, thereby 
influencing the structure of the intestinal flora and its metabolites. 
Cang Zhu Compound has been shown to regulate the structure of 
intestinal flora, improving the intestinal microenvironment (Ma et al., 
2019). Additionally, Huo Xiang Zhengqi oral liquid has been found to 
promote beneficial bacteria in the intestinal flora and inhibit the 

growth of pathogenic bacteria, effectively alleviating symptoms of wet 
spleen and stomach in rats. Research has also highlighted the close 
relationship between traditional Chinese medicine and the regulation 
of intestinal flora metabolites, such as short-chain fatty acids, amino 
acids, bile acids, indole, and its derivatives (Feng et al., 2018; Sun et al., 
2022; Li et al., 2023). Therefore, maintaining a balanced intestinal flora 
and regulating microbial metabolites have emerged as new avenues of 
study in understanding the mechanism of action of traditional 
Chinese medicine.

This study aims to investigate the antidiarrheal effect of F1 and 
explore its curative potential in the treatment of SDD. The specific 
mechanisms involved, including the regulation of intestinal 
microbiota and the maintenance of intestinal barrier function, will 
be elucidated. The findings of this study will provide a theoretical 
reference for the clinical application of F1.

2 Materials and methods

2.1 Experimental consumables

Experimental Chinese medicine pieces such as Codonopsis, 
Largehead Atractylodes Rhizome, Poria, Dried Ginger, Yam, Rhizome 
of Szechuan Lovage, Knotweed, Fortune Eupatorium Herb, Herba 
Lycopi, Coptis chinensis Franch, Divine Comedy, Senna, etc.

Mouse sodium hydrogen exchange factor 3 (NHE3) ELISA 
detection kit, mouse short-chain fatty acid (SCFA) ELISA detection 
kit, 4% paraformaldehyde. 4% paraformaldehyde,Absolute ethanol 
(AR grade), xylene (AR grade), hematoxylin stain, eosin stain, 
hydrochloric acid (AR grade), neutral gum.

2.2 Laboratory animals

ICR mice: 50, 25 male and 25 females; Weight: 20 ± 2 g; From the 
Laboratory Animal Center of Yunnan University.

2.3 Preparation of compound Chinese 
medicine preparation F1 and senna

F1: Baishu 20 g, Poria 12 g, Codonopsis 15 g, Dried Ginger 20 g, 
Yam 20 g, Chuanxiong 15 g, Knotweed 10 g, Peran 10 g, Zeeland 10 g, 
Coptis 6 g, Divine Comedy 12 g. The ingredients were mixed and 
crushed in the specified proportions. The resulting mixture was then 
passed through a 120 mesh sieve and sealed for storage. For 
preparation, 200 g of the powder was soaked in 2000 mL of warm 
water for 2 h and boiled for 1 h. The chemical solution was filtered 
using 8 layers of gauze, and the resulting filtrate was evaporated and 
concentrated at 60°C under reduced pressure until the volume 
reached 400 mL. This crude drug solution had a concentration of 
500 mg/mL and was stored at 4°C for future use.

Senna aqueous solution was prepared as follows: 30 g of senna was 
soaked in 100 mL of warm water for 1 h and then boiled for 15 min. 
After filtration through 8 layers of gauze, the solution was centrifuged 
at 5000 r/min for 5 min. The supernatant volume was adjusted to 
50 mL, resulting in a concentration of 600 mg/mL. The solution was 
stored at 4°C for future use.
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2.4 Establishment and treatment of SDD 
mouse model

After adapting 50 mice for 5 days, they were randomly divided 
into two groups: the experimental group and the control group. Both 
groups were managed with the same feeding protocol. In the 
experimental group, each mouse was orally administered 0.5 mL of 
senna water extract twice a day for 7 days, following a 5-h fasting 
period before each administration. The control group received the 
same volume of normal saline. Throughout this period, the clinical 
manifestations of the mice were observed, and the diarrhea rate and 
diarrhea index were calculated as the primary indicators for evaluating 
the diarrhea models.

After successful modeling, three mice were randomly chosen 
from the experimental group for sampling and dissection 
(recorded as sdd); Subsequently, twenty mice were selected for 
treatment with F1 (denoted as f1). Each mouse received a dosage 
of 1 mg/g Chinese medicine solution through oral gavage, based 
on their body weight. The administration was conducted once in 
the morning and once in the evening, continuously for five days. 
The control group (recorded as nc), received normal feeding 
without any additional treatment.

2.5 Sample collection and processing

After successful modeling and drug treatment, three mice 
were randomly selected from each group. One milliliter of blood 
was collected from the heart using ordinary blood collection 
tubes. The collected blood was allowed to stand for 4 h and then 
centrifuged at 4000 r/min for 8 min to separate the serum. The 
serum was transferred to a 2 mL centrifuge tube and stored at 
−20°C. Simultaneously, the mice were dissected after their necks 
were broken, and the small intestinal tissues and spleen were 
collected and stored in 4% paraformaldehyde at 4°C. The contents 
of the small intestine were also collected and stored by freezing 
them with liquid nitrogen.

2.6 Clinical status monitoring of mice

The study recorded the appearance of coat, behavioral activity, 
mental state, appetite (feed consumption), fecal morphology, weight 
change, and death of mice. Additionally, the number of effective 
treatments, cases of cure, deaths, and recurrences were recorded for 
each treatment group. The effective rate, cure rate, mortality rate, and 
recurrence rate were then calculated for each group.

2.7 Blood biochemical detection of mice

The levels of alanine aminotransferase (ALT), aspartate 
aminotransferase (AST), serum total protein (TP), albumin (ALB), 
urea (UREA), creatinine (CREA), and other components were 
measured using a veterinary automatic blood biochemistry analyzer.

2.8 Determination of spleen and intestinal 
injury repair in mice

The spleen and intestinal tissues were dehydrated, trimmed, 
embedded, sectioned, stained, and sealed after paraformaldehyde 
fixation. They were then subjected to microscopic examination. The 
BA210 digital trinocular microcamera system was used to capture 
slice images. Each section was observed at low magnification to 
identify any tissue lesions. Specific lesions were further examined 
using 100x and 400x pictures. The extent of the lesion was determined 
using a four-stage grading approach. Additionally, the height of 
intestinal villi, crypt depth, and muscle thickness were measured using 
the line tool.

2.9 NHE3 and SCFAs expression

The expression of serum NHE3 and SCFAs was determined using 
the bianti-antibody sandwich ELISA method by creating a linear 
regression model based on the creating of the standarded curve.

2.10 Detection of intestinal microbial 
diversity in mice

The intestinal contents of mice were frozen using liquid nitrogen 
and then sent to Beijing Baimeike Biotechnology Co., Ltd. for next-
generation sequencing of the 16S rRNA V3-V4 region to analyze the 
intestinal bacteria.

2.11 Data statistics and analysis

Preliminary statistical collation of data was performed using Excel 
2019, followed by statistical analysis using GraphPad Primim 8.0.2. 
The results were represented as mean ± standard error. A significant 
difference was denoted by p < 0.05, indicated by “*,” while a greater 
difference was denoted by p < 0.01, represented by “**.” Gut 
microbiome analysis was conducted using BMKCloud.1

3 Results

3.1 Treatment results

Table 1 presents the number of treatments and cures, indicating 
that the effective rate reaches 95% after 5 days of treatment and the 
cure rate reaches 95% after 6 days. Additionally, the recurrence rate 
and mortality rate during this period are low.

1  www.biocloud.net
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3.2 Blood biochemical results

The blood biochemistry of mice in each treatment group was 
analyzed using a veterinary automatic blood biochemistry instrument, 
and the results were statistically analyzed (Table 2 and Figure 1). The 
levels of ALT, TG, UREA, and crea-S in the sdd group were 
significantly higher than those in the nc group (p < 0.01). Additionally, 
the levels of AST were significantly higher than those in the nc group 
(p < 0.05), while the Glu-G levels were significantly lower (p < 0.01). 
Following F1 treatment, the liver and kidney function indexes of mice 
showed a recovery, with the exception of slightly higher levels of 
CREA-S, CHE, and Glu compared to the nc group. However, there 
was no significant difference in other indexes (p > 0.05).

3.3 Histoscopy observation and pathology 
of lesions

3.3.1 Repair of spleen damage
One patient in the sdd group exhibited lymphocyte necrosis in the 

splenic nodule of albidon, along with cytosolic lysis of necrotic cells. 
Additionally, there was solid shrinkage and disintegration of nuclei, 
resulting in the phenomenon commonly referred to as ‘full of stars’ 
(Figure 2A). In another case, there was an increase in cell components 
in the pulp, as well as the presence of lobulated nuclei or rod-shaped 

nuclei neutrophils (Figure 2B). Mild extramedullary hematopoiesis 
was observed in one case, with an increased number of naïve 
granulocytes in the tissue (Figure 2C). Following F1 treatment, the 
spleen tissue membrane remained intact, and there was no 
proliferation of the membrane or splenic trabecular fibrous connective 
tissue. The demarcation between white pulp and red pulp was clear, 
and there was no hyperplasia or atrophy observed in the white pulp 
splenic nodule, with no significant decrease in the number of cells. No 
obvious proliferation or decrease of various cellular components was 
noted in the red medullary, and the spleen and blood sinuses formed 
a network without any signs of congestion or inflammatory 
cell infiltration.

3.3.2 Damage to the intestines
In one case from the sdd group, a minor amount of inflammatory 

cell infiltration was observed, primarily consisting of lymphocytes 
with oval nuclei. There was no notable inflammatory cell infiltration 
or hyperplasia in the outer membrane layer. No other significant 
pathological changes were observed after treatment (see Figure 3).

3.4 Intestinal tissue measurement

After measurement (Table 3 and Figure 4), the height of intestinal 
villi was found to be significantly lower in the sdd group compared to 

TABLE 1  Statistics of treatment results of spleen deficiency and diarrhea in mice.

Significant 
number

Efficient Number of 
cures

Cure 
rate

Number of 
deaths

Mortality Number of 
recurrences

Relapse 
rate

1d 8 40% 0 0 0 0 0 0

2d 11 55% 7 35% 0 0 0 0

3d 15 75% 12 60% 1 5% 0 0

4d 17 85% 15 75% 0 0 1 11.11%

5d 19 95% 18 90% 0 0 0 0

6d 19 95% 19 95% 0 0 0 0

7d 19 95% 19 95% 0 0 0 0

TABLE 2  Results of blood biochemical test results of mice in each group of spleen deficiency and diarrhea.

Project sdd F1 nc

ALT U/L 115.2000  ±  14.2700 26.08  ±  5.4610 23.0800  ±  2.8420

AST U/L 188.3000 ± 2.6360 160.6000 ± 6.7540 155.3000 ± 7.6210

ALP U/L 179.2000 ± 19.9500 217.0000 ± 11.9100 234.3000 ± 18.8800

UREA mmol/L 14.2700 ± 1.8300 11.8400 ± 0.7727 8.7630 ± 0.2089

CREA-S μmol/L 14.7700 ± 0.9228 11.8400 ± 0.7727 8.6440 ± 0.2100

TPII g/L 44.6900 ± 2.9180 52.3600 ± 1.4360 50.2800 ± 0.9495

TG mmol/L 1.8500 ± 0.0319 0.6160 ± 0.0594 0.6260 ± 0.0474

TC mmol/L 1.7030 ± 0.1803 1.7780 ± 0.0788 1.9520 ± 0.2225

CHE U/L 4,716 ± 227.3000 6,504 ± 301.1000 5,194 ± 185.7000

Glu-G mmol/L 3.2700 ± 0.3536 8.066 ± 0.2623 6.8100 ± 0.4811

Ca mmol/L 1.9450 ± 0.0578 2.1240 ± 0.0628 2.0150 ± 0.1550

P mmol/L 2.8150 ± 0.2374 2.6500 ± 0.1102 3.4750 ± 0.1950
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both the f1 group and the nc group (p < 0.01). However, there was no 
significant difference in the height of intestinal villi between the f1 
group and the nc group (p > 0.05). The crypt depth in the sdd group 
was significantly higher than that in the f1 group and the nc group 
(p < 0.01), while there was no significant difference in crypt depth 
between the F1 group and the nc group (p > 0.05). Additionally, the 
muscular layer in the sdd group was significantly higher than that in 
the nc group (p < 0.01) and also higher than that in the F1 group, 
although the difference between the f1 group and the nc group was 
not significant (p > 0.05).

3.5 NHE3 and SCFAs expression

The serum NHE3 content in the sdd group was significantly lower 
than that in the f1 and nc groups (p < 0.01), and the f1 group was 
significantly lower than that in the nc group (p < 0.01) (Table 4 and 
Figure 5A).

There was no significant difference in serum SCFAs content 
between the three groups (p > 0.05), but the f1 content was the highest 
(Table 4 and Figure 5B).

3.6 Intestinal flora sequencing results

3.6.1 Sequencing data quality assessment
A total of 719,228 pairs of Reads were obtained from the three 

sequencing groups. After double-ended Reads quality control and 
splicing, a total of 714,143 CleanReads were generated (Table 5). There 
were no significant differences observed in RawReads, CleanReads, 
DenoisedReads, MergedReads, Non-chimericReads, and ASVs 
between the three groups (p > 0.05).

3.6.2 Species distribution analysis
At the phylum level, the dominant community composition of the 

intestinal colony in the three groups of mice was Firmicutes. sdd 

FIGURE 1

Analysis of differences in blood biochemical tests in mice. (A–L) Represents a histogram of 12 different blood biochemical indicators; All abscissa 
indicates grouping information (orange for sdd group, green for fl group, purple for nc group); Ordinates represent numeric values.
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showed approximately 20% less Firmicutes and approximately 20% 
more Proteobacteria compared to f1 and nc (Figure 6A).

At the class level, the dominant community composition of the 
intestinal flora in the three groups of mice was Bacilli. sdd showed 
approximately 20% less Bacilli than f1 and nc, while 
Gammaproteobacteria increased by approximately 20% (Figure 6B).

At the order level, the dominant community composition of the 
intestinal flora in the three groups of mice was Lactobacillales. sdd 
exhibited a decrease of approximately 16% in Lactobacillales and 
approximately 22% in Enterobacterales compared to nc (Figure 6C).

At the family level, the dominant community composition of the 
intestinal flora in the three groups of mice was Lactobacillaceae. sdd 
showed a decrease of approximately 13% in Lactobacillaceae and 
approximately 22% in Enterobacteriaceae compared to nc (Figure 6D).

At the genus level, the intestinal colony community composition 
of the three groups of mice was predominantly composed of 
Lactobacillus. However, there were variations in the species 
composition and proportion among the groups. In comparison to the 
nc group, the sdd group exhibited a decrease of approximately 22% in 
lactobacillaceae, an increase of around 21% in Escherichia_Shigella, 
and a rise of about 9% in Ligilactobacillus (Figure 6E).

3.6.3 Alpha diversity analysis
The sample Alpha diversity index was evaluated using the QIIME2 

2020.6 software (Figure  7). There were no significant differences 
(p > 0.05) observed between the six indexes of Ace, Chao1, Simpson, 
Shannon, Coverage, and PD_whole_tree. However, the Ace, Chao1, 
and PD_whole_tree indices were highest in the f1 group, followed by 

FIGURE 2

Spleen injury and repair in mice. (A) Lymphocyte necrosis in the splenic nodule of albilopulp (↑); (B) neutrophilia within the white pulp (↑); (C) increased 
number of naïve granulocytes in tissues (↑); (D) No obvious abnormalities were seen.

FIGURE 3

Pathological slides of small bowel injuries. (A) Typical lesions in the sdd group, inflammatory cell infiltration (↑). (B) f1 group showed no obvious 
pathological changes, and one was randomly selected as a representative picture. (C) No obvious pathological changes were seen in the nc group, and 
one was randomly selected as a representative picture.
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the sdd group, and lowest in the nc group. Group nc exhibited the 
largest Simpson and Shannon indices.

4 Discussion

The compound traditional Chinese medicine preparation has 
shown significant effectiveness in treating spleen deficiency and 
diarrhea in mice. The treatment demonstrated a faster effect, with 40% 
of mice showing significant improvement after just 1 day of 
medication. By the fifth day, the cure rate reached 90%, with the 
exception of one weaker mouse that unfortunately died midway. All 
the remaining mice were successfully cured after a six-day medication 
period. The mice with spleen deficiency and diarrhea exhibited much 
higher levels of serum ALT, AST, TG, UREA, CREA-S, etc., compared 
to the normal group of mice. In particular, ALT levels were almost five 
times higher than normal, and Glu levels were significantly lower than 
those in the control group. These findings indicate that long-term 
administration of senna not only leads to spleen deficiency and 
diarrhea in mice but also causes damage to the liver and kidney 
function. However, after 7 days of treatment with the compound 
traditional Chinese medicine preparations, the liver and kidney 
function indexes returned to normal, with no significant difference 
compared to the normal group, except for slightly higher levels of 
CREA-S, CHE, and Glu. From the perspective of serum biochemical 
indexes, the presence of spleen deficiency and diarrhea is accompanied 
by some degree of liver and kidney function damage. Although 
structural damage cannot be confirmed without pathological sections 
and urine sediment examination, the study demonstrates that the 
compound traditional Chinese medicine preparation not only 
promotes the recovery of liver and kidney function in mice with 
spleen deficiency and diarrhea, but also increases serum total protein 
and blood glucose levels.

The spleen, as the largest secondary immune organ, plays a crucial 
role in disease development. It is responsible for the transport and 

localization of lymphocytes in the splenic microenvironment, allowing 
them to scan antigen-presenting cells (Lewis et al., 2019). Lymphocyte 
necrosis and disintegration can result in weakened immunity. This 
compound traditional Chinese medicine has been found to have a 
reparative effect on spleen damage, thereby enhancing the immune 
function of mice.

In this study, we  observed intestinal paraffin sections and 
performed HE  staining before and after treatment and recovery. 
We also measured and compared the numerical values of intestinal 
villi and crypts. These observations provided a more intuitive 
understanding that the compound Chinese medicine can promote the 
regeneration of intestinal villi and repair damaged mucosa. However, 
further research and exploration are needed to determine whether this 
compound TCM preparation can promote the proliferation and 
differentiation of intestinal stem cells and tufted mesenchymal cells, 
facilitate the regeneration of wound-associated epithelial (WAE) cells 
(Quirós and Nusrat, 2019), or increase the secretion of Hh ligand by 
pseudo-multilayer intestinal epithelium and the expression of myosin 
II-related genes. It is important to note that compound traditional 
Chinese medicine preparations have a complex composition and 
exhibit multi-action and multi-target characteristics.

Spleen deficiency and diarrhea in mice were found to have 
significantly lower serum NHE3 levels compared to normal groups. 
Previous studies have shown that excessive stimulation of bacterial 
heat-stable enterotoxin STa, along with cGMP accumulation and an 
increase in protein kinase A, strongly inhibits NHE3. Additionally, 
certain viral infections causing diarrhea can also inhibit NHE3 protein 
(Weiglmeier et al., 2010). It has also been research discovered that 
Jin-PiY-in can reduce the expression of GLP-1, reduce the 
ubiquitination and phosphorylation of NHE3, regulate the expression 
of NHE3, at least partly improve ion transport in the intestinal 
epithelium, and improve the imbalance of electrolyte absorption, thus 
significantly reducing the diarrhea symptoms (Ma et al., 2023). In this 
study, the level of NHE3 improved after treatment with compound 
traditional Chinese medicine preparations, indicating that promoting 

TABLE 3  Small intestinal tissue measurement data of mice with spleen deficiency and diarrhea.

Project sdd F1 nc

Intestinal villi height μm 250.9 ± 14.09 438.3 ± 11.74 482.0 ± 7.237

Crypt depth μm 116.5 ± 3.580 88.25 ± 3.669 88.50 ± 3.190

Muscular layer thickness μm 34.82 ± 2.182 27.05 ± 2.060 26.20 ± 1.453

FIGURE 4

Small intestinal tissue measurements. (A) Representative figure of intestinal villi height, crypt depth and muscular thickness measurement in sdd group. 
(B) Representative figure of intestinal villi height, crypt depth and muscular thickness measurement in fl group. (C) Representative figure of intestinal villi 
height, crypt depth and muscular thickness measurement in nc group.
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FIGURE 6

Distribution of intestinal microbial community composition in mice. (A–E) Represent the histogram of the structure of the intestinal colonies of the 
three groups of mice from the phylum to the genus level. The abscissa is grouped information; The ordinate represents the composition percentage; 
Different color legends represent different flora information.

the expression of NHE3 protein may be one of the mechanisms by 
which these preparations treat spleen deficiency and diarrhea.

For mice with spleen deficiency and diarrhea, the intestinal 
flora exhibited significant changes in the abundance of Firmicutes 
and Proteobacteriaces. Specifically, there was a notable decrease of 

approximately 22% in the abundance of Lactobacillus, while the 
abundance of Shigella increased by approximately 21%. Although 
some changes were observed in other phyla and genus, they were 
relatively minor in magnitude. These findings provide evidence that 
spleen deficiency leads to a compromised defense qi, resulting in 
susceptibility to external pathogens. Consequently, the intestinal 
micro-ecosystem loses its self-stable state, leading to damage to the 

TABLE 4  Mouse NHE3 /detection results.

sdd f1 nc

NHE3 ng/mL 15.95 ± 0.3955 19.48 ± 0.4236 23.80 ± 0.4512

SCFAs ng/mL 80.74 ± 3.085 90.15 ± 6.520 88.10 ± 3.114

FIGURE 5

Mouse serum NHE3 and SCFAs expression. (A) Is a histogram of 
serum NHE3 expression, and (B) is a histogram of serum SCFA 
expression. The abscissa coordinates are all grouping information 
(orange indicates sdd group, green indicates fl group, purple nc 
indicates blank control,); The ordinate represents the expressed 
numerical value.

TABLE 5  Sequencing data quality.

Project Unit Outcome

sdd f1 nc

RawReads Strip 79,878 ± 113.5 79,939 ± 52.92 79,925 ± 70.97

CleanReads Strip 79,310 ± 106.7 79,373 ± 61.61 79,365 ± 62.27

DenoisedReads Strip 77,977 ± 326.0 77,297 ± 405.5 76,600 ± 1,061

MergedReads Strip 76,210 ± 1,018 74,733 ± 837.3 73,250 ± 2,265

Non-

chimericReads
Strip 68,534 ± 2079 66,639 ± 530.0 62,802 ± 2,989

OTU_Num 436.0 ± 184.5 465.0 ± 105.5 379.7 ± 53.82

Seqs_Num 68,521 ± 2074 66,624 ± 529.7 62,771 ± 3,010
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intestinal mucosal barrier and immune function disorders. 
Following treatment with compound traditional Chinese medicine 
preparations, the abundance of Lactobacillus under the phylum 
Firmicutes reached 51.6%, while the abundance of Shigella under 
the phylum Proteobacteria decreased to 0.2%. Overall, the flora 
structure and composition were nearly identical to those of the 
normal groups.The study indicated that the compound traditional 
Chinese medicine preparation effectively increased the abundance 
of intestinal firmicutes and Lactobacillus in mice with spleen 
deficiency and diarrhea. This, in turn, led to an increase in the 
abundance of beneficial bacteria while inhibiting the growth and 
reproduction of pathogenic bacteria like Shigella. The compound 
also demonstrated the ability to promote the restoration of 
homeostasis in the intestinal flora and repair the biological barrier 
of the intestinal mucosa.

In this experiment, the serum SCFAs content of mice was 
quantitatively analyzed by double anti-sandwich enzyme-linked 
immunoassay, and the dysbacteriosis of the mice was caused by 
spleen deficiency and diarrhea, and the SCFAs level was lower 
than that of the blank control group. Decreased biosynthesis of 
SCFAs affects the barrier function of the intestine and increases 
the translocation of intestinal wall endotoxins, thereby triggering 
chronic inflammation and disruption of glucose and lipid 
metabolism in the body (Xiong et al., 2022). The SCFAs of mice 
cured by the compound TCM preparation were slightly higher 
than those in the control group, indicating that the compound 
TCM preparation had a certain promoting effect on SCFAs, but 
only the total SCFAs were measured and analyzed, and the 
specific components were not determined, resulting in no 
significant difference. Due to the low concentration and lack of 
standardization of SCFAs, which are difficult to measure 
clinically, veterinary clinical research on SCFAs remains 
a challenge.

5 Conclusion

The compound traditional Chinese medicine preparation F1 is 
involved in the treatment of spleen deficiency and diarrhea by 

regulating the body’s sodium and hydrogen exchange proteins, 
intestinal mucosa, intestinal flora, and metabolites.
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Seasonal environmental shifts and improper eating habits are the important

causes of diarrhea in children and growing animals. Whether adjusting feeding

time at varying temperatures can modify cecal bacterial structure and improve

diarrhea remains unknown. Three batches growing rabbits with two groups

per batch were raised under different feeding regimens (fed at daytime vs.

nighttime) in spring, summer and winter separately, and contents were collected

at six time points in 1 day and used 16S rRNA sequencing to investigate the

effects of feeding regimens and season on the composition and circadian

rhythms of cecum bacteria. Randomized forest regression screened 12 genera

that were significantly associated with seasonal ambient temperature changes.

Nighttime feeding reduced the abundance of the conditionally pathogenic

bacteria Desulfovibrio and Alistipes in summer and Campylobacter in winter. And

also increases the circadian rhythmic Amplicon Sequence Variants in the cecum,

enhancing the rhythm of bacterial metabolic activity. This rhythmic metabolic

profile of cecum bacteria may be conducive to the digestion and absorption

of nutrients in the host cecum. In addition, this study has identified 9 genera

that were affected by the combination of seasons and feeding time. In general,

we found that seasons and feeding time and their combinations affect cecum

composition and circadian rhythms, and that daytime feeding during summer

and winter disrupts the balance of cecum bacteria of growing rabbits, which

may adversely affect cecum health and induce diarrhea risk.
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growing rabbit, feeding regimens, cecal bacteria, seasonal variations, diarrhea
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1 Introduction

Diarrhea is one of the most common diseases in children.
Diarrhea in children seriously damages intestinal health and
hinders growth and development (Mensah and Tomkins, 2003;
Hanieh et al., 2021). Many epidemiological studies have shown
that the occurrence of diarrhea in children and growth animals is
directly related to seasonal rotations and climate change (Rowland,
1986; Windeyer et al., 2014; Uibel et al., 2022). In addition, the use
of electronic products in children at night impairing sleep quality
and increasing nocturnal eating behavior, thus impairing intestinal
health (Afonso et al., 2022; Lepley et al., 2022). Numerous studies
have ascribed the cause of seasonal diarrhea to environmental
conditions influencing the variability of digestive tract bacteria, but
are limited to stool samples that do not fully represent the bacterial
composition of the intestinal lumen (Wen et al., 2018; Eybpoosh
et al., 2021). Similarly, variations in feeding time and durations
of light exposure also disrupted the rest rhythms and impacted
the growth performance of developing animals (Schanbacher and
Crouse, 1980; Robert et al., 1991). Disrupted rest rhythms lead
to the accumulation of Reactive Oxygen Species (ROS) in the
animal’s gut, causing oxidative stress and increasing the risk of
death (Vaccaro et al., 2020). It remains unclear whether meal
time that clash with their natural activity rhythms can disturb the
balance of the cecal bacteria and heighten the risk of diarrhea,
especially during periods when children and growing animals are
more prone to it.

Ambient temperature possesses sufficient phenotypic plasticity
mediated through gut bacteria. The same species was shaped
with differential digestive characteristics at different ambient
temperatures (Li et al., 2018). Cold exposure altered intestinal flora
and enhanced nutrient absorption, insulin sensitivity, and white fat
browning in mice (Chevalier et al., 2015). The cold environment
also reshaped the gut bacteria to increase thermogenesis (Bo
et al., 2019). In addition, Animals exhibit dysbiosis of the gut
bacteria and remarkable changes in metabolites that damage
the intestinal barrier in heat-stressed environments (Hu et al.,
2022; Xia et al., 2022). Repeated hot and cold environmental
temperature domestication in Mongolian gerbils alters intestinal
bacteria and drives the development of host-adapted metabolic
activity (Khakisahneh et al., 2020).

Light exposure has also been reported to be an upstream signal
of structural variation in gut bacteria (Wu et al., 2018; Wei et al.,
2020). Coordination of photoperiod with feeding time controls
oscillations of gut bacteria through fluctuations in antimicrobial
peptides (Talbot et al., 2020; Brooks et al., 2021; Heddes et al., 2022).
Ambient light cues can also be translated into group III innate
lymphocyte signaling in the gut, which plays a role in shaping and
regulating the intestinal bacterial community (Godinho-Silva et al.,
2019).

The suprachiasmatic nucleus (SCN) of animals in the field
environment orchestrate foraging and resting behavior during
the light-dark phase transition. Inverting the light and dark
phases of ingestion in growing animals presents a challenge
to the SCN in orchestrating whole-body rhythmic activity. The
light/dark cycle regulates the rhythm of animal activity/rest by
affecting the loop from the animal’s SCN to the sympathetic
nerves (Scheer et al., 2005). Increased sympathetic activity in

the early stages of animal wakefulness promotes enhanced
thermoregulation (Guo et al., 2021). Seasonal Rotation caused by
the Earth’s revolution are important regulators of the clock
mechanism, integrating changes in the timing of light and ambient
temperature (Arendt, 2012). Environmental temperature changes
are most pronounced during the turnover of seasons, causing a shift
in the thermoneutral zone and changing the metabolic intensity
for the animal SCN activity of the animals (Liao et al., 2022).
Daytime feeding in rodents alters the oscillatory rhythm of bile
acids in the circulation (Eggink et al., 2017), which subsequently
interferes with the thermogenesis and thermoregulation of brown
fat G protein-coupled bile acid receptor 1 (TGR5) (Watanabe et al.,
2006).

In the livestock industry, although intelligent feeding systems
were introduced in the animal rearing process, the rational
parameters of feeding regimens were predominantly set according
to the workers’ timetable, ignoring the activity/rest phase of the
animals. For rabbits in particular, daytime feeding contradicts their
nocturnal activity. Daytime feeding of nocturnal animals causes
bacterial imbalance and damages intestinal health (Voigt et al.,
2014). The cecum bacterial community of rabbits is considered
to be an important basis for maintaining digestive health and
promoting animal growth (Combes et al., 2013). The symbiotic
relationship between bacteria and host involves the regulation
of intestinal physiological, immune and metabolic activities (Yoo
et al., 2020). Numerous fecal transplantation experiments have
shown that specific intestinal bacteria can improve intestinal
disease and alter the metabolic profile and health of recipient
animals (Allegretti et al., 2020; Craven et al., 2020; Leong et al.,
2020). Factors such as food structure and environmental conditions
can alter the composition and function of intestinal bacteria
(Claesson et al., 2012; Deng et al., 2020). The intestinal bacterial
structure of rabbits in the growing stage is exceptionally unstable,
and the superimposition of weaning, cage transport and feed stress
often triggers diarrhea, causing the most serious animal losses
(Zhuang et al., 2022). Children, comparable to growing rabbits,
are also characterized by immature gut development and gut
bacterial instability (Lu et al., 2009). The disruption of intestinal
bacterial homeostasis triggers the occurrence of diarrhea in a
large number of children (Di Biase et al., 2021). Seasonal changes
in environmental temperature and humidity are also important
factors impacting the balance of the gut bacterial community in
growing animals and children (Oakley et al., 2018; Chong et al.,
2021). Therefore, identifying feeding regimens that enhance the
stability and resilience of the gut bacteria under different seasonal
environmental conditions can be an effective strategy for providing
a healthy diet for children and contribute to efficient livestock
production.

We have previously found that feeding growing rabbits during
the day in summer can alter the cecum bacterial structure and
increase the risk of diarrhea (Wang et al., 2021). In rabbit
production, the use of open shed not only saves the farmer’s capital
investment, but also provides sufficient sunlight and natural air
for rabbits and enhances animal welfare (Rahman et al., 2018).
Compared to closed rabbit sheds, rabbits survive in open sheds with
greater fluctuations in light intensity, light hours and temperature,
more closely resembling real seasonal environmental variations.
In order to investigate the effects of ambient temperature and
feeding regimens on cecum composition and circadian rhythm.

Frontiers in Microbiology 02 frontiersin.org246

https://doi.org/10.3389/fmicb.2024.1344992
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/


fmicb-15-1344992 February 22, 2024 Time: 17:17 # 3

He et al. 10.3389/fmicb.2024.1344992

This study combined 16S rRNA amplification, high-throughput
sequencing, PICRUSt prediction and random forest to achieve
multi-time points sample collection, analyze the differences in
cecum bacterial composition and potential function of rabbits
growing in open sheds, identify bacterial fluctuation characteristics
associated with feeding time and look for bacteria associated with
seasonal environmental temperature. Thus, this study provides a
scientific basis for evaluating feeding regimens and environmental
regulation in growing rabbits. This also provides important clues
to assess the impact of seasonal diarrhea and disturbances in the
timing of eating on cecal health in children.

2 Materials and methods

2.1 Growing rabbit feeding management

In the experiment, a total of 648 weaned rabbits of similar
age (35 days old) and body weight (0.91 ± 0.10 kg) were
selected in summer (July–August), spring (April–May), and winter
(December-February) with 216 rabbits in each season. And 216
rabbits were randomly divided into two groups (daytime feeding,
DF and night-restricted feeding, NRF) of 108 rabbits per group
per season, and reared in an open rabbit shed with rolling plastic
curtain in a commercial rabbit farm in Qingdao China. The plastic
curtain was fully opened in summer. In spring and winter the
plastic curtain was used to keep warm. When the temperature drops
at night, the curtains were closed and were partly opened during
the daytime when the temperature rises. The DF and NRF groups
dropped feed before dawn and before dark, respectively, and both
groups collected residual feed before dawn the following day. The
DF feed delivery time was 7:00 am, 6:00 am, and 6:30 am in winter,
summer and spring, respectively, and NRF feed were delivered
at 5:00 pm, 7:00, pm and 6:30 pm. Both DF and NRF surplus
food were collected at 7:00 am in winter, 6:00 am in summer and
6:30 am in spring (Figure 1A). The feed formulation and nutrient
composition are shown in Supplementary Table 1.

2.2 Ambient temperature recording

The test was conducted using an automatic temperature
and humidity recorder (Apresy179-TH, Apresy Precision
Optoelectronics Co., Ltd., accuracy ± 0.3◦C, ± 3% RH,
respectively) to continuously record the temperature and humidity
in the house, and the data were automatically recorded once
every 10 min. In the analysis of the relationship between ambient
temperature and cecum bacterial abundance, the temperature
values at the moment of slaughter and at the closest distance
were recorded as the room temperature at which the growing
rabbits were kept.

2.3 Mortality and diarrhea

Death and diarrhea were recorded daily during each season of
the experiment in the DF and NRF groups, respectively, cumulative
mortality and diarrhea rates were calculated in 7-days increments.

2.4 Growth rabbit cecum contents
collection

Growing rabbits were reared until 84 days of age, rabbits were
euthanized by cervical dislocation at an interval of 4 h. The contents
of the cecum of 36 rabbits were collected from each of the DF
and NRF each season. The specific sampling operation was as
follows: six collection time points (7:00, 11:00, 15:00, 19:00, 23:00,
3:00) were set to collect mid-cecum contents, six rabbits per time
point as biological replicates, and stored at −80◦C, for subsequent
genomic DNA isolation.

2.5 DNA extraction and sequencing for
cecum bacteria

Genomic DNA was extracted from cecum contents using the
Power Soil DNA Isolation Kit (MOBIO Laboratories, Carlsbad,
CA, USA) according to the manufacturer’s instructions. Forward
primer 5′-ACTCCTACGGGAGGCAGCA-3′ and reverse primer
5′- GGACTACHVGGGTWTCTAAT-3′ were used to amplify the
V3-V4 region of the 16SrRNA gene with a specific barcode. High-
throughput sequencing was performed using Illumina HiSeq for
the 2500 PE250 platform (Illumina, San Diego, CA, USA).

2.6 Bioinformatics analysis

Raw reads were uploaded to Quantitative Insights into
Microbial Ecology (QIIME2) software, and fastq files were quality
filtered, trimmed, denoised, and merged using the DADA2 package
packaged with QIIME2. Clean reads were then feature-classified
using DADA2 to filter out amplicon sequence variants (ASVs)
with relative abundance <0.005%. The classification annotation
of ASVs was based on the SILVA132 database using the naive
Bayes classifier. In addition, sequence data was refined to a
depth of 29675 sequences per sample to perform bacterial α

and β diversity calculations. In the β diversity analysis, Principal
Coordinates Analysis (PCoA) was performed based on unweighted
UniFrac distances, and analysis of similarities (ANOSIM) tested
for statistically significant differences between groups. In addition,
we used linear discriminant analysis Linear Discriminant Analysis
(LDA) to select thresholds (LDA > 3.0) and Linear discriminant
analysis Effect Size (LEfSe) to select biomarkers in different groups.
simca (version 13.0) was used for partial least squares discriminant
analysis (Partial least squares Discriminant Analysis, PLS-DA).

Phylogenetic Investigation of Communities by Reconstruction
of Unobserved States 2 [PICRUSt2 (2.3.0)] from the BMKCloud1

was used to predict differences in bacterial function between
a single season specific time point and the remaining five
time point sets.

The relative abundance of bacterial taxa in the cecum
of growing rabbits at the genus level and the corresponding
ambient temperature were regressed using the default parameters
implemented in the R algorithm (R package randomForest

1 http://www.biocloud.net
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FIGURE 1

Design of animal feeding regimens and cumulative diarrhea rate of growing rabbits. (A) Design of rabbits feeding regimens in spring, summer and
winter. Feeding time change the risk of cumulative diarrhea occurring in (B) winter; in (C) summer, results from our previous study (Wang et al.,
2021); in (D) spring.

ntree = 1000, using the default mtry of p/3, where p is the number
of taxonomic units of the class). A random forest classifier was
used to analyze the relationship between bacteria with relative
abundance greater than 0.1% and temperature variation. The list
of taxa ordered by feature importance from the random forest
is determined over 100 iterations. The number of tagged taxa is
determined by 10-fold cross-validation using the rfcv() function in
the R package "randomForest," repeated five times.

2.7 Jonckheere-Terpstra-Kendall cycle
(JTK_Cycle) analysis

The non-parametric Jonckheere-Terpstra-Kendall cycle
(JTK_Cycle) was used to analyze the significance, amplitude and
phase of the 24-h cecal bacterial rhythms (Hughes et al., 2010).
The relative abundance values of microorganisms sequenced
at six time points during the day and night were entered into
the corresponding R program of JTK_Cycle to obtain the
corresponding rhythmic parameters such as period, phase and
amplitude.

2.8 Statistical analysis

The cumulative incidence of diarrhea and death was evaluated
using the ratio (OR), and the chi-square test was calculated at 95%
confidence intervals (95% CI). The Wilcoxon rank sum test was
used to analyze the differences in non-parametric data between
the two groups. For all other data, t-test was used to compare
the differences between the two groups, and two-way ANOVA
was used to analyze the interaction between cecum bacterial
composition and seasonal variation, feeding regimens, and seasonal
variation and feeding regimens interactions, using SPSS 20.0

software (SPSS, Inc., Chicago, IL, USA) for statistical analysis. In
addition, Spearman’s rho non-parametric correlations and P-values
(false discovery rate corrected P-values) were calculated using the
Psych package.2 Data plots were generated by Prism 7.0 software
(GraphPad software, Inc., La Jolla, CA, USA).

3 Results

A total of 17,199,561 pairs of Reads were sequenced from
216 samples. A total of 12,628,568 Clean Reads were generated
after double-ended Reads were quality controlled and spliced,
generating at least 41,695 Clean Reads per sample and an average
of 58,466 Clean Reads. Each cecum content sample had sufficient
ASVs to reflect the maximum level of bacterial diversity, indicating
sufficient sequencing depth (Supplementary Figure 1).

3.1 Seasonal variations induce alterations
in bacterial composition

Both the Shannon-Wiener diversity index (Shannon) and
Abundance-based Coverage Estimator (ACE) indices were
used to reflect the diversity of the cecum bacteria of rabbits
grown in different seasons. Cecum bacterial α diversity was
significantly higher in spring than in other seasons (P < 0.05)
(Figure 2A). The ACE index of cecum bacteria was significantly
higher in winter-grown rabbits than in other seasons (P < 0.05)
(Supplementary Figure 2). Overall, the cecum bacterial diversity
of growing rabbits was higher in spring than in other seasons,
and the bacterial community richness was higher in winter than

2 https://cran.r-project.org/web/packages/psych/index.html
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in other seasons. The weighted UniFrac was used to calculate the
distance of cecum contents samples in different seasons. Analysis
of Similarities (ANOSIM) analysis indicated that intergroup
differences were significantly greater than the intra-group
differences in different seasons. The PCoA analysis showed that the
R-values were all greater than 0 (P = 0.001). PLS-DA, Non-metric
Multidimensional Scaling (NMDS) and PCoA all clearly classified
cecum bacteria into three different groups in different seasons,
indicating significant differences in the cecum bacterial structure
of growing rabbits reared in different seasons (Figure 2B and
Supplementary Figures 2B, C). The top 10 dominant phyla in
84-day-old growing rabbits were composed of Phylum Firmicutes,
Bacteroidetes, Verrucomicrobia, Proteobacteria, Tenericutes,
Cyanobacteria, uncultured_bacterium_k_Bacteria, Actinomycetes,
Epsilonbacteraeota, and Patescibacteria were the top 10 bacterial
phyla in terms of abundance (Figure 2C). The overall composition
was mainly composed of Firmicutes and Bacteroidetes, which
together accounted for more than 80% of the bacterial composition
of the rabbit cecum. In addition, the relative abundance of bacteria
at the level of 20 genera was higher than 1% (Figure 2D).

To further explore the seasonal rotation of cecum bacteria
composition for growing rabbits, linear discriminant analysis
effect size analysis (LDA > 3) and Wilcoxon rank-sum test
was performed on the bacteria in different seasons. The iconic
winter genera are Campylobacter, Anaerovorax, Butyricimonas,
Akkermansia, and Roseburia. The iconic summer genera
are dgA-11_gut_group, Alistipes, Synergistes, Desulfovibrio,
Bacteroides, uncultured_bacterium_f_Rikenella. The iconic
spring genera are Erysipelotrichaceae_UCG-004, Blautia, and
Lachnospiraceae_NK4A136_group (Figure 2E).

3.2 Dietary regimens alter the
composition and circadian rhythms of
cecal bacteria

There was no difference between DF and NRF in the
comparison of bacterial α diversity either in winter or spring
(Figure 3A). PLS-DA results classified NRF and DF cecum
bacteria into 2 groups in winter and spring. Thus different feeding
regimens altered the structure of cecum bacteria β diversity
(Figure 3B). The Wilcoxon rank-sum tests were performed in
winter and spring. Compared to DF, NRF significantly increased
the abundance of Lentisphaerae phylum in winter and decreased
the abundance of Cyanobacteria and Patescibacteria phylum in
spring (Supplementary Figure 3). LDA effect size analysis at genus
level (LDA > 3) showed that Ruminococcaceae_NK4A214_group
and uncultured_bacterium_o_Izimaplasmatales were
significantly enriched in DF group in winter (P < 0.05).
In spring, Ruminococcaceae_NK4A214_group, Bacteroides,
and Ruminococcus_1 were significantly enriched in
NRF group (P < 0.05). Ruminococcaceae_V9D2013,
Ruminococcaceae_UCG_2013, Ruminococcaceae_UCG_011,
bacterium_f_Clostridiales_vadinBB60, and Akkermansia were
significantly enriched in DF group (P < 0.05) (Figure 3C).

The sequenced cecal bacterial relative abundance data were
analyzed by JTK to reflect the diurnal fluctuation of bacteria. In
winter, 23 ASVs in DF group had circadian rhythm, accounting

for 1.05% out of the total ASVs, and 57 ASVs in NRF group
had circadian rhythm, accounting for 2.60% out of the total ASVs
(ADJ. P < 0.05) (Figure 4A). Venn diagram analysis showed
that most of the rhythmic ASVs were unique at different feeding
regimens, and only two were rhythmic in both DF group and NRF
group (Figure 4B). Radar and heat maps showed that the peak
values of ASVs in DF group were mainly distributed at all-time
points during the day, while those in the NRF group were mainly
distributed at all-time points during the night (Figure 4C). The
rhythmic ASVs of DF and NRF groups mainly belong to Firmicutes,
Bacteroidetes, Actinobacteria, and Proteobacteria. Some ASVs in
NRF group also came from Actinobacteria, Cyanobacteria, and
Tenericutes (Figure 4D).

In spring, 57 ASVs in DF group had circadian rhythm,
accounting for 2.60% out of the total ASVs, and 43 ASVs in
NRF group had circadian rhythm, accounting for 1.96% out
of the total ASVs (ADJ. P < 0.05). Most of the rhythmic
ASVs were unique at different feeding regimens, and only five
were rhythmic in both DF group and NRF group. The peak
value of ASVs in the DF group was mainly distributed before
and after dark, while that in the NRF group was mainly
distributed before feeding at night. The rhythmic ASVs mainly
belong to Firmicutes, Proteobacteria, and Actinobacteria in DF
group. NRF group mainly belonged to Firmicutes, Bacteroidetes,
Tenericutes, uncultured_bacterium_k_Bacteria, Proteobacteria, and
Actinobacteria (Supplementary Figures 4A–D).

3.3 Interactive effects of season and
feeding regimens on cecum bacterial
composition

Seasonal rotation changes bacterial structure, and feeding
time also changes cecum bacterial composition and diurnal
oscillations. Therefore, we performed seasonal and feeding
regimens interaction analyses for bacteria with relative abundance
greater than 0.5% in either season (Supplementary Table 2). The
results of the interaction between season and feeding regimens
showed that Ruminococcus_1 was higher in spring than in summer
and winter, and NRF was higher than DF. In total, we found that
bacterial abundance in nine genera was influenced by seasons,
feeding patterns, and the interaction of season and feeding
regimens. These included Alistipes, Ruminococcaceae_UCG-013,
Synergistes, [Eubacterium]_coprostanoligenes_group, uncultured_
bacterium_f_Clostridiales_ vadinBB60_group, uncultured_
bacterium_f_Rikenellaceae, uncultured_bacterium_o_Bacteroidales,
and uncultured_bacterium_o_Izimaplasmatales (Supplementary
Figures 5A, B).

3.4 Correlation between cecum bacterial
changes and diarrheal incidences

We counted the number of diarrhea occurrences throughout
the feeding period and found that there was no significant
difference in the risk of cumulative diarrhea between the DF
and NRF groups until 49 days of age in winter growing rabbits
(P > 0.05), and between 49 and 84 days of age, the risk of
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FIGURE 2

Effects of seasons on cecum bacterial structure of growing rabbits. (A) Shannon analysis of cecum bacteria, * represents P < 0.05 and *** represents
P < 0.001. (B) PLS-DA analysis of the cecal bacteria. The taxonomic composition of cecum bacteria at the (C) phylum level (top 10, according to
relative abundance) and (D) genus level (top 20) under different seasons. (E) LEfSe analysis at the genus level (LDA > 3).

FIGURE 3

Comparison of bacterial structure under different feeding methods in winter and spring. (A) Shannon analysis of cecum bacteria, (B) PLS-DA analysis
of the cecal bacteria and (C) LEfSe analysis at the genus level (LDA > 3).

cumulative diarrhea was significantly higher in the DF group
than in the NRF group (P < 0.05) (Figure 1B). The cumulative
risk of developing diarrhea was significantly higher in the DF
group of growing rabbits than in the NRF group between 63 and
84 days of age during summer growing rabbit rearing (P < 0.05)
(Figure 1C). There was no significant difference in the cumulative
risk of occurrence of diarrhea between the DF and NRF groups of

growing rabbits during the entire trial period of spring growing
rabbit feeding (P > 0.05) (Figure 1D). The comparison of total
diarrhea cases and death cases in seasonal feeding practice showed
that the incidence and death of diarrhea in open shed rabbits were
significantly related to the season (Supplementary Table 3). The
number of diarrhea in summer growing rabbits was significantly
higher than in winter and spring in both the DF and NRF feed
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FIGURE 4

Cecal rhythmic ASVs in DF and NRF growing rabbits in winter. (A) Pie chart showing the proportion of rhythmic and non-rhythmic ASVs in cecum.
(B) Venn diagram showing the number and overlapping number of rhythmic ASVs in DF group and NRF group. (C) A radar chart is used to display the
abundance peak time of ASVs throughout the day, in which blue represents the DF group, red represents the NRF group, and the fill represents the
number of rhythmic ASVs at that time point, and the time when the rhythmic ASVs peak appeared. Using JTK analysis and prediction, the radius of
the dashed concentric circles represents the number of ASVs, the minimum radius unit of the dashed concentric circles represents the number of 1,
and the black and white shadows on the edge of the radar map represent night and day. (D) Heat map showing the trend of rhythmic ASVs in
growing rabbits DF group and NRF group throughout the day.

regimens (P < 0.001). The number of spring growing rabbits
mortalities was significantly lower than in winter and summer in
both the DF and NRF feed regimens. The number of mortalities
was significantly lower in the winter DF group than in the
summer (P < 0.01), while NRF reduced the number of summer
mortalities resulted in no difference between winter and summer
(P > 0.05).

We found a high tendency of diarrhea in summer. Considering
that cecal bacteria are closely prioritized to cecal physiological
functions, we sought to analyze the variation in cecum bacterial
composition and rhythms caused by summer. We analyzed the
composition at the genus level in different seasons and found
that Uncultured_bacterium_f_Barnesiellacea, Parabacteroides,
Desulfovibrio, dgA-11_gut_group, Synergistes, and Alistipes were
significantly higher in the intestine of summer-grown rabbits
compared to spring and winter (P < 0.05), Escherichia-Shigella

abundance was higher in summer compared to the other
two seasons. Marvinbryantia, Tyzzerella_3, and Blautia were
significantly higher (P < 0.05) and Alistipes, Bilophila, and
Campylobacter were significantly lower (P < 0.05) in the cecum
of spring-grown rabbits than in summer and winter. Winter
growth rabbits intestinal Campylobacter, Akkermansia, Roseburia,
and Erysipelotrichaceae_UCG-004 were significantly higher than
summer and spring (Supplementary Figure 6).

Bifactorial analysis of season and feeding regimens showed
that seasonal changes could significantly affect the cecum bacterial
structure of growing rabbits (Supplementary Table 2). Ambient
temperature was used to represent a characteristic with distinct
seasonal variation. Therefore, the daily ambient temperature
recorded in the rabbit shed during feeding trials completed in
different seasons was used to explore seasonal bacterial variation
(Supplementary Figure 7).
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The results of the Multivariate Regression Trees (MRT)
analysis showed that the differences in environmental temperature
in the house during the three seasons could classify the bacteria
into three groups (Figure 5A). Random forest regression
models of temperature and bacterial abundance across seasons
explained 84.36% of the total variance, indicating a strong
association between cecum bacterial variation and seasonally
induced temperature changes. To reveal important bacterial taxa
associated with environmental temperature changes in the house
as biomarker taxa, the cross-validation error was minimized when
9 important marker taxa were used by 10-fold cross-validation,
however, the number of classes against the cross-validation
error curve was stable when 9–14 marker taxa were used, i.e.,
the desired regression results could be obtained, therefore, we
selected 12 classes as the biomarker model in the taxa (Figure 5B).
The top 12 bacterial taxa of the growing rabbit cecum bacteria
with temperature, these genera belong to the phyla Firmicutes,
Bacteroidetes, Cyanobacteria, uncultured_bacterium_k_Bacteria,
Proteobacteria, and Actinomycetes. The relative abundance of
cecum uncultured_bacterium_f_Barnesiellacea, dgA-11_gut_group,
and Subdoligranulum was positively correlated with ambient
temperature and was higher in the summer temperature range
The relative abundance of uncultured_bacterium_f_Atopobiaceae,
Ruminococcaceae_NK4A214_group, uncultured_bacterium_k_
Bacteria, uncultured_bacterium_f_Eubacteriaceae, Blautia,
and uncultured_bacterium_f_Erysipelotrichaceae was higher
in the spring temperature interval. The Anaerovorax,
uncultured_bacterium_f_Clostridiales_vadinBB60_group, and
uncultured_bacterium_o_Gastranaerophilales had higher relative
abundance in the temperature interval in winter (Figure 5C).

To explore the role of rhythmic changes in cecum bacteria,
we used PICRUSt2 for functional prediction of cecum bacteria
in each season. The biosynthesis potential of 2-Oxocarboxylic
acid metabolism, phenylalanine, tyrosine, tryptophan, amino acid,
secondary metabolite, and antibiotic biosynthesis was higher at
7:00 am than at the rest of the day during winter NRF feeding,
and the intensity of cysteine and methionine metabolism, 2-
Oxocarboxylic acid metabolism, was at its lowest level of the day
at 11 pm. In winter DF feeding, only the ATP-binding cassette
transporter (ABC transporter) was higher at 7:00 pm than at
the rest of the day (Figure 6A and Supplementary Figure 8A).
During spring NRF feeding, processes such as carbon metabolism
and protein biosynthesis peak at 3:00 am at night. In contrast,
starch and sucrose, alanine, aspartate and glutamate, amino acid
and nucleotide metabolism, amino acid-tRNA biosynthesis, and
the pentose phosphate pathway reach their troughs at this time
of day. Starch and sucrose metabolism reached its highest value
and Oxidative phosphorylation, glycine, serine and threonine
metabolism, and pyruvate metabolism reached their lowest level
at 7:00 pm. In the predicted model of cecum bacterial function
under DF feeding in spring, gluconeogenesis/glycolysis was lower
than the rest of the time at 3 am at night, and biosynthesis of
amino acids reached the lowest level at 7:00 am. The peak of the
day and the strongest ribosomal activity at 3:00 pm (Figure 6B and
Supplementary Figure 8B).

4 Discussion

Daytime feeding is often used in rabbit production, which
is inconsistent with their activity rhythms. We had introduced
nighttime feeding in the summer to compare the differences in
cecal bacterial composition with daytime feeding regimens (Wang
et al., 2021). Now we also examined whether this alteration in cecal
bacterial composition caused by feeding regimens was preserved in
different seasonal environments.

In this study, the gut bacteria were clearly separated in the
three seasons, indicating that there were significant differences
in the cecum bacterial structure of growing rabbits under the
three seasons. The environmental temperature is vital for the
regulation of the animal’s thermal balance. In this study, the average
temperature difference between summer and spring reached 5◦C,
and the average temperature difference between spring and winter
reached 13◦C. Actinomycetes have the function of maintaining a
stable intestinal bacterial structure in response to intestinal anti-
inflammation (Doaa et al., 2016), while Proteobacteria can result
in reduced intestinal bacteria diversity and induce inflammatory
processes, a phylum directly related to irritable bowel syndrome
(Pittayanon et al., 2019). Therefore, the lower abundance of
Proteobacteria and higher abundance of Actinomycetes observed
in the spring suggest a healthier gastrointestinal environment.
This supports the hypothesis that a well-balanced cecum bacteria
composition is instrumental in diminishing the incidence of
diarrhea and mortality. At the genus level, the relative abundance
of Blautia, Marvinbryantia, and Tyzzerella-3 was higher in spring
than in the other two seasons. Blautia has been shown to modulate
host health and attenuate metabolic syndrome (Liu et al., 2021).
Marvinbryantia facilitates fiber breakdown, aids in the digestion
of the cecum and replenishes energy (Gao et al., 2022). Related
studies have reported that both Tyzzerella-3 and Marvinbryantia
are associated with the synthesis of SCFA (Short Chain Fatty
Acids), and their elevated abundance implies an increase in the
ability to maintain the intestinal barrier (Zhang et al., 2020;
Gao et al., 2022). The potential pathogens Desulfovibrio and
Alistipes, the diarrhea causative agent Escherichia-Shigella (Nataro
and Kaper, 1998), were significantly higher in relative abundance
in summer than in the other two seasons. Desulfovibrio reduces
sulfate to produce H2S, which poisons intestinal epithelial cells
and can cause intestinal sensitivity and leaky gut (Kushkevych
et al., 2019). The relative abundance of intestinal Alistipes is
significantly elevated in patients in stressful environments or
suffering from chronic fatigue syndrome (Nagy-Szakal et al., 2017).
The winter and summer seasons may raise stress levels due to
the effects of unsuitable long-term ambient temperatures, while
daytime feeding disturbs daytime rest in rabbits, causing constant
stress, and may be an important contributor to elevated Alistipes
abundance. Alistipes produces sulfonolipid, which induce cecal
inflammation (Parker et al., 2020). Feeding time determines the
circadian rhythm of the serotonin substrate tryptophan, which
Alistipes hydrolyzes to indole, interfering with serotonin availability
(Cussotto et al., 2021). Thus, Alistipes may reduce the availability
of serotonin, upstream of melatonin synthesis, thereby reducing
melatonin production and affecting gut health by influencing the
intestinal clearance of ROS. However, the dgA-11_gut_group and
uncultured_bacterium_f_Barnesiellacea involving in amino acid
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FIGURE 5

Relationship between relative abundance changes of growing rabbits cecum bacteria at the genus level and seasonal environmental temperature
changes. (A). MRT Analysis: correlating shed temperature with cecal bacterial genera abundance in growing rabbits. (B) Random Forest Analysis:
assessing correlations between cecal bacteria genera variability and shed temperature in growing rabbits. (C) Top 12 Cecal bacteria Genera:
examining temperature-dependent variations in growing rabbits’ shed environment.

transport and metabolism, energy production and conversion (Sun
et al., 2020), and protection of the intestinal barrier increases
significantly during the summer. The abundance of Bilophila,
which produces acetic, succinic, and sulfides and promotes
inflammation, and Campylobacter, which produces endotoxins and
induces severe diarrhea in animals (Rauws et al., 1988; Natividad
et al., 2018). And the number of Akkermansia, Roseburia, and
Erysipelotrichaceae_UCG-004, which have protective effects, also
increased. Overall, different bacteria show differential sensitivity
to such environmental changes. Growing rabbits in open shed
growing rabbits have a healthier cecum bacterial community

composition in spring than in winter and summer. Environmental
factors during the winter and summer seasons may contribute
to dysbiosis of cecum bacterial homeostasis and the increased
abundance of harmful bacteria, which may be the potential cause
of the increased risk of diarrhea.

And how do seasons affect the composition of cecum bacteria
in growing rabbits? Of note, recent studies on giant pandas, forest
and alpine musk deer point to structural and functional variation in
gut bacteria due to seasonal turnover-induced changes in food types
(Jiang et al., 2021; Huang et al., 2022). However, the type of feed we
have supplied to growing rabbits has been consistent over the past
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FIGURE 6

PICRUSt predicted the diurnal metabolic potential of cecum bacteria for different feeding regimens in (A) winter, in (B) spring. Green font means that
the metabolic process described at that time point is weaker than the other five time points. The opposite is indicated in red font.

three seasons (Supplementary Table 1). Similar to the results of
a previous environmental acclimatization trial with Chinese giant
salamanders, 10% of the changes in the gut bacterial community
were also caused by differences in ambient temperature, even
though the type of feed did not change (Zhu et al., 2021). Our
study found that the abundance of cecal bacteria varies with the
ambient temperature (Figure 5). It is possible that variations in
ambient temperature and humidity resulting from seasonal changes
may impact the growth of foodborne bacteria, despite consistent
exposure durations to air (Rowland, 1986).

Temperature changes occurring as a result of seasonal rotation
are an important driver of bacterial variation in the cecum
of growing rabbits, after a bifactorial analysis of feeding time
and seasonal differences as well as MRT analysis. The variance
explained by the random forest model of ambient temperature and
changes in cecum bacterial abundance of growing rabbits in each
season was 84.36%, indicating a strong correlation between cecum
bacterial abundance and ambient temperature changes. Season
specific dominant genera such as Blautia, dgA-11_gut_group, and
uncultured_bacterium_f_Barnesiellaceae are also marker bacteria
for environmental temperature changes. Therefore, we consider
changes in beneficial and harmful bacterial composition mediated
by seasonal temperature changes as potential factors affecting
cecum health and risk of diarrheal mortality in growing rabbits.

Regular living and rhythmic time-restricted feeding can
maintain the balance of gut bacterial abundance in adult humans
and animals, reducing the risk of metabolic disease and intestinal
inflammation (Asher and Sassone-Corsi, 2015; Voigt et al., 2016).
Our study points out that changes in feeding time affect the
composition of gut bacteria. Among the top 10 phyla in terms

of relative abundance in winter, the NRF group contained a
significantly higher abundance of Lentisphaerae than that of
DF. The presence of more Lentisphaerae in the gut of healthy
subjects compared to patients with non-alcoholic fatty liver
disease (NAFLD) (Jiang et al., 2015) and juvenile idiopathic
arthritis (Tejesvi et al., 2016) suggests a potential protective effect
of this phylum on organismal health. The Cyanobacteria and
Patescibacteria phylum were significantly higher in the spring DF
group. The relative abundance of these two phyla was increased in
the gut of patients with ankylosing spondylitis and accompanied
by a more severe organismal inflammatory signal (Liu et al.,
2022). Suggesting that the DF feeding may form a potentially
pro-inflammatory bacterial structure.

Gut bacterial communities follow natural circadian rhythms,
and this diurnal fluctuation alters the schedule of the host’s
metabolic profile (Thaiss et al., 2014). Ambient light cues can
be transformed into enteric group 3 innate lymphoid cell (ILC3)
signals, shaping intestinal metabolism (Godinho-Silva et al., 2019)
and affecting the expression of antimicrobial peptide circadian
rhythms (Brooks et al., 2021). Our results point to changes in
feeding time affecting the circadian rhythm of cecum bacteria,
which is consistent with previous research on feeding rhythms
guiding bacterial oscillations (Thaiss et al., 2014). Summer NRF
rabbits had a maximum of 4% cecal rhythm bacteria (Wang et al.,
2021) and a minimum of 1.05% bacteria in DF in winter exhibited
significant circadian rhythms, much lower than in adult rats (15%)
and humans (10%) (Thaiss et al., 2014). The bacterial structure was
further influenced by the growth phase of animals (Wang et al.,
2019) and greater fluctuations in circadian ambient temperature
(Grant et al., 2021). NRF raises the proportion of rhythmic bacteria
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in summer and winter. The results predicted by PICRUSt showed
that NRF allowed peaks or troughs of bacterial metabolic activity
to be enriched at nocturnal rabbit activity time phases. Similar
to Palomba’s findings, changing the feeding regime affected the
relative abundance and function of gut bacteria (Palomba et al.,
2021). However, we dynamically recorded circadian rhythms of
bacterial abundance and metabolic activity under different feeding
regimes in growing rabbits. We consider that the period of the day
with the highest bacterial abundance may perform more intense
biological functions. Thus, NRF groups that showed more bacterial
rhythmicity were enriched for richer digestive, metabolic, and
immune pathways at specific time points. It may facilitate the
digestion and absorption of food in animals.

The interaction of season and feeding regimens influenced
the relative abundance of cecal bacteria. Seasonal and feeding
time interactions were significantly associated with changes in the
relative abundance of the SCFA production-associated bacterium
Ruminococcus_1. Ruminococcus_1 abundance of daytime feeding
in spring was not significantly different among the three seasons,
whereas switching to nighttime feeding significantly increased
ruminococcus_1 abundance and which was higher in spring than in
winter and summer (Supplementary Figure 7). Although we have
not been able to determine the exact reason for the interaction of
season and feeding time on bacteria, the pairing of feeding time
and different seasons predicts a diverse combination of nutritional
and environmental signals. We can make two speculations. On the
one hand, because of the differences in feeding time and seasons,
we hypothesize that these bacteria are sensitive to both seasonal
light time, light intensity, or ambient temperature, as well as to
some of the nutrient signals that synchronize feeding behavior
(e.g., bile acids, leptin, and insulin). And on the other hand,
combinations with season and feeding time may cause nutrients
favored by specific bacteria to be enriched, thus promoting
bacterial proliferation.

Compared to DF, the NRF group of potentially
conditionally pathogenic bacteria involving Alistipes,
uncultured_bacterium_f_Rikenellaceae (Sun et al., 2017), and
Synergistes (Borsanelli et al., 2018) showed a consistent downward
trend compared to DF, while seasonal differences interfered
with the magnitude of the changes. In particular, NRF decreased
the most dramatically in potentially pathogenic bacteria during
summer, suggesting that summer night-restricted feeding may be
more beneficial for cecum health than DF.

Combined with our previous summer results (Wang et al.,
2021), it was surprising that different feeding time under different
seasonal environmental conditions changed the structure of the
cecum microbiome community, but there was no specific pathway
of bacterial community change. Alternatively, some more drastic
factors during the seasonal change masked the effect of feeding
time. How exactly do feeding time conditions and seasonal ambient
temperatures interfere with the composition of cecum bacteria?
Multiple levels of neural signaling, hormonal transmission, activity
rhythms and thermoregulation may be involved in this regulatory
process. Animals differ in the intensity of SCN activity in the
active phase vs. the resting phase, with differences in output nerve
conduction and hormone levels. Feeding time conditions that
are contrary to the animal’s activity rhythms can interfere with
sympathetic nerve activity and alter the circadian oscillations in
body temperature (Guo et al., 2021). Long-term training in feeding

patterns can stimulate the deviation of feeding phase from the
active period (Chung et al., 2017). The disturbance of feeding
and activity rhythm will lead to the destruction of intestinal
smooth muscle contraction rhythm (Rao et al., 2001) and the
accumulation of ROS in the intestinal cavity (Vaccaro et al., 2020),
thus disrupting bacterial homeostasis (Ballard and Towarnicki,
2020). The secretion of melatonin is low in the day and high in the
night, and the length of sunshine in different seasons also regulates
the rhythm of melatonin for a long time (Adamsson et al., 2016).
Studies have reported that melatonin targets enzymes that regulate
bile acid synthesis (Pathak et al., 2013). The liver is infiltrated
by relatively high concentrations of melatonin at night, and food
entrainment placed during the day or night will alter the rhythm of
bile acid synthesis and circulation patterns. Intestinal bacteria can
perform bile acid biotransformation reactions, and the composition
and abundance of intestinal bacteria are in turn influenced by bile
acids (Cai et al., 2022). The results of the random forest reveal
that 10/12 of the genera that vary with seasonal environmental
temperature are from the phyla Bacteroidetes, Firmicutes, and
Actinobacteria. These phyla are involved in the production of bile
salt hydrolases and alter the structure of bile acids (Jia et al., 2021).
Therefore, the seasonal variation of bacterial abundance may be
attributed to the differences in hormone entrainment caused by the
intensity and duration of seasonal rotation light.

The metabolic rate of the animal organism fluctuates with the
turnover of seasons (Zhu and Wang, 2015; Nord et al., 2021).
Intestinal bacteria are hidden "organs" involved in regulating
host metabolism, energy balance and immune response (Muszer
et al., 2015; de Vos et al., 2022). The processes of food digestion,
absorption, and nutrient conversion consume energy and release
heat, which affect the animal’s body temperature and energy
balance (Chan and Hsieh, 2022). The thermal effect of this food
accounts for 5 to 15 percent of the total energy expenditure
(Okla et al., 2017) and does not change with ambient temperature
(DeRuisseau et al., 2004). The ambient temperatures we recorded
suggest that growing rabbits may be subjected to heat and cold
stress at midday in summer and at night in winter, respectively
(Supplementary Figure 8). Compared to spring, the abundance of
potentially harmful bacteria increases in summer and winter, the
abundance of short-chain fatty acid-producing bacteria decreases,
the cecal barrier weakened, and the cecal immune response
process activated with greater intensity. The immune response
depends on energy availability (Wolowczuk et al., 2008), and
changing the timing of feeding under conditions of diurnal ambient
temperature fluctuations profoundly interferes with the dynamic
processes regulating the balance of energy intake and consumption.
Feeding growing rabbits during the hotter daylight days of summer
exacerbates the heat stress response by overlapping the food-
induced heat production with the thermal environmental periods
of the day. Feeding growing rabbits on colder winter nights ensures
that the increased energy expenditure due to increased cold-
induced thermogenesis is rapidly compensated by caloric intake
(Louis-Sylvestre, 1987).

Compared with NRF, DF violates the activity rhythm of
growing rabbits, which may disrupt cecal peristaltic rhythm,
accumulate ROS, and destroy bacterial balance. It also partially
eliminated the regulation of intestinal liver circulation by high
concentration of melatonin in dietary stage. Feeding during the day
destroys the balance of intestinal microflora, reduces the bacteria
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that oscillate in circadian rhythm, reduces the characteristics of
circadian metabolism, and weakens the function of bacteria to
assist host digestion and absorption of nutrients. In particular,
daytime feeding in summer causes heat increment effects of food
to be distributed during hotter daytime hours, exacerbating the
heat stress response (Guo et al., 2021). Daytime feeding keeps the
increased heat of the food away from the colder winter nights and
does not alleviate cold stress. Therefore, daytime feeding has an
impact on the circadian rhythm and diurnal oscillation of cecal
bacteria in growing rabbits. This feeding regimen may disrupt
digestive coordination and immune response between the host and
cecal bacteria due to energy distribution imbalances in high and
low temperature environments, exacerbating cold and heat stress
responses, thereby increasing the risk of diarrhea.

5 Conclusion

In this study, we systematically and comprehensively analyzed
the effects of season and feeding time on the composition of
rabbit cecum bacteria. This study found a significant correlation
between cecum bacteria and seasonal ambient temperature. It
also showed that nighttime feeding significantly decreased the
abundance of the harmful bacteria in summer and winter, increased
the number of cecum bacteria genera with diurnal oscillations, and
enhanced the circadian rhythm of bacterial metabolic activity. In
general, different seasons and feeding time interacted to influence
the composition and circadian rhythms of cecum bacteria. We
suggest that synchronization of nutrient signals altered by foraging
activity with the light-dark cycle is particularly important for the
dynamic balance of the cecum bacteria. Seasonal and feeding time
"mismatches" can lead to imbalances in gut bacteria, disrupting
their balance and natural rhythms, which may increase the
risk of diarrhea.
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Introduction: The gut microbiota plays an important role in the development of

non-alcoholic steatohepatitis (NASH), but the underlying mechanism is unclear.

It has been found that the transcription factor XBP1s plays an important role in

regulating inflammation and lipid metabolism and maintaining the integrity of

intestinal barrier. However, whether XBP1s modulates the development of NASH

by regulating the integrity of the intestinal barrier and altering the composition

of the gut microbiota remains unknown.

Methods: Mice fed with a fat-, fructose-, cholesterol-rich (FFC) diet for 24

weeks successfully established the NASH model, as demonstrated by significant

hepatic steatosis, inflammation, hepatocyte injury and fibrosis. The profile of

gut microbiota dynamically changed with the di�erent stages of NAFLD via 16S

rDNA sequencing the feces from mice fed with FFC diet for 0, 12, or 24 weeks

or NASH mice treated with siRNA-loaded folic acid-modified TPGS (hereafter

named FT@XBP1).

Results: NASH mice had significantly higher abundance of Firmicutes, Blautia

and Bacteroides, and lower abundance of Bifidobacterium and GCA-900066575.

FT@XBP1 supplementation had a significantly attenuated e�ect on FFC diet-

induced weight gain, hepatic fat accumulation, dyslipidemia, inflammatory

cytokines, ER stress and fibrosis. In particularly, FT@XBP1 modulates the

composition of the intestinal flora; for example, NASHmice demonstrated higher

abundance of Blautia and Bacteroides, and lower abundance of Actinobacteriota,

Muribaculaceae and Bifidobacterium, which were partially restored by FT@XBP1

treatment. Mechanistically, FT@XBP1 increased the expression of ZO-1 in the

intestine and had the potential to restore intestinal barrier integrity and improve

antimicrobial defense to alleviate enterogenic endotoxemia and activation of

inflammatory signaling pathways.

Discussion: Regulation of the key transcription factor XBP1s can partially restore

the intestinal microbiota structure, maintain the integrity of intestinal mucosal

barrier, and prevent the progression of NASH, providing new evidence for

treating NASH.

KEYWORDS

non-alcoholic steatohepatitis, endoplasmic reticulum stress, X-box binding protein 1,

gut microbiota, lipopolysaccharide

Frontiers inMicrobiology 01 frontiersin.org259

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2023.1271835
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2023.1271835&domain=pdf&date_stamp=2024-03-07
mailto:13956999018@126.com
mailto:liujiatao@ahmu.edu.cn
https://doi.org/10.3389/fmicb.2023.1271835
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fmicb.2023.1271835/full
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Zhu et al. 10.3389/fmicb.2023.1271835

Background

The incidence of non-alcoholic fatty liver disease (NAFLD)

is increasing year by year, with a global prevalence of ∼25.24%,

and it has become an important public health problem worldwide

(Friedman et al., 2018; Younossi et al., 2018). NAFLD consists

of a series of liver diseases, including non-alcoholic simple fatty

liver (NAFL), non-alcoholic steatohepatitis (NASH) and NASH-

associated cirrhosis. Approximately 25% of patients with NAFL

can progress to NASH, which in turn may further develop into

fibrosis, cirrhosis, and ultimately hepatocellular carcinoma (Huang

et al., 2021). However, the precise mechanism of NAFL progression

to NASH is still not fully understood, and there are no effective

therapeutic interventions in the clinic. Therefore, in-depth study

of the molecular mechanism of NAFL progression to NASH and an

exploration of potential therapeutic targets are of great theoretical

and practical value.

In recent years, the role of intestinal flora in the development of

NAFL/NASH has received more and more attention. Early studies

have found that intestinal flora can release some harmful substances

to promote the progression of NAFL to NASH. For example,

Gram-negative bacteria in humans can release lipopolysaccharide

(LPS), which activates Kupffer cells and exacerbates inflammation

in the liver (Seki et al., 2001). Clinical studies have found a

significant positive correlation between endotoxemia and the

severity of pathological lesions in NAFL, suggesting that LPS

may play a crucial role in the transformation of NAFL into

NASH (Vespasiani-Gentilucci et al., 2018). Carvalho et al. (2012)

found that inhibition of bacterial overgrowth significantly reduced

circulating levels of LPS and improved the insulin signaling and

glucose tolerance in high-fat-fed mice, suggesting that increased

intestinal permeability and elevated circulating LPS levels may play

an indispensable role in the progression of NAFLD. In addition,

one study found that the abundance of intestinal ethanol-producing

bacteria was significantly increased in patients with NASH, along

with significantly higher plasma levels of ethanol (Zhu et al., 2013).

In vivo and in vitro studies have also found that endogenous ethanol

not only promotes hepatocellular triglyceride deposition, but also

promotes the production of reactive oxygen radicals and liver

inflammation (Wang et al., 2021). The above results suggest that gut

flora plays a vital role in the onset and progression of NAFL/NASH,

but there are still several gaps that need to be filled in terms of their

mode of action and specific mechanisms.

A variety of stresses can lead to the accumulation of unfolded

and/or misfolded proteins in the endoplasmic reticulum (ER),

resulting in ER stress and the subsequently unfolded protein

reaction (UPR). The intestinal epithelium, a key barrier and

messenger between the intestinal environment and the host

immune system, which is susceptible to ER stress (Adolph et al.,

2012). Chen et al. (2022) found that the induction of ER stress

in intestinal mucosal epithelial cells could significantly disrupt

the intestinal mucosal barrier and result in enteric dysbacteriosis,

whereas the inhibition of ER stress with Pterostilbene significantly

reversed these effects. A Winnie mouse model carrying a single

missense mutation in the Muc2 mucin gene, characterized by

reduced goblet cells and mucus layer and increased epithelial

permeability, provided important evidence to elucidate that protein

misfolding and the associated UPR pathway in secretory cells

are major trigger for colitis (Das et al., 2013). Importantly,

Winnie mice responded to anti-inflammatory agents, namely,

glucocorticoids (Das et al., 2013), and azathioprine (Oancea et al.,

2017), accompanied by a reduction in ER stress andUPR activation,

a restoration of mature mucin production, and an amelioration of

goblet cells failure. Notably, ER stress in the intestinal epithelium

induces a series of adverse cellular responses, including redox

imbalance, impaired autophagic fluxes, uncontrolled inflammatory

responses, and apoptosis, which are involved in intestinal barrier

dysfunction pathogenesis (Holczer et al., 2015; Vancamelbeke and

Vermeire, 2017). However, some researchers have also found

that the alleviation of protein misfolding and restoration of ER

homeostasis can also lead to intestinal inflammation (Yoshida et al.,

2001). Although both secretory cell ER stress and intestinal flora

dysbiosis can trigger inflammation, the relative roles of the two in

driving colitis progression remain unclear. Therefore, therapeutic

strategies targeting ER stress may hold promise for mitigating

intestinal barrier damage and intestinal disease. Nanoparticles can

be synthesized in short steps and often use polyethylene glycol

(PEG) and polycaprolactone (PCL) FDA approved polymers with

high drug loading capacities to resolve these challenges, and

effective in specific drug delivery, diagnosis and therapy in clinic

(Verma et al., 2021).

IRE1α-XBP1 is the most evolutionarily conserved UPR

pathway, and is closely associated with insulin resistance,

dyslipidemia, hepatic steatosis and NAFLD inflammation

(Lebeaupin et al., 2018). Following ER stress, the ribonucleic acid

endonuclease activity of IRE1α cleaves X-box binding protein 1

(XBP1) mRNA to produce splice osomal XBP1 mRNAs (XBP1s).

XBP1s is a key transcription factor of ER stress and is involved in

the constitutive maintenance of core genes of ER in almost all cells

as well as in the transcriptional regulation of a range of condition-

specific target genes (Shaffer et al., 2004; Acosta-Alvear et al., 2007).

It is also required for the development and survival of the secretory

cell. Kaser et al. (2008) found that XBP1 deficiency in intestinal

epithelial cells (IECs) resulted in spontaneous enterocolitis and

increased the susceptibility of IECs to colitis secondary to Paneth

cell defects and IBD inducers. Interestingly, single-nucleotide

polymorphisms (SNPs) in the XBP1 gene significantly increase

the risk of Crohn’s disease and ulcerative colitis (Kaser et al.,

2008). Most importantly, Chen et al. (2021) reported that HFD-fed

mice exhibited a reduced abundance of tight junction proteins

(claudin-1, claudin-4, ZO-1, and occludin), while ER stress-

associated proteins, such as p-IRE1α and BIP, was activated, and

Gly supplementation improved the intestinal mucosal barrier in

HFD-induced obese mice by reducing ER stress-related signaling.

Therefore, the present study was proposed to explore whether

XBP1s plays an important role in preventing the progression

of NASH via modulating dysbacteriosis and intestinal barrier

damage by constructing Xbp1 siRNA loading TPGS nano-micelles

(hereafter named FT@XBP1).

Materials and methods

Fabrication of FT@XBP1

Rhodamine B (RhB) isothiocyanate DMSO solution (0.266

mg/ml, 500 µl) was added into the enzyme-free aqueous solutions
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[1.65 mg/ml, 1ml, n(RhB): n(siXbp1) = 2:1] and shaken well.

NaHCO3 solution (0.1ml, 1M) was added to adjust pH to 8.0

and then stirred overnight. The mixture was dialyzed using

deionized H2O (9 L, three times) and lyophilized to obtain

rhodamine B modified siXbp1 (RhB-siXbp1), and then stored at

−20◦C. Folic acid modified TPGS delivery system was prepared

as follow. Briefly, the functional FA-TPGS@RhB-siXbp1 (herein

called FT@XBP1) was synthesized by the cross-linking effect

[n(FA-TPGS): n(siXbp1) = 5:1]. Firstly, FA-TPGS (2.24mg), RhB-

siXbp1 and 1,4 dioxane (2ml) were added into a penicillin bottle.

The samples were sonicated for 20min and then assembled

using a micro flow meter (7ml ultrapure water, 2 h with rapid

stirring). And the nanocarriers were dialyzed after assembly. Then

products were lyophilized for 24 h and stored at −20◦C for

further characterizations.

Mice and treatment

Male C57BL/6J mice at the age of 5–7 weeks (18–20 g)

were purchased from Gem Pharmatech corporation (Jiangsu,

China). Mice were housed in specific pathogen-free (SPF)

conditions and fed with either a chow diet (CD) or a fat-

, fructose- and cholesterol-rich (FFC) diet for 12 and 24

weeks, respectively, to obtain the different stages of NAFLD,

and NASH mouse models were established by feeding an FFC

diet for 24 weeks. Mice in the NASH group were randomly

divided into two subgroups (FFC and FFC + FT@XBP1) at the

beginning of 20 weeks. FT@XBP1 were injected intravenously

(2 OD, 0.05 nM, 100 µl) every 3 days for 4 weeks through the

tail vein.

The body weights were recorded once a week during the

experiments. Fecal samples were collected from each mouse at

week of 0, 12 and 24, and quickly placed into liquid nitrogen

for 15min and then stored at −80◦C for 16S rDNA gene

sequencing. Mice were euthanized after 12 and 24 weeks of

FFC diet feeding, and blood samples were collected by removing

the eyeballs, allowing them to clot for at least 30min at room

temperature, and then centrifuged at 3,000 rpm for 10min to

collect the serum, which was stored at −80◦C. The liver was

isolated and weighed; then, a portion of the liver tissue was

fixed in a 4% paraformaldehyde solution and embedded in

paraffin. Another portion of the liver tissue was quickly frozen in

liquid nitrogen and embedded in an optimal cutting temperature

compound (OCT) for frozen sectioning; the remaining liver

tissue was cut into small pieces and quickly placed into liquid

nitrogen for further RNA and protein extraction. The epididymal

fat tissue was isolated, weighed, and stored at −80◦C. The

colon tissue was isolated and washed with physiological saline

to remove intestinal contents before being quickly placed in

liquid nitrogen and stored at −80◦C in a freezer. All animal

experiments were performed according to procedures approved

by the Laboratory Animal Ethics Committee of Anhui Medical

University (LLSC20221000).

Liver and intestinal tissue histopathological
analysis

Mouse hepatic and intestinal samples were fixed in

4% paraformaldehyde for 12 h and embedded in paraffin.

Paraffin-embedded samples were sectioned and then subjected

to hematoxylin and eosin (H&E) staining for the assessment

of liver and intestine histopathology. Liver tissue embedded in

OCT was sectioned into 8–10µm slices, and Oil Red O staining

was performed on these frozen sections to measure the hepatic

steatosis according to manufacturer’s protocol. Masson’s trichrome

staining and Sirius red staining were performed on 4-µm paraffin-

embedded liver tissue sections to evaluate the degree of liver

fibrosis according to the manufacturer’s protocol. The NAFLD

activity score (NAS) was calculated from the grade of steatosis,

inflammation, and ballooning as previously reported (Kleiner et al.,

2005). In brief, steatosis was quantified as 0 (<5%), 1 (5%−33%),

2 (>33%−66%), and 3 (>66%) based on the percentage of liver

cells containing fat droplets. Lobular inflammation was scored as

0 (no foci), 1 (<2 foci), 2 (2–4 foci), and 3 (>4 foci) according to

the inflammation foci per 200×field. Ballooning degeneration was

scored as 0 (none), 1 (few), and 2 (many) according to the number

of ballooning hepatocytes. The hepatic and intestinal histology and

NAS were independently evaluated by two pathologists who were

blinded to the sample groups.

Immunofluorescence assay

Fresh liver tissues were embedded with OCT and cut into 8–

10µm slices. Then, the sections were washed with PBS and blocked

with 2% BSA at room temperature for 1 h. The sections were then

co-incubated with various primary antibodies at 4◦C overnight

in a light-avoiding environment. Subsequently, the sections were

washed using PBS twice and co-incubated with a secondary

antibody at 37◦C in dark for 1 h. Finally, the sections were washed

with PBS and stained with DAPI for 5min, and photographed using

a fluorescence microscope.

Detection of serum lipopolysaccharide and
serum parameters

Serum alanine aminotransferase (ALT), aspartic transaminase

(AST) and total cholesterol (TC) in mice were detected using an

Mindray BS-430 automated biochemical analyzer. The levels of

hepatic triglycerides (TG) and lipopolysaccharides (LPSs) in mouse

serum were detected according to the manufacturer’s instructions

(ADS Bio, Jiangsu, China).

16s rDNA gene sequencing and
bioinformatics analysis

The feces of seven mice were collected for 16S rDNA

sequencing analysis. In brief, total bacterial genomic DNAs were
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extracted using MagPure Soil DNA LQ Kit (D6356-02, Magen)

following the manufacturer’s instructions. The quality of the DNA

was verified using agarose gel and quantified using a NanoDrop

2000c spectrophotometer (Thermo Fisher Scientific, United States),

and then stored at −20◦C until further processing. The diluted

DNA was used as template for the PCR amplification of bacterial

16S rDNA genes with the bar-coded primers and Takara Ex Taq

(Takara). The primers were 343F (5
′
-TACGGRAGGCAGCAG-3

′
)

and 798R (5
′
-AGGGTATCTAATCCT-3

′
). Amplicon quality was

visualized using gel electrophoresis, purified with AMPure XP

beads (Agencourt), and amplified for another round of PCR. After

being purified with the AMPure XP beads again, the final amplicon

was quantified using a Qubit dsDNA assay kit. Equal amounts of

purified amplicon were pooled for subsequent sequencing.

The 16S amplicon sequencing and analysis were conducted

by OE biotech Co., Ltd. (Shanghai, China). In brief, raw

sequencing data were in FASTQ format. Paired-end reads were then

preprocessed using Cut adapt software to detect and cut off the

adapter. After trimming, paired-end reads were filtered for low-

quality sequences, denoised, merged and detect, and the chimera

reads were cut off using DADA2 with the default parameters of

QIIME2 (2020.11). Finally, the software outputs the representative

reads and the ASV abundance table. The representative read of

each ASV was selected using QIIME2 package. All representative

reads were annotated and blasted against Silva database Version

138 (or Unite; 16S rDNA) using q2-feature-classifier with the

default parameters.

RNA extraction and qRT-PCR

Approximately 1ml of TRIzol (R0016, Beyotime

Biotechnology, China) was added to 20mg of liver tissues

and the total RNA was extracted according to the manufacturer’s

instructions. The total RNA (1 µg) was reverse-transcribed into

cDNA using PrimeScriptTMRT Master Mix (RR036Q, Takara Bio,

Japan). Real-time quantitative polymerase chain reaction (qRT-

PCR) was performed using the QuantiNova SYBR Green PCR Kit

(208054, QIAGEN, Germany) and the Light Cycler R© 96 Real-time

PCR System (Roche, Switzerland), with the β-actin gene as the

internal control. The relative expression of each gene mRNA was

calculated using the 2−11Ct method. Detailed information about

the sequence used in this study is listed in Supplementary Table 1.

Western blot analysis

Approximately 5mg of liver or colon tissues were weighed

and added to 1ml of protein lysis buffer containing 1% PMSF

(protease inhibitor). The mixture was homogenized using a mini-

bead beater for 30 s, then lysed on ice for 30min, and centrifugated

at 12,000 rpm for 10min to collect the protein supernatant. The

total protein concentration was quantified using the BCA assay

kit before mixing with 5× loading buffer and boiling for 10min

in boiling water. Next, 20–30 µg of each sample was added to

the polyacrylamide gel and subjected to electrophoresis, then, the

protein was transferred onto PVDF membrane, and blocked with

5%milk at room temperature for 2 h. After washing, the membrane

was incubated overnight with corresponding primary antibodies

(such as β-actin, XBP1s, Col1αI, and α-SMA, all diluted at 1:1,000).

Finally, the membrane was incubated with secondary antibodies

and visualized using an Image Quant LAS 4000 chemiluminescence

imaging system. Detailed information about the antibodies used in

this study is shown in Supplementary Table 2.

Statistical analysis

Statistical analysis was performed using SPSS 16.0, and

all data were presented as mean ± standard deviation (SD).

The differences between two groups were analyzed using

Two-tailed Student’s t-test, while one-way ANOVA was

used to analyze the differences between more than two

groups. Bonferroni’s post hoc test was used for multiple

comparisons. A p-value of <0.05 was considered to be

statistically significant.

Results

FFC diet induces NASH and liver injury

To mimic the different stages of NAFLD in humans, the two

groups of mice were fed a high-fat, high-sugar, and high-cholesterol

(FFC) diet for 12 and 24 weeks, while control mice were given a

chow diet (CD) feeding (Figure 1A). Body weights were measured

once a week, as shown in Figures 1B–D. After 12 weeks of FFC

dietary (hereafter named FFC_12W) intervention, the body weight

increased significantly compared with that in the CD group, and

FFC dieting for 24 weeks (hereafter named FFC_24W) increased

the body weight even more (p < 0.05). Consistently, we found

that the liver weight and the liver index (liver-to-weight ratio) were

significantly higher than those in the CD diet group (Figures 1E, F,

p < 0.01). The levels of serum alanine aminotransferase (ALT)

and aspartate aminotransferase (AST) were also significantly

elevated in mice fed with FFC diet (Figure 1G). HE staining

showed that FFC_24W significantly increased fatty deposits in

the liver, as demonstrated by macrovesicular and microvesicular

steatosis, massive infiltration of inflammatory cells in the central

venous area and the confluent area, and significant ballooning

and fat accumulation in some hepatocytes compared with mice

fed with CD or FFC_12W (Figure 1H). Oil red O staining

further confirmed that hepatic steatosis was significantly increased

in FFC-fed mice compared to the CD group and was more

pronounced in the FFC_24W group (Figure 1I). In addition, we

found that the contents of hepatic TG (Figure 1J) in the FFC_24W

group were significantly higher than in the FFC_12W group

(217.20 ± 7.94 nmol/mg vs. 77.30 ± 8.13 nmol/mg, p < 0.001).

Similarly, the levels of serum triglyceride (Figure 1K), hepatic

steatosis (Figure 1L) and significant ballooning (Figure 1M) in

some hepatocytes compared with mice fed with CD or FFC_12W

were also significantly increased in the FFC_24W group. Taken

together, our results suggested that mice fed with FFC dieting

for 24 weeks caused significant fat deposition and injury in

the liver.
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FIGURE 1

FFC diet exacerbated hepatic steatosis and NASH formation in mice. (A) Schematic overview of experimental design. (B) Images of mice fed with

chow- (CD) or FFC- diet for 12 or 24 weeks. Body weights (C, D), liver weights (E), liver/body weight ratio (F), and serum ALT and AST (G) in mice fed

on CD or FFC diet for 12 and 24 weeks. (H) H&E, (I) Oil red O staining and (J) hepatic TG of hepatic tissues from CD or FFC diet-fed mice for 12 and

24 weeks (scale bar = 50µm). FFC diet increased the levels of serum TC (K), and aggravated hepatic steatosis (L) and balloon (M). Data are presented

as the means ± SD (error bar) with *p < 0.05, **p < 0.01, and ***p < 0.001 vs. indicated group (n = 3 for each group). FFC, high-fat high-cholesterol;

ALT, alanine transaminase; AST, aspartate transaminase; CD, chow diet.

FFC diet promotes liver fibrosis in NASH
model

Fibrosis is a serious consequence secondary to chronic liver

injury and inflammation and a risk factor for NASH worsening.

In the current study, we used Sirius and Masson staining to

determine hepatic collagen deposition and found that collagen

deposition and pericellular fibrosis were significantly increased in

the livers of FFC-fed mice compared to CD-fed mice (Figure 2A).

The NAS was used for the quantitative evaluation of unique NASH-

identified lesions.We found that both the FFC_24W and FFC_12W

groups significantly increased NAS as demonstrated by hepatic

steatosis, pronounced inflammation and balloon-like degeneration

compared to mice in the CD group, and mice in the FFC_24W
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group showed higher NAS than those in the FFC_12W group

(Figure 2B). The fibrosis index was calculated based onMasson and

Sirius staining, and as shown in Figure 2C, FFC dietary feeding

significantly elevated the fibrosis index compared to CD group,

but there was no significant difference between the FFC_24W and

FFC_12W groups (p= 0.23). Immuno-blotting assays also revealed

that the expression levels of both α-SMA and Col1αI protein (two

fibrosis-related markers) in liver tissues were significantly higher in

FFC_24W group compared with the normal group (Figure 2D).

Inflammatory cell infiltration is another major pathological

feature of NAFLD (Sacks et al., 2018). Therefore, we examined

the mRNA levels of several inflammatory factors using liver tissues

via qRT-PCR assay, and we found that FFC feeding significantly

increased the expression of pro-inflammatory factors Il-6, Il-

1β , and Tnf-α and anti-inflammation factor Il-10 compared to

mice fed with CD diet (Figure 2E). Moreover, the levels of pro-

inflammatory factors (Il-6, Il-1β , and Tnf-α) were significantly

elevated in FFC_24W group compared with the FFC_12W group,

but there was no significant difference between the FFC_24W and

FFC_12W groups in Il-10 levels. Similarly, FFC_24W significantly

increased lobular inflammation compared to mice in FFC_12W

and CD groups (Figure 2F). These results suggested that FFC

dietary feeding increased hepatic inflammation and promoted the

progression of NASH.

Dynamic changes of intestinal flora in the
development of NASH

To assess the dynamic changes of the gut microbiota at

different stages of NAFLD, next-generation sequencing was used

to sequence the V3–V4 region of the gut bacterial 16S rDNA

gene in the feces of mice from the CD, FFC_12W and FFC_24W

groups (n = 7). A total of 1,680,254 raw reads were obtained,

and 131,178 high-quality reads were filtered, from which a total

of 5,070 ASVs were clustered based on 99% sequence similarity.

Observed-species rarefaction curves (Supplementary Figure 1A)

and Shannon (Supplementary Figure 1B) showed that the current

sequencing depth was sufficient to capture the majority of gut

microbiota in all samples.

As shown in Supplementary Figure 2A, the ACE index, and

Chao1 index were higher in the FFC diet group compared to the CD

group, and the Shannon index and Chao1 index were higher in the

FFC_24W group compared to the FFC_12W group, but there was

no statistical significance among the three groups. According to the

relative abundance of ASVs, principal component analysis (PCA)

and Bray-Curtis distance-based principal coordinate analysis

(PCoA) were used to analyze the structural changes in the gut

microbiota in each sample, and the results showed that the gut

microbiota of FFC-fed mice were completely separated from that

of CD-fed mice (Supplementary Figures 2B, C). In addition, PCoA

(Supplementary Figure 2C) similarity analyses showed that there

was a complete separation of the gut flora in the FFC_12W and

FFC_24W group (p= 0.001).

The relative abundance of gut microbiota in each group at

the phylum and genus levels is shown in Figures 3A, B. At the

phylum level, the gut microbiota composition in the FFC_12W

group, compared to the CD group, significantly changed, as shown

by a higher abundance of Campilobacterota (0.07% vs. 1.09%, p <

0.001), Desulfobacterota (4.1% vs. 8.4%, p < 0.001), Actinobacteria

(3.6% vs. 13.1%, p < 0.01) and Firmicutes (17.2% vs. 47.9%, p <

0.01), whereas the abundance of Bacteroidota (76.1% vs. 25.7%, p<

0.001) significantly decreased (Figure 3C). The relative abundance

of Firmicutes (25.7% vs. 56.1%, p > 0.05) was further upregulated

in the FFC_24W group compared to the FFC_12W group, whereas

the relative abundance of Actinobacteriota (13.1% vs. 2.1%, p <

0.001) was significantly lowered (Figure 3C).

At the genus level, the relative abundance of Blautia

(0.05% vs. 6.68%, p < 0.001), Faecalibaculum (0.61% vs.

8.33%, p < 0.001), Bacteroides (0.60% vs. 7.37%, p < 0.001),

Bifidobacterium (2.94% vs. 8.53%, p < 0.05), Parabacteroides

(0.07% vs. 3.83%, p < 0.001), Erysipelatoclostridium (0.02%

vs. 3.81%, p < 0.01), GCA-900066575 (0.10% vs. 4.66%, p <

0.01), and Rikenellaceae_RC9_gut_group (0.26% vs. 3.86%, p

< 0.001) in the FFC_12W group was significantly increased

compared to CD group; however, the relative abundance of

Muribaculaceae was significantly reduced (70.89% vs. 9.34%,

p < 0.001; Figure 3D). In comparison with the FFC_12W

group, the abundance of Blautia (6.68% vs. 6.88%, p > 0.05)

and Bacteroides (7.37% vs. 7.61%, p > 0.05) was further

increased, while the relative abundance of two intestinal probiotics,

Bifidobacterium (8.53% vs. 0.63%, p < 0.001) and GCA-

900066575 (4.66% vs. 1.63%, p < 0.01) was significantly decreased

(Figure 3D).

FT@XBP1 ameliorated hepatic injury and
fibrosis in the NASH model

ER stress plays an important role in the occurrence and

development of NAFLD (Zheng et al., 2022). We used an

immunoblotting assay to detect the expression of ER stress-related

proteins, and found that GRP78, ATF6, PERK, IRE1a, and XBP1s

in the liver of FFC diet-fed mice were significantly upregulated

compared to CD mice (Figure 4A, Supplementary Figure 3A).

Moreover, ER stress downstream transcription factor XBP1s was

more significantly upregulated than other ER stress markers

(Figure 4A). In addition, we used immunofluorescence (IF) assays

to confirm that XBP1s expression was higher in the liver

tissue of FFC diet-induced NASH mice than in CD-fed mice

(Supplementary Figure 3B), suggesting that XBP1s may play an

important role in NASH progression. Thus, we used folate

to modify TPGS and incorporate Xbp1 siRNA (FT@XBP1) to

knock down XBP1 and found that the body weight (Figure 4B),

and liver weight (Figure 4C) were significantly reduced in mice

treated with FT@XBP1 than in mice fed with FFC diet, but

had no effect on the liver-to-weight ratio compared with FFC

diet-fed mice (Figure 4D). We also found that FT@XBP1 could

significantly reduce epididymal fat in mice fed with FFC diet

(Figure 4E). Moreover, FFC diet-induced mice had high levels of

serum alanine transaminase (ALT) and aspartate aminotransferase

(AST) in comparison with mice with the CD diet, and FT@XBP1

treatment remarkably decreased ALT and AST levels (Figure 4F).

Most interestingly, we also found that FT@XBP1 treatment could
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FIGURE 2

FFC diet promoted fibrosis in NASH mice model. (A) Representative Masson (upper panel) and Sirius red (lower panel) staining images (scale bar =

50µm), and NAS (B) and fibrosis stages (C) of liver tissues from mice in the CD and FFC group (n = 3). (D) The expression of fibrotic proteins of α-SMA

and Col1αI in liver tissues, and semi-quantitatively analyzed the band intensity (n = 3). (E) Inflammatory factors Il-6, Il-1β, Tnf-α, and Il-10 in hepatic

tissues of FFC fed mice or relative controls were measured using qRT-PCR, and (F) the lobular inflammation was calculated (n = 3 for each group).

Data are presented as the means ± SD (error bar) with *p < 0.05 and **p < 0.01 vs. indicated group (n = 3 for each group). NAS, NAFLD activity score.

significantly reduce FFC diet-induced serum TC and hepatic TG

compared to mice fed with FFC diet (Figure 4G).

We also investigated the role of XBP1s on liver injury, lipid

accumulation, inflammatory cells infiltration, collagen deposition,

and fibrosis using HE staining, Oil red staining, Masson staining,

and Sirius staining, respectively. We found that XBP1 deficiency

largely attenuated FFC diet-induced liver injury (Figure 4H) and

steatohepatitis-related parameters inmice, for example intrahepatic

ballooning (Figures 4H–J) and steatosis percentage (Figure 4K),

which relieved lipid accumulation and improved liver histology.

As previously reported, inflammatory cell infiltration plays a vital

role in NASH progression. Interestingly, a decrease in lobular

inflammation was also noted in FT@XBP1-treated mice compared

to FFC-fed mice (Figure 4L).

As fibrosis is a vital risk for the deterioration of NASH

to hepatic fibrosis, we determined collagen deposition in

the liver tissues using Masson and picrosirius red staining

(Figure 4M). Most interestingly, we found that the livers of

mice fed with FFC diet demonstrated an evident increase in

collagen deposition and pericellular fibrosis compared with

CD-fed mice, and these pathological changes were significantly

reversed by treating mice with FT@XBP1 (Figure 4M). The

NAS score was used for the quantitative evaluation of unique

NASH-identified lesions. As shown in Figure 4N, the FFC

diet significantly increased NAS compared with the CD

diet, whereas FT@XBP1 treatment remarkably reduced NAS

compared with mice fed with an FFC diet, as demonstrated

by evidently reduced lobular inflammation and steatosis.

Consistently, we found that FT@XBP1 treatment remarkably

reduced the fibrosis stage (Figure 4O). In addition, indicators of

hepatic fibrosis, such as Col1αI and α-SMA, were significantly

reduced in mice treated with FT@XBP1 compared with FFC

diet-fed mice, as demonstrated by Western blot analysis

(Figure 4P). These results suggested that FT@XBP1 treatment

ameliorated steatohepatitis and fibrosis in response to FFC

diet-induced NASH.
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FIGURE 3

The alteration in the gut microbiome associated with FFC diet. Relative abundance of bacterial communities from mice at the di�erent stages of

NASH at the phylum (A) and genus level (B). Comparison of average abundance of specific gut bacteria from CD diet or FFC-diet for 12 or 24 weeks

at the phylum (C) and genus level (D). Data are presented as the means ± SD (error bar) with **p < 0.01, and ***p < 0.001 vs. indicated group (n = 7).
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FIGURE 4

FT@XBP1 alleviated liver injury, steatosis and fibrosis in NASH mice. (A) Western blot analysis determined the expression of XBP1s, IRE1α, ATF6, PERK,

and GRP78 in liver tissues from FFC diet induced NASH mice. (B) Body weights, (C) liver weights, (D) liver/body weight ratio, (E) epididymal fat, (F)

serum ALT and AST, (G) and serum TC and hepatic TG in FFC-fed or chow-fed mice, and FFC-fed mice treated with FT@XBP1. (H) Representative

images of H&E (left panel), Oil red O staining (right panel) in hepatic tissues from mice fed with FFC diet and FFC-fed mice treated with FT@XBP1, and

(I) semi-quantitative analyzed the staining intensity of Oil red O staining (scale bar = 50µm). FT@XBP1 treatment alleviated FFC diet induced (J)

balloon, (K) steatosis percentage and (L) lobular inflammation. (M) Representative images of Masson (left panel), Sirius (right panel) staining in hepatic

tissues from mice fed with the FFC diet and FFC-fed mice treated with FT@XBP1 (scale bar = 50µm). FT@XBP1 treatment decreased (N) NAS and (O)

fibrosis stages, and (P) decreased the expression of XBP1s, α-SMA and Col1αI in liver tissues and semi-quantitative analysis of figure (P). Data are

presented as the means ± SD (error bar) with *p < 0.05, **p < 0.01, and ***p < 0.001 vs. indicated group (n = 3 for each group).

Frontiers inMicrobiology frontiersin.org267

https://doi.org/10.3389/fmicb.2023.1271835
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Zhu et al. 10.3389/fmicb.2023.1271835

FIGURE 5

FT@XBP1 treatment partially restored the gut microbiome in FFC induced NASH model. Relative abundance of bacterial communities from mice at

the phylum (A) and genus species level (B) in FFC diet fed mice or mice treated with FT@XBP1. Comparison of average abundance of specific gut

bacteria from FFC diet fed mice or mice treated with FT@XBP1 at the phylum (C) and genus level (D). Data are presented as the means ± SD (error

bar) with *p < 0.05, **p < 0.01, and ***p < 0.001 vs. indicated group (n = 7).

FT@XBP1 partially restored the dysbiosis of
the gut microbiota in NASH mice

To explore the effect of FT@XBP1 treatment on the diversity

of gut microbiota in NASH mice, the V3–V4 regions of

the intestinal bacterial 16S rDNA genes from CD, FFC_24W,

and FFC diet in combination with FT@XBP1 (120 mg/kg)

treatment were sequenced using the next-generation sequencing.

A total of 1,681,217 raw reads were obtained, and 1,303,526

high-quality reads were filtered, of which a total of 4,997
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FIGURE 6

FT@XBP1 protected against intestinal barrier disruption and reduced serum LPS and inflammatory cytokines in NASH mice. (A) H&E staining of mouse

intestinal tissue from CD, FFC and FT@XBP1 treatment group (scale bar = 50/20µm). (B) Western blot analysis the expression of ZO-1 in colon

tissues, and semi-quantitative analyzed. (C) FT@XBP1 treatment reduced the levels of serum LPS and (D) the inflammatory factors Il-6, Il-1β, Tnf-α,

and Il-10 in hepatic tissues in NASH mice. Data are presented as the means ± SD (error bar) with **p < 0.01, and ***p < 0.001 vs. indicated group (n

= 3 for each group).

differential ASVs were clustered based on 99% sequence similarity.

Observed-species rarefaction curves (Supplementary Figure 4A)

and Shannon (Supplementary Figure 4B) reached a plateau,

indicating that the current sequencing depth was reasonable

and sufficient to capture most of the gut microbes in the

samples. As shown in Supplementary Figure 5A, the Shannon

index and Simpson index were slightly elevated in the FFC_24W

and FT@XBP1 treatment groups, while the ACE index and

Chao1 index were slightly reduced compared to the chow diet

group but did not reach a statistically significant difference.

Beta diversity represents the difference in the composition of

microbial communities between samples. In the current study, PCA

(Supplementary Figure 5B) and PCoA (Supplementary Figure 5C)

similarity analyses were used to observe the similarity of the species

composition between samples. It was found that the gut microbiota

of FFC-fed mice was completely separated from that of CD-fed

mice (p = 0.001), but the gut microbiota of the FFC-fed mice

was not completely separated from the FT@XBP1 treatment group,

suggesting that FT@XBP1 treatment could partially restore the

composition of the intestinal microbiota in NASH mice.

The relative abundance of intestinal bacteria in each group

at the phylum and genus levels is shown in Figures 5A, B.

As shown in Figure 5C, at the phylum level, the relative

abundance of Campilobacterota (0.07% vs. 1.33%, p < 0.001),

Desulfobacterota (0.41% vs. 6.12%, p < 0.001) and Firmicutes

(17.22% vs. 56.12%, p < 0.01) in the FFC_24W group was

significantly increased compared with the CD group, while the

relative abundance of Bacteroidota (76.06% vs. 29.53%, p < 0.01)

and Actinobacteriota (3.57% vs. 2.09%, p > 0.05) was decreased

significantly. FT@XBP1 treatment further increased the relative

abundance of Campilobacterota (0.07% vs. 2.69%, p > 0.05)

and Deferribacterota (1.35% vs. 3.21%, p < 0.05), but decreased

the abundance of Desulfobacterota (6.12% vs. 5.66%, p > 0.05)

compared to the FFC_24W group. Interestingly, we found that

FT@XBP1 treatment significantly reversed FFC feeding induced

decreases in Actinobacteriota abundance (2.09% vs. 7.42%, p

< 0.05).

At the genus level (Figure 5D), FFC diet feeding significantly

increased the relative abundance of Blautia (0.05% vs. 4.80%,

p < 0.01), Faecalibaculum (0.61% vs. 7.20%, p < 0.001),

Bacteroides (0.60% vs. 7.61%, p < 0.001), Erysipelatoclostridium

(0.02% vs. 3.96%, p < 0.01), Colidextribacter (0.53% vs.

3.19%, p < 0.001) and Rikenellaceae_RC9_gut_group (0.26%

vs. 3.99%, p < 0.001) compared to CD-fed mice, while the

relative abundance of Muribaculaceae (70.89% vs. 10.22%, p

< 0.001) and Bifidobacterium (2.94% vs. 0.63%, p < 0.01)
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was significantly decreased. FT@XBP1 treatment could further

increase the abundance of Faecalibaculum (7.20% vs. 11.65%, p

> 0.05), Rikenellaceae_RC9_gut_group (3.99% vs. 4.45%, p >

0.05) and Colidextribacter (3.19% vs. 5.29%, p > 0.05), while

decreased the abundance of Muribaculaceae (10.22% vs. 7.09%,

p > 0.05) compared to the FFC_24W group. More importantly,

FT@XBP1 treatment not only effectively reversed the FFC_24W-

induced decrease in intestinal probiotic Bifidobacterium (0.63%

vs. 4.17%, p < 0.05), but also increased the intestinal abundance

of Mucispirillum (3.21% vs. 4.25%, p > 0.05). These suggest that

FT@XBP1 may prevent the progression of NASH by regulating the

composition of gut microbiota.

In addition, we obtained functional annotations and relative

abundance information of the gut microbiota in each group, and

cluster analysis was performed according to the level of functional

difference. As shown in Supplementary Figure 6, FFC diet feeding

for 24 weeks showed significant activation of glycosaminoglycan

degradation, glycosphingolipid biosynthesis-ganglio series,

phenylpropanoid biosynthesis, sphingolipid metabolism and

various types of N-glycan biosynthesis pathway, whereas

FT@XBP1 treatment showed an opposite trend. Furthermore, we

found that the apoptosis, ferroptosis and lysosome pathways were

activated after 24 weeks of FFC dietary feeding, while FT@XBP1

treatment significantly inhibited the activation of these pathways.

These results suggested that FT@XBP1 may play a vital role in the

prevention of NASH progression by restoring the dysbiosis of the

gut microbiota.

FT@XBP1 ameliorates intestinal barrier
dysfunction in NASH

Intestinal mucosal homeostasis plays a vital role in maintaining

the normal physiological activities of the organism, and intestinal

mucosal barrier damage and increased intestinal epithelial

permeability are often accompanied by the progression of NASH

(Albillos et al., 2020). Thus, we first stained the mouse colonic

mucosa using H&E staining, and found that FFC feeding

significantly increased the degree of colonic epithelial barrier

disruption (Figure 6A). Furthermore, the apical and crypt areas

of colonic tissues showed significant structural disruption and

disorganization, with intermediate deletions, while, the integrity

of the colon barrier was found to be intact after 4-week

intervention with FT@XBP1, which indicated that FT@XBP1 could

ameliorate FFC diet-induced Intestinal mucosal barrier disruption

(Figure 6A). Subsequently, we used immunoblotting assay to detect

the expression level of epithelial tight junction protein 1 (zonula

occludens-1, ZO-1), and found that the protein level of ZO-1 was

significantly lower in FFC diet group compared with that of the CD

diet group (Figure 6B). Furthermore, FT@XBP1 treatment induced

a certain recovery of the ZO-1 protein compared with FFC group

(Figure 6B), but there was no statistical difference (p = 0.088). To

further understand the mechanism of FT@XBP1 on FFC-induced

NAFLD progression, we examined the plasma endotoxin levels

and found that plasma LPS levels were significantly elevated in

the FFC dietary group compared with the CD group, whereas

FT@XBP1 treatment obviously reversed this effect (Figure 6C).

In addition, qRT-PCR assays showed that FT@XBP1 treatment

significantly decreased the levels of inflammatory factors Il-6, Il-1β ,

and Tnf-α (Figure 6D), but the levels of Il-10 were elevated to some

extent compared with FFC diet mice (p = 0.081). Therefore, our

results suggest that XBP1s plays an important role in maintaining

intestinal mucosal homeostasis by regulating the expression of

tight junction proteins, which together reduce the penetration of

intestinal-sourced endotoxins into the circulation and then alleviate

liver inflammation to prevent the progression of NASH.

Discussion

The pathogenesis of NAFLD is complex, and the traditional

“two-hit” hypothesis is not sufficient to fully explain the

pathogenesis of NASH, especially for non-obese individuals

(Wang et al., 2016), because there is evidence that TG is not

hepatotoxic in mice with steatohepatitis (Yamaguchi et al., 2007).

However, the accumulation of other lipids, such as free fatty

acids, diacylglycerol, cholesterol, ceramides, and phospholipids,

in the liver can induce ER stress, mitochondrial dysfunction,

and oxidative stress, ultimately leading to liver inflammation

and fibrosis (Feldstein et al., 2004; Tilg and Moschen, 2010).

Recently, some researchers put forward a “multiple parallel hit

model” (Tilg and Moschen, 2010; Papatheodoridi and Cholongitas,

2018), with intestinal flora disturbance and the related enterogenic

endotoxemia possibly being the key “hit” leading to persistent

liver injury and NAFLD progression (Poeta et al., 2017). NAFLD

patients are often associated with varying degrees of intestinal

flora disturbance and translocation, which manifests as decreased

abundance of Bacteroidetes and an increased relative abundance

of Firmicutes at the phylum level. Meanwhile, Gram-negative

bacteria in the gut are overpopulated, while the abundance of

Gram-positive bacteria such as Bifidobacterium and Lactobacillus

are decreased significantly, and intestinal bacteria and LPS could

translocate into the portal vein system, which results in enterogenic

endotoxemia and persistent inflammatory injury in the liver (Zhu

et al., 2013; Shen et al., 2017). Schnabl and Brenner (2014)

found that mice lacking intestinal flora were resistant to the

development of diet-induced liver steatosis; however, replenishing

flora via fecal microbiota transplantation (FMT) can promote the

development of NAFLD in these mice, and liver steatosis can be

improved after application of probiotics and antibiotics. In the

current study, we found that FFC diet significantly increased the

relative abundance of Firmicutes and decreased the abundance

of Bacteroidota compared to mice fed with chow diet at the

phylum level. Meanwhile, we found that FFC diet increased the

abundance of Blautia and Bacteroides, while the abundance of

intestinal probiotics, such as Bifidobacterium and GCA-900066575,

was significantly decreased at the genus level (Figure 3D). These

results suggest that the development of NASH is accompanied by

a disturbance of the intestinal flora.

Recently, the role of the intestinal mucosal barrier and

inflammatory response in the development of NAFLD has been

a high concern (Takaki et al., 2013; Tripathi et al., 2018).

Dysbacteriosis and intestinal endotoxemia (IETM) are important

causes of liver inflammation and NAFLD. The normal intestinal

mucosal barrier can prevent the translocation and invasion of
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enterogenic pathogenic factors, such as intestinal bacteria and

endotoxins (Brandl et al., 2017). However, in some pathological

conditions, intestinal mucosal barrier integrality is impaired, and

harmful substances such as bacterial DNA, lipopolysaccharide

(LPS), and ethanol can enter the liver through the portal vein,

thus promoting the progression of NASH (Pierantonelli et al.,

2017; Longo et al., 2020). Germ-free animals transplanted with

fecal from NAFLD patients demonstrated significant hepatic

steatosis, multifocal necrosis, and inflammatory cell infiltration

in the liver, accompanied by increased levels of serum LPS

and inflammatory cytokines (such as IL-6 and MCP-1) and the

disturbance of intestinal flora, indicating that the occurrence of

NAFLD is closely related to intestinal flora disturbance (Chiu

et al., 2017). In this study, we found that FFC diet not only

impaired the integrity of intestinal mucosal barrier and decreased

the levels of ZO-1 protein but also significantly increased the

levels of several pro-inflammatory factors (such as IL6, IL-1β,

and TNF-α) and plasma LPS compared to chow diet mice.

These results suggest that high-fat diet may lead to enterogenic

endotoxemia by altering the structure of the intestinal flora and

aggravating liver inflammation, thus accelerating the progression

of NASH.

The endoplasmic reticulum (ER) plays an essential role in

protein folding and maturation, in addition to other metabolic

processes. ER stress has been observed in nearly all chronic liver

diseases and is distinguished by the activation of three UPR

pathways. Guo et al. (2018) reported increased mRNA expression

of ER stress markers, including BiP, activating transcription factor

4 (ATF4), and c/EBP-homologous protein (CHOP), in mice fed an

HFD diet. Consistently, mice fed with the FFC diet demonstrated

higher levels of ER stress-related proteins, including GRP78,

PERK, ATF6, IRE1α and XBP1s, and IRE1α-XBP1s pathway

was significantly elevated compared to other ER stress markers

(Figure 4A). Dysregulation of the ER stress response has been

implicated in intestinal inflammation associated with inflammatory

bowel disease (IBD), a chronic condition characterized by changes

in the mucosa and alteration of the gut microbiota (McGovern

et al., 2010). However, the exact relationship between ER stress

and gut microbes is largely unclear. In the current study, we

found that FT@XBP1 treatment could not only significantly inhibit

liver lipid accumulation and collagen deposition in the FFC diet

fed mice but also improve high-fat-induced intestinal barrier

dysfunction, as demonstrated by the restoration the integrity of the

intestinal barrier (Figure 6A) and increased levels of ZO-1 protein

expression (Figure 6B), which partially restored intestinal flora

structure, reduced endotoxemia and alleviated liver inflammation.

Similarly, Laudisi et al. (2019) demonstrated that mice fed a

maltodextrin (MDX)-enriched diet exhibited an activated ER stress

response in intestinal epithelial cells and an exacerbated intestinal

inflammation, while treatment of mice with TUDCA prevented

mucin-2 depletion and attenuated colitis in MDX-fed mice. Most

interestingly, Grey et al. (2022) found that ERN2 was required

for microbiota-induced goblet cell maturation and mucus barrier

assembly in the colon, and mice lacking Ern2 had a dysbiotic

microbial community. The secretory capacity of the gut epithelium,

especially mucin and antimicrobial protein production, likely

demands the maintenance of ER proteostasis (Kaser et al., 2008).

These results suggested that ER stress transcription factor XBP1s

evolved on mucosal surfaces to mediate crosstalk between gut

microbes and the mucus barrier required for normal homeostasis

and host defense. However, several pieces of evidence suggested

that Xbp1 deletion in mouse intestinal epithelial cells resulted in

Paneth and goblet cell apoptosis, spontaneous ileal inflammation,

and increased sensitivity to dextran sodium sulfate (DSS)-induced

colitis (Kaser et al., 2008).

In summary, our study showed that the inhibition of

XBP1s by FT@XBP1 could restore the integrity of the intestinal

mucosal barrier and intestinal flora disturbance and inhibit LPS

translocation, which subsequently reduces liver inflammation and

lipid deposition and prevents NASH progression. However, this

study inevitably has some limitations. First, this study established

NASH model by feeding animals with FFC (high fat, high fructose

and high cholesterol) diets. It was found that the progression

of NASH induced by FFC diet was related to intestinal flora

disturbance and the integrity of intestinal mucosal barrier, but the

exact relationship was not fully understood. Second, intravenously

administrated FT@XBP1 exerted its effect mainly by targeting

the key transcription factor XBP1s, however, whether it affects

the integrity of the intestinal mucosal barrier and regulates

liver inflammation to indirectly restore intestinal microflora

homeostasis in NASH is worthy of further study. Finally, the role

of other downstream signaling pathways of ER stress in intestinal

flora disturbance and the progression of NASH is also worth

further investigation.
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Background: Imbalance in intestinal microbiota caused by microbial species

and proportions or metabolites derived from microbes are associated with

hypertension, as well as diabetic nephropathy. However, the involvement of the

intestinal microbiota and metabolites in hypertension and diabetic nephropathy

comorbidities (HDN) remains to be elucidated.

Methods: We investigated the e�ects of intestinal microbiota on HDN in a rat

model and determined the abundance of the intestinal microbiota using 16S

rRNA sequencing. Changes in fecal and serum metabolites were analyzed using

ultra-high-performance liquid chromatography-mass spectrometry.

Results: The results showed abundance of Proteobacteria and Verrucomicrobia

was substantially higher, whereas that of Bacteroidetes was significant lower

in the HDN group than in the sham group. Akkermansia, Bacteroides, Blautia,

Turicibacter, Lactobacillus, Romboutsia, and Fusicatenibacter were the most

abundant, and Prevotella, Lachnospiraceae_NK4A136_group, and Prevotella_9

were the least abundant in the HDN group. Further analysis with bile acid

metabolites in serum showed that Blautia was negatively correlated with

taurochenodeoxycholic acid, taurocholic acid, positively correlated with cholic

acid and glycocholic acid in serum.

Conclusions: These findings suggest that the gut microbiota and metabolites

in feces and serum substantially di�ered between the HDN and sham groups.

The F/B ratio was higher in the HDN group than in the sham group. Blautia

is potentially associated with HDN that correlated with di�erentially expressed

bile acid metabolites, which might regulate the pathogenesis of HDN via the

microorganism–gut–metabolite axis.
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1 Introduction

Diabetes mellitus (DM) is a metabolic disorder that is characterized by chronic

hyperglycemia due to an absolute or relatively insufficient amount of secreted insulin.

The estimated global prevalence of diabetes among people aged 20–79-years during 2021

was ∼10.5% (536.6 million people) and is expected to reach 12.2% (783.2 million people)
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by 2045 (Sun et al., 2022). Diabetic nephropathy (DN) is a prevalent

microvascular complication of diabetes and the leading cause

of end-stage renal disease (ESRD) in developed countries and

developed regions of China (Ma, 2018; Johansen et al., 2021).

Approximately 40% of DM patients will eventually develop DN

(Chen et al., 2023).

Hypertension affect ∼1.5 billion (Murray and Lopez, 2013)

people worldwide. Patients with diabetes have a high prevalence of

hypertension (Sabuncu et al., 2021) and those with hypertension

are also at increased risk of developing diabetes (Izzo et al.,

2009). Since patients with both DN and hypertension are

more prone to develop macrovascular (Yen et al., 2022) and

microvascular complications (Brownrigg et al., 2016) that lead

to a poor prognosis, understanding the underlying mechanisms

is crucial.

Changes to the intestinal microbiota caused by microbial

species and proportions or metabolites derived from microbes

are associated with increased susceptibility to diseases (Gentile

and Weir, 2018). Intestinal microbiota disorders play important

roles in DM (Wu et al., 2023), DN (Zhao et al., 2023), chronic

kidney disease, ESRD (Luo et al., 2023), and in DM progression

to DN and subsequent ESRD (Mao et al., 2023). However,

the underlying mechanisms of how intestinal flora affects DN

remain uncertain.

The intestinal microbiota plays a key role in the development

of hypertension (Lucas et al., 2023). However, a disordered

intestinal microbiota in DN is inconsistent with hypertension.

For instance, the ratio of abundance of Firmicutes to

Bacteroidetes (F/B) is significantly decreased in DN (Li et al.,

2020), whereas that in the intestinal contents of patients

with hypertension is increased (Yang et al., 2015). These

findings suggest a complex mechanism between intestinal

microbiota functions and derived metabolites in DN and

comorbid hypertension.

16S rDNA amplicon sequencing technology has become an

important means of studying the composition and structure of

microbial communities in environmental samples. Untargeted

metabolomics aims to detect as many metabolites as possible in

biological samples for the purpose of discovery, reflecting the

overall metabolite information to the greatest extent possible, LC-

MS/MS technology is used. To delve into this aspect further,

in this study, we aimed to investigate changes and crucial

regulatory roles of gut microbiota and their metabolites in

the DN and comorbid hypertension, by feeding rats with a

high-carbohydrate high-fat diet, inducing diabetes in them by

injecting streptozotocin (STZ), unilaterally ligating the renal

arteries, and applying non-targeted metabolomics and 16S rRNA

gene sequencing. The results showed abundance of Proteobacteria

and Verrucomicrobia was substantially higher, whereas that of

Bacteroidetes was significant lower in the HDN group than in

the sham group. Akkermansia, Bacteroides, Blautia, Turicibacter,

Lactobacillus, Romboutsia, and Fusicatenibacter were the most

abundant, and Prevotella, Lachnospiraceae_NK4A136_group, and

Prevotella_9 were the least abundant in the HDN group. Further

analysis with bile acidmetabolites in resum showed that Blautiawas

negatively correlated with taurochenodeoxycholic acid, taurocholic

acid, positively correlated with cholic acid and glycocholic acid

in serum.

2 Materials and methods

2.1 Animals

A total of 26 six-week-old SPF Sprague-Dawley rats weighing

200 g were selected for studies (Beijing Huafukang Biotechnology

Co. Ltd., Beijing, China). The rats were randomly assigned to

either a group with hypertension and diabetic nephropathy (HDN)

or a sham group (n = 14 per group). We induced HDN model

by feeding the rats with a high-calorie high-carbohydrate diet

for 24 weeks. The purified diets were produced by Trophic

Animal Feed High-Tech Co., Ltd. (Nantong, China). The diet

formulas are shown in Supplementary Table 1. The HDN group

was anesthetized before undergoing unilateral renal artery ligation.

We intraperitoneally injected 30 mg/kg of streptozotocin into

the HDN group on postoperative day (POD) 7. The sham

group was fed with a standard diet (Trophic Animal Feed

High-Tech Co. Ltd, Nantong, China). This group was also

anesthetized and underwent an abdominal incision, and suturing;

however, the renal arteries were not clipped. The sham group

was intraperitoneally injected with 0.1 mol/L sodium citrate

buffer (pH 4.2) on POD 7. Fasting blood glucose (FBG) was

evaluated in tail tip blood and measured using an Accu-Chek

Advantage glucometer (Roche Diagnostics GmbH, Mannheim,

Germany). Blood pressure (BP) was determined using a tail-

cuff. Rats with FBG >16.7 mmol/L and BP >140 mmHg

were considered as successful models. The Institutional Animal

Care and Use Committee of Shengjing Hospital of China

Medical University (Shenyang, China) approved the animal

experiments (2023PS1422K).

2.2 Sample collection

All rats were anesthetized with isoflurane before the

blood was collected from the orbital venous plexus. Serum

(≥ 1.5mL) obtained by centrifugation at 300 × g was stored

at −80◦C. Colon contents were collected and immediately

frozen with liquid nitrogen after sampling and stored

at−80◦C.

2.3 Sequencing and analysis of 16s rDNA
amplicons

The purity and concentration of extracted DNA from colon

contents were detected using 2% agarose gel Electrophoresis.

A library was then constructed from 1 ng/µL of DNA using

TruSeq
R©

DNA PCR-Free Sample Preparation Kits (Illumina,

California -San Diego, USA). The library was quantified using

Qubit and Q-PCR, then sequenced using a NovaSeq 6000 System

(Novogene, Sacramento, CA). Filtered sequences were clustered

into operational taxonomic units (OTUs) using the UPARSE-OTU

algorithm, then species annotation was analyzed using Mothur

and classified using the small subunit ribosomal (SSUr) RNA

database. Changes in intestinal flora were analyzed using QIIME

v.1.9.1 and R v. 3.5.2 (R Foundation for Statistical Computing,

Vienna, Austria).
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2.4 Sample processing and analysis

Metabolites were extracted from thawed serum samples using

80% methanol buffer. Serum was incubated on ice for 5min

followed by centrifugation at 15000 g, 4◦C for 20min. The

supernatants were transferred to 96-well plates, dried under

nitrogen and stored at−80◦C. Thawed fecal samples (100mg) were

extracted using 80% methanol, centrifuged at 15000 g, 4◦C for

20min, then supernatants were stored at−80◦C.

2.5 UHPLC-MS/MS

UHPLC-MS/MS analyses were performed using a Vanquish

UHPLC system (ThermoFisher, Germany) coupled with an

Orbitrap Q ExactiveTMHF-X mass spectrometer (Thermo Fisher,

Germany) in Novogene Co., Ltd. (Beijing, China). Samples

processed previously were injected onto a Hypesil Gold column

(100 × 2.1mm, 1.9µm) using a 17-min linear gradient at a flow

rate of 0.2 mL/min. The eluents for the positive polarity mode were

eluent A (0.1% FA in Water) and eluent B (Methanol).The eluents

for the negative polarity mode were eluent A (5mM ammonium

acetate, pH 9.0) and eluent B (Methanol).The solvent gradient was

set as follows: 2% B, 1.5min; 2%−100% B, 3min; 100% B, 10

min;100%−2% B, 10.1 min;2% B, 12min. Q ExactiveTM HF-X

mass spectrometer was operated in positive/negative polarity mode

with spray voltage of 3.5 kV, capillary temperature of 320◦C, sheath

gas flow rate of 35 psi and aux gas flow rate of 10 L/min, S-lens RF

level of 60, Aux gas heater temperature of 350◦C.

2.6 Metabolite analysis

The metabolites were annotated using the Encyclopedia

of Genes and Genomes (KEGG), the Human Metabolome

Database (HMDB), and the Lipid Metabolites and Pathways

Strategy (LIPIDMaps) (https://www.lipidmaps.org/). Principal

components analysis (PCA) and partial least squares discriminant

analysis (PLS-DA) proceeded using metaX
R©

(https://metaxsoft.

com). Statistically significant metabolite parameters comprised

fold change (FC) ≥ 2 or ≤ 0.5, variable importance in

projection (VIP) > 1, p < 0.05, then volcano plots of

metabolites were plotted based on log2 FC and –log10p.

Differential metabolites were visualized using clustering heat maps.

Correlations among differential metabolites were calculated using

Pearson coefficients. Results with p < 0.05 were considered to be

significantly different.

2.7 Statistical analysis

Continuous variables are presented as means ±

standard error of mean (SEM). Between-group differences

were analyzed using Student t-tests. Relationships

between species and metabolites were analyzed using

Spearman rank correlations. All data were analyzed

using SPSS 21 (IBM Corp., Armonk, NY, USA)

and R v. 3.5.2.

3 Results

3.1 Evaluation of HDN model

Fasting blood glucose (FBG) levels were increased in HDN

compared with sham rats (Figure 1A). The urinary albumin

to creatinine ratio (UACR) was significantly increased in rats

with HDN compared with sham rats (Figure 1B). These ratios

are sensitive indicators for early diagnoses of renal damage

in diabetes; Changes in UACR precede those of blood urea

nitrogen and creatinine, indicating impaired glomerular filtration

function. Moreover, BP was significantly elevated in the HDN rats

(Figure 1C), confirming successful establishment of the model.

3.2 Gut microbial profiles

The gut microbiota notably differed between the HDN and

sham rats. The quality control effective rate 81.71%, with 67,665

quality-control-validated data points, among 81,631 valid data

points. We obtained 3,092 OTUs with 97% identity, then annotated

them using the Silva138 database (https://www.arb-silva.de/).

We annotated 1260 (40.75%) OTUs at the genus level. We

identified the top-five most abundant microbiota at the phylum

level using a Sankey map (Supplementary Figure 1A). Rarefaction

curves indicated that the current sequencing depth adequately

reflected microbial diversity (Supplementary Figures 1B, C).

Rank abundance curves indicated the richness and evenness

of species (Supplementary Figures 1D, E). Box plots of

biodiversity and community surveys show species richness

(Supplementary Figure 1F).

Alpha diversity analysis revealed significant differences in

goods coverage, as well as the Shannon and Simpson indices

between the HDN and sham groups (Figures 2A–C). Principal

coordinate (PCoA) and principal component (PCA), analyses

and non-metric multidimensional scaling (NMDS) for beta

diversity, revealed differences between the groups and significant

divergence in the composition and abundance of the gut

microbiota (Figures 2D–F). Supplementary Table 1 shows the alpha

diversity indexes (Shannon, Simpson, chao1, ACE, goods coverage,

PD_whole_tree) of the samples (data volume selected during

homogenization: cutoff = 46,210, at a consistency threshold

of 97%).

3.3 Changes in composition of gut
microflora associated with HDN

The abundance of Proteobacteria and Verrucomicrobiota

increased, whereas that of Bacteroidetes was lower at the phylum

level in the HDN group, compared with the sham group.

Supplementary Figures 2A, B show that at the pylum level,

Verrucomicrobiota was significantly increased in the HDN group,

Bacteroidetes was decreased in the HDN group. At the genus
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FIGURE 1

Evaluation of diabetic nephropathy-hypertension (HDN) model rats. Evaluation of (A) fasting blood glucose, (B) urinary albumin to creatinine ratios,

and (C) blood pressure. Data are expressed as means ± SEM (n =10; **P < 0.01).

FIGURE 2

Relative bacterial richness and evenness in two groups of samples. (A) Good coverage of each sample library. Higher values represent a higher

probability of sequence detection. (B) Shannon index estimates of microbial diversity. (C) Simpson index estimates of diversity. Assessment of gut

microbiota using (D) PCoA (PC1 = 61.68%, PC2 = 9.84%), (E) PCA (PC1 = 27.98%, PC2 = 12.35%) and (F) NMDS analysis. Red: sham group; blue: HDN

group. HDN, hypertension and diabetic nephropathy; NDMS, non-metric multidimensional scaling; PCA, principal component analysis; PCoA,

principal coe�cient analysis.

level, Akkermansia, Bacteroidetes and Blautia were increased in

the HDN group. The abundance of Proteobacteria was higher

in the HDN group than in the sham group. The trend was

similar in the HDN and sham groups for Verrucomicrobiota;

however, Bacteroidetes were less abundant in the HDN group

(Figures 3A, B). The abundance of Verrucomicrobiota (P =

0.0167) was significantly more, whereas Bacteroidetes (P =

0.001), Gemmatimonadota (P = 0.042), Myxococcota (P = 0.048),

Gemmatimonadetes (P = 0.025), and Elusimicrobia (P = 0.004)

were less abundant in the HDN group (Supplementary Table 2).

Supplementary Table 3 shows that 114 genera significantly

differed between the groups. The relative prevalence of species

at the phylum level was determined using the unweighted

pair group method with arithmetic (UPGMA) (Figure 3C).

The Firmicutes/Bacteroidetes (F/B) ratio is associated with

multiple diseases (Li et al., 2020). We found a higher F/B

ratio in the HDN group (Figure 3D). We further investigated

relationships among microbiota from the phylum to the genus

Frontiers inMicrobiology 04 frontiersin.org277
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FIGURE 3

Changes in gut microflora phyla associated with HDN. Data are expressed as means ± SEM. (A, B) Proportions of gut microflora phyla in HDN and

sham groups assessed using microbial taxa assignment. (C) Left, UPGMA cluster tree; right, distribution map of relative species abundance at phylum

level. (D) Changes in Firmicutes/Bacteroidetes ratios in HDN and sham groups (n =10 each). **P < 0.01. HDN, hypertension and diabetic

nephropathy; UPGMA, Unweighted Pair Group Method with Arithmetic Mean.

level using linear discriminant analysis (LDA) Effect Size (LEfSe)

(Figures 4A, B).

Figure 5A shows a cluster heat map of the relative abundance of

35 genera. The overall abundance of OTUs was higher in the HDN

group than in the sham group (18 vs. 17; Figure 5B). Collectively,

the significant difference in abundance of microbes was sufficient

to distinguish healthy from HDN rats, fed with high-carbohydrate

high-fat diet.

3.4 Metabolomics analysis of fecal and
serum samples from HDN and sham rats

The gut microbiome has effects on fecal metabolites (Wikoff

et al., 2009). We investigated differences in fecal and serum

metabolites between the groups using non-targeted metabolomics

and LC-MS.

The fecal metabolites were separated in the groups (Figure 6A),

indicating that HDN caused changes in fecal biomarkers. Volcano

plots of 544 fecal metabolites identified by LC-MS showed that 43

and 226 of 269 fecal metabolites were significantly upregulated and

downregulated, respectively (Figure 6B). Compared with the sham

group, The top 10 downregulated fecal metabolites in the HDN

group comprised fatty acid esters of hydroxy fatty acids (FAHFA;

18:2/20:4), acyl GlcADG (12:0-12:0-18:2), alpha-ketoglutaric acid,

2-ketohexanoic acid, 4-methylvaleric acid, dodecanedioic acid, 4-

hydroxybenzoic acid, xanthosine, ursolic acid, and 3-methyladipic

acid (Supplementary Table 4).

Orthogonal projections to latent structures with discriminant

analysis (OPLS-DA) of serum metabolite profiles revealed good

separation in the groups, suggesting that HDN altered serum

biomarkers (Figure 6C). Volcano plots revealed that among 182 of

501 serum metabolites, 79 and 103 were significantly upregulated

and downregulated, respectively, in the HDN group (Figure 6D).

The top 10 differential downregulated metabolites in the HDN

group were dihydroroseoside, equol, taurochenodeoxycholic acid

(sodium salt), myricetin, taurochenodeoxycholic acid, 18-β-

glycyrrhetinic acid, sulfaquinoxaline, calcitriol, 3-(2-naphthyl)-D-

alanine, and taurocholic acid (Supplementary Table 5).

3.5 Di�erences between HDN and sham
groups by multi-level analysis

Among differential metabolic pathways involved in HDN

development identified using KEGG analysis, 69 regulated
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FIGURE 4

Findings of LEfSe. (A) Cladogram shows phylogenetic distribution of microbiota in sham and HDN groups. (B) Histogram of LDA scores shows

e�ective size and rank of di�erentially abundant taxa. Green and red, HDN and sham groups, respectively (n = 10; LDA score > 4.0). HDN,

hypertension and diabetic nephropathy; LDA, linear discriminant analysis; LEfSe, linear discriminant analysis e�ect size.

synthesis of fecal metabolites (Supplementary Table 6).

Biosynthesis of unsaturated fatty acid pathways were significantly

relevant to fecal metabolic alterations (Figure 7A). Among the

fecal metabolites, stearic, palmitic, docosanoic, arachidonic,

docosapentaenoic, arachidic, and docosahexaenoic acids

represented the biosynthesis of unsaturated fatty acids pathway.
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FIGURE 5

Cluster heat map of relative abundance of 35 genera. (A) Thirty-five OTUs are distributed at the phylum and genera levels. (B) Heat map shows

relative abundance of di�erential OTUs between HDN and sham groups. Data were compared using Wilcoxon rank sum tests. Z-transformation is

shown from low (blue) to high (red) abundance. HDN, hypertension and diabetic nephropathy; OTUs, operational taxonomic units.

A heat map revealed many correlations between gut microbial

genera and distinct metabolites, as shown in Figure 7B, Blautia,

Fusicatenibacter and Bacteroides was negatively correlated with

Docosapentaenoic acid, Docosahexaenoic acid, Arachidonic acid,

Palmitic acid, Arachidic acid, Stearic acid and Docosanoic Acid;

Prevotella was positively correlated with above metabolites. The
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FIGURE 6

Fecal and serum metabolites di�ered between HDN and sham rats. (A) OPLS-DA scores and (B) volcano plot of fecal metabolites. (C) OPLS-DA

scores and (D) volcano plot of serum metabolite (VIP > 1; |Pcorr ≥ 0.5). HDN, hypertension and diabetic nephropathy; OPLS-DA, Orthogonal

Projections to Latent Structures with Discriminant Analysis; VIP, variable importance in projection.

findings of fecal metabolomic and 16S analyses showed that

docosahexaenoic acid (r = −0.811), palmitic acid (r = −0.818),

stearic acid (r = −0.813) negatively correlated with the prevalence

Blautia (Supplementary Table 7).

The KEGG analysis revealed 36 pathways that participated

in serum metabolite synthesis (Supplementary Table 8). The

cholesterol metabolism and primary bile acid biosynthesis

pathways were significantly associated with serum metabolic

alterations (Figure 8A). Among serum metabolites,

taurochenodeoxycholic, taurocholic, and glycocholic acids

represented the cholesterol metabolism pathway, and

taurochenodeoxycholic, taurocholic, cholic, and glycocholic

acids represented the primary bile acid biosynthesis pathway.

Bile acids change the abundance of the microbiota by promoting

the proliferation of bile-metabolizing bacteria and inhibiting

the proliferation of bile-sensitive bacteria (Sayin et al., 2013).

The microbiota can also regulate bile acid synthesis (Abenavoli

et al., 2019). Therefore, we further analyzed relationships between

the microbiota and bile acids. A heat map shows correlations

between serum metabolites and gut microbial genera (Figure 8B).

Taurochenodeoxycholic acid correlated negatively with the

prevalence of Blautia (r = −0.815), and taurochenodeoxycholic

acid correlated positively with Lachnospiraceae (r = 0.831) and

Prevotella (r = 0.832) (Supplementary Table 9).
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FIGURE 7

Correlations between microbiota and fecal metabolites. (A) Fecal metabolic changes in most relevant KEGG pathways. (B) Positive (red) and negative

(blue) correlations between microbiota and fecal metabolites. *P < 0.05. KEGG, Kyoto Encyclopedia of Genes and Genomes.

FIGURE 8

Correlations between microbiota and serum metabolites. (A) Serum metabolite changes in most relevant KEGG pathways. (B) Positive (red) and

negative (blue) correlations between microbiota and serum metabolites. *P < 0.05. KEGG, Kyoto Encyclopedia of Genes and Genomes.
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4 Discussion

In the current research, we compared changes in the

composition and function of gut microbiota in HDN and sham

rats using 16S rRNA gene sequencing, we further explored the

relationship and function betweenmicrobiota andmetabolites. Our

results indicate that the metabolic spectrum, composition, and

structure of the gut microbiota significantly differed between HDN

and sham rats. The F/B ratio was notably higher in the HDN

group than in the sham group. The abundance of Proteobacteria

and Verrucomicrobia was substantially higher, whereas that of

Bacteroidetes was significant lower in the HDN group than in

the sham group. Akkermansia, Bacteroides, Blautia, Turicibacter,

Lactobacillus, Romboutsia, and Fusicatenibacter were the most

abundant, and Prevotella, Lachnospiraceae_NK4A136_group, and

Prevotella_9 were the least abundant in the HDN group. Further

analysis with bile acidmetabolites in serum showed that Blautiawas

negatively correlated with taurochenodeoxycholic acid, taurocholic

acid, positively correlated with cholic acid and glycocholic acid

in serum.

The F/B ratio is an indicator that typically reflects the

dysbiosis of gut microbiota in various metabolic diseases, changes

in this ratio can lead to a range of illnesses (Abenavoli

et al., 2019). The F/B ratio was notably higher in the HDN

group than in the sham group. Bacteroidetes was significant

lower in the HDN group than in the sham group. Consistent

with our results, the abundance of Bacteroides is decreased in

patients with T2DM (Yamaguchi et al., 2016), and Bacteroides

supplementation improves insulin resistance in diabetic mice (Yang

et al., 2017). Bacteroides is a protective bacterium that plays a

crucial role in glucose metabolism. Bacteroidetes produces short

chain fatty acids, enhancing the function of the intestinal barrier

(Chen et al., 2021).Short chain fatty acids, especially butyric

acid, can activate GPR43, PPAR-γ, RASS system (Maslowski

et al., 2009; Bolognini et al., 2016; Stino and Smith, 2017;

Wysocki et al., 2017), lack of Bacteroidetes may promote the

occurrence and development of HDN by activating GPR43, PPAR-

γ, RASS system.

Proteobacteria are frontline responders that are sensitive to

environmental factors such as diet (Shin et al., 2015). Excessive

Proteobacteria growth is associated with inflammatory bowel

disease and metabolic syndrome (Lavelle et al., 2015). Our findings

on Proteobacteriawas substantially higher are consistent with those

of a meta-analysis of 578 patients with diabetic kidney disease

(DKD) and 444 healthy persons (Wang et al., 2022), which revealed

an enriched relative abundance of Proteobacteria in patients with

DKD compared with healthy individuals.

We also found enriched abundance of Akkermansia

muciniphila (phylum Verrucomicrobia) in the HDN group,

Akkermansia aids in the development and preservation of the

intestinal mucus layer, improves the functionality of the intestinal

barrier, inhibits the proliferation of detrimental bacteria, and

diminishes the concentration of intestinal endotoxins, thus

protecting intestinal health (Zheng et al., 2023). Akkermansia

reduces the risk of obesity, diabetes, enteritis, colon cancer and

other diseases (Li et al., 2023; Zheng et al., 2023). However,

the abundance of A. muciniphila is increased in experimental

animals and humans with CKD (Lakshmanan et al., 2021),

accompanied by an increase in indoxyl sulfate and p-cresyl sulfate

(pCS). A. muciniphila in renal hypertension caused by CKD

enhances the progression of renal hypertension by promoting

inflammation (Lau et al., 2018). The inflammatory response is

more active in renal hypertension (Rodriguez-Iturbe and Johnson,

2010), which might increase the abundance of A. muciniphila.

Salt retention, endothelial dysfunction, volume overload, and

abnormal hormone levels might results in HDN (Ku et al.,

2019), these may increase mucus foraging in intestinal mucus

layer. Besides that, in our HDN rat model, lack of fiber diet may

lead to increased mucus foraging and increasing Akkermansia

relative abundance.

Blautia was significantly more abundant in the HDN group, in

direct proportion to various bile acids (BAs). Blautia is involved

in converting primary to secondary Bas (Vojinovic et al., 2019).

BAs exert toxic effects on the liver, kidney, intestine, stomach,

and cardiovascular endothelial cells (Perez and Briz, 2009). BAs

also regulating the activation of farnesoid X receptor (FXR), G

protein-coupled 5 receptor, vitamin D receptor and pregnane

X receptor (Wahlstrom et al., 2016). FXR, interacts with bile

acids, haspotential protective effects on inflammatory and fibrotic

damage in the CKD (Glastras et al., 2015). Researchers have used

the FXR/TGR5 agonist int-767 to treat db/db mice, which can

improve proteinuria, prevent podocyte damage, mesangial dilation,

and renal tubulointerstitial fibrosis (Wang et al., 2018). In rats,

taurochenodeoxycholic acid acts as an agonist of FXR in rats (Parks

et al., 1999), cholic acid has an antagonistic effect on FXR, and

the gut microbiota of mice benefits FXR signaling by reducing

cholic acid (Sayin et al., 2013). In the present study, serum cholic

acid was increased in HDN, which is positively correlated with

the Blautia microbiota in feces, whereas taurochenodeoxycholic

acid was decreased in HDN, negatively correlated with the Blautia

microbiota in feces, suggesting that Blautia promotes HDN

progression through the FXR signaling pathway regulated by bile

acid metabolism. Blautia regulates the pathogenesis of HDN via the

microorganism - gut - metabolite axis.

5 Conclusions

A disordered intestinal microbiota is closely associated with

HDN. The F/B ratio was significantly increased in the HDN group,

compared with the sham group. The most abundant bacteria

in HDN were Akkermansia, Bacteroides, Blautia, Turicibacter,

Lactobacillus, Fusicatenibacter, and Romboutsia; the least abundant

flora were Prevotella_9, Lachnospiraceae_NK4A136_group, and

Prevotella. Among them, Blautia is an important inducer of HDN.

Blautia was negatively correlated with taurochenodeoxycholic

acid, taurocholic acid, positively correlated with cholic acid, and

glycocholic acid in serum, which might regulate pathogenesis

through the microorganism – gut – metabolite axis. However,

the present study has a limitation. It is the relatively small

sample size of the study. Our finding of a correlation between

intestinal microbiota and metabolites in HDN might pave the

way toward therapy targeting the intestinal microbiota of patients

with HDN.
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Using treadmill training, this study replicated human exercise conditions

and triggered exercise-induced fatigue in mice to examine the potential of

Pediococcus pentosaceus YF01 in delaying this fatigue by regulating oxidative

stress and its impact on the exercise capacity and gut microbiota of mice.

The exercise capacity of mice was tested by conducting exhaustion tests,

determining histopathological changes in mouse tissues, detecting the levels

of serum biochemical markers, and evaluating the mRNA expression levels of

relevant genes. YF01 prolonged the exhaustion time of mice, increased the

serum levels of oxidative stress-related markers T-AOC, CAT, and GSH, as well

as GLU and LA levels in the mice. YF01 decreased the levels of hepatic-related

markers AST and ALT, as well as exercise-related markers LDH, BUN, UA, and

CRE in the mice. YF01 upregulated the mRNA expression of MyHc I, SIRT1, and

PGC in muscle tissues, as well as SOD1, SOD2, and CAT in both liver and muscle

tissues. YF01 also downregulated the mRNA expression of MyHc IIa, MyHc IIb,

and MyHc IIx in muscle tissues. Furthermore, YF01 increased the abundance

of beneficial bacteria such as Lactobacillus and Lachnospiraceae in the gut

microbiota of mice. In conclusion, P. pentosaceus YF01 may affect the exercise

capacity of mice by modulating oxidative stress levels, thereby offering novel

ideas for developing of sports science and human health.

KEYWORDS

Pediococcus pentosaceus, gutmicrobiota, oxidative stress, exercise capacity, lactic acid
bacteria

1 Introduction

The benefits of exercise for physical and mental health are well-known (Begdache
et al., 2020; Das and Gailey, 2022). Exercise has become increasingly crucial because of
the advancement of society and the improvement of living standards. Research on exercise
capacity has consistently attracted considerable attention. Physical exercise is extensively
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recognized as an effective means of maintaining physical health and
helps in strengthening the body, improving immunity, enhancing
cardiovascular and respiratory functions, etc. (Fiuza-Luces et al.,
2018; Shao et al., 2021). Furthermore, doping is prohibited
among professional athletes (Morente-Sanchez and Zabala, 2013).
Therefore, long-term intake of certain foods, such as probiotics, to
improve exercise capacity is a more feasible approach. The mouse
treadmill model is commonly used in experiments to evaluate the
exercise ability, endurance, and coordination of mice (Cai et al.,
2018). We used a mouse treadmill model to simulate human
exercise training and explore the impact of Pediococcus pentosaceus
on exercise capacity.

Oxidative stress significantly influences exercise capacity
during physical activity (McLeay et al., 2017). It damages proteins,
lipids, and DNA by inducing an imbalance in the cellular redox
state, characterized by increased levels of reactive oxygen species
(ROS) (Lushchak, 2014). Excessive oxidative stress accelerates
cellular aging and causes a decline in organ function, thereby
affecting the normal metabolism and exercise capacity of the
body (Liguori et al., 2018). While performing physical exercise
or other forms of activity, an individual’s body is in a high-
intensity metabolic state, which elevates cellular oxidative stress
levels (Powers and Jackson, 2008). As the physical activity escalates,
the level of cellular oxidative stress also increases, which may induce
excess ROS production, thereby harming the cells and body (He
et al., 2016). On the other hand, moderate oxidative stress promotes
the body’s adaptation to continuous exercise, improves exercise
performance, and augments physical endurance (Simioni et al.,
2018). Therefore, a balance in oxidative stress must be maintained
for good human health.

Pediococcus pentosaceus is a lactic acid bacteria (LAB)
commonly used for producing fermented foods such as kimchi,
sauerkraut, and certain types of sourdough bread (Qi et al., 2021).
This LAB is known to produce lactic acid, which contributes to
food preservation and fermentation (Nanasombat et al., 2017). It
is used as a probiotic in various dairy products and supplements
because of its potential health benefits, including promoting gut
health and boosting the immune system (Erten et al., 2014;
Pan et al., 2021). Different P. pentosaceus strains may exhibit
diverse characteristics and applications in food fermentation and
probiotic use. This LAB can modulate oxidative stress levels.
P. pentosaceus decreased ROS production by affecting the cellular
redox equilibrium, thus alleviating the adverse effects of oxidative
stress on the body (Kim et al., 2019). Nevertheless, the impact of
P. pentosaceus on physical performance has not been exhaustively
examined. Therefore, this study investigates P. pentosaceus YF01
to determine if it affects exercise capacity in mice by modulating
oxidative stress.

The intestine is an important organ for maintaining health
balance, and there is a close connection between the gut microbiota
of mice and their exercise performance. Certain intestinal
microbiota can produce excitatory neurotransmitters that promote
exercise performance, such as norepinephrine and dopamine,
providing energy to intestinal epithelial cells (Bao et al., 2019).
Other studies have indicated that there is a close and coordinated
relationship between gut microbiota and host metabolism, energy
utilization, and storage (Nicholson et al., 2012). Hence, maintaining
a healthy gut microbiota may help improve exercise performance.
Adjusting diet, supplementing with probiotics, or other methods

to promote a balance in gut microbiota can assist in improving
metabolic status, enhancing immune function, and consequently
improving exercise performance.

Through experimental observation and data analysis on
mice, we elucidated the specific mechanisms through which
YF01 affects oxidative stress levels and exercise performance in
mice. The study findings will contribute to the understanding
of the role of oxidative stress during exercise, thereby offering a
scientific basis for identifying new strategies for augmenting
exercise performance and maintaining good health. By
exploring the potential application of YF01 as an oxidative
stress modulator in exercise, we intend to contribute to sports
science development and provide novel insights and theoretical
foundations for human health.

2 Materials and methods

2.1 Strain preparation

This study used LAB isolated and purified from fermented
kimchi in Sangou Village, Dawan Town, Yubei, Chongqing, as the
experimental strain. The 16S rDNA analysis revealed that this strain
belonged to P. pentosaceus, with Gram staining unveiling its colony
morphology. China General Microbiological Culture Collection
Center (CGMCC, Beijing) has preserved it as P. pentosaceus
YF01 with preservation number 29920. Before conducting the
subsequent experiments, the preserved strain was reactivated by
inoculating 2% inoculum in MRS liquid medium for 16–24 h
at 37◦C.

2.2 Tolerance of the experimental strain
in artificial gastric fluid

To prepare the artificial gastric fluid, 0.2% NaCl and 0.35%
pepsin were used (Beijing Solarbio Biotechnology Co. Ltd., Beijing,
China), with the pH of the fluid adjusted to 3.0 with 1 mol/L HCl
after preparation. The solution was filtered through a 0.22-µm
filter. Subsequently, a 5 ml sample of the activated bacterial culture
was centrifuged at 3,000 rpm at room temperature for 10 min.
The bacterial cells were collected after discarding the supernatant.
They were then washed twice with sterile physiological saline.
The cells were resuspended in 5 ml of physiological saline and
adjusted to achieve a concentration of 1× 108 colony-forming units
(CFU)/ml. A 0-h time point sample was prepared by mixing the
experimental bacterial suspension with the artificial gastric fluid at
a 1:9 volumetric ratio. This mixture was shaken well, and 2 ml of
the mixture was added to a 5 ml centrifuge tube. In the next step,
the remaining 8 ml samples were shaken vertically at 37◦C and at
50 rpm for 3 h in a constant-temperature air bath. Using 10-fold
dilutions of the samples collected at 0 and 3 h, we determined the
viable cell count. After the dilutions were plated on the MRS solid
medium and incubated at 37◦C for 48 h, CFUs were counted using
the plate counting method (Pan et al., 2021). The survival rate was
calculated using the following formula: Survival rate (%) = Number
of viable cells at 3 h (CFU/ml) / Number of viable cells at 0 h
(CFU/ml)× 100.
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2.3 Evaluation of growth efficiency of an
experimental strain in bile salts

Bacterial cultures were inoculated into an MRS-THIO medium
containing varying levels of bovine bile salts at a 2% rate. A control
medium with 0.00% bovine bile salts in MRS-THIO was also used.
For 24 h, the cultures were incubated at 37◦C in a constant-
temperature incubator. At 600 nm, a spectrophotometer was used
to measure the absorbance (OD) of the cultures in media with
different concentrations (Pan et al., 2021). The growth efficiency at
different bile salt concentrations was calculated as follows: Growth
efficiency (%) = Absorbance of medium containing bile salts at
600 nm / Absorbance of blank medium at 600 nm× 100.

2.4 Detection of the hydroxyl radical
scavenging rate of experimental bacterial
strain

A 5 ml activated bacterial culture was centrifuged in a 10 ml
centrifuge tube for 10 min at 3,000 rpm. After the supernatant was
discarded, bacterial cells were collected, washed twice with sterile
physiological saline, resuspended in 5 ml of physiological saline,
and adjusted to attain a concentration of 1 × 108 CFU/ml. The
experiment was conducted according to the instructions provided
in the hydroxyl radical scavenging rate detection kit (Leagene,
Beijing, China).

2.5 Detection of the DPPH radical
scavenging rate of the experimental
bacterial strain

The activated bacterial culture was adjusted to 1× 108 CFU/ml,
and the experiment was conducted following the DPPH radical
scavenging rate detection kit (Leagene).

2.6 Animal model

Forty Kunming mice (gender: male, age: 5 weeks, weight:
20 ± 2 g) were purchased from Chongqing Enswell Biotechnology
Co., Ltd. All mice were housed in a temperature-controlled
room (temperature: 25◦C ± 2◦C, relative humidity: 50% ± 5%,
12-h light/dark cycles), and were provided a standard mouse
diet (Jiangsu Xietong Pharmaceutical Bio-engineering Co., Ltd.,
Jiangsu, China) and water ad libitum. A 1-week adaptation period
was followed by 2 days of bedding replacement. The mice were
randomly divided into four groups, each consisting of 10 mice:
normal, control, Vc, and YF01. The experiment lasted for 29 days
(Figure 1). In the first week, all mice received daily gavage
treatment. The normal and control groups were gavaged with
0.1 ml/10 g of 0.9% saline. The Vc group received 0.1 ml/10 g of
200 mg/Kg Vitamin C (Vc) solution, as a positive control. The YF01
group received 0.1 ml/10 g of a 1.0 × 109 CFU/ml P. pentosaceus
YF01 solution. In the second week, the mice underwent a 6-day
adaptation training on a treadmill set at a 0◦ slope with a speed

controlled at 10 m/min for 10 min per day. Gavage treatment
was administered before each exercise/training session. In the
third week, a 2-week endurance training was conducted on a
5◦ slope for 10 min per training session, with an acceleration
of 1 m/min and a maximum speed of 10 m/min. Training was
conducted for 6 days/week, with 1 rest day, followed by fasting
for 16–24 h after the last gavage. In the fifth week (day 29),
the exhaustion test was conducted, with its protocol including
treadmill running at 0◦, 10 m/min for 15 min; 5◦, 10 m/min
for 15 min; and 10◦, 10 m/min until exhaustion, defined as
the mouse being willing to endure electric shocks over 3 s for
five times (1 mA current), or staying on the electrical grid for
5 s continuously. The exhaustion time was recorded when the
mice reached exhaustion. After exhaustion, blood was immediately
collected from the eye socket of the mice, and the liver and muscle
tissues of the mice were isolated for further use. The Animal Ethics
Committee of Beijing University of Chemical Technology approved
all animal experiments.

2.7 H&E staining

Approximately half of the right liver lobe and half of the muscle
tissues of the mice were excised, rinsed with saline solution, and
fixed in a tissue fixative. After the tissues were rehydrated with
ethanol, they were soaked in xylene and ethanol for approximately
30 min, embedded in paraffin, sectioned using a microtome, and
mounted on glass slides. The cell morphology was analyzed using
an optical microscope (BX43F, Olympus Co., Tokyo, Japan) after
the cytoplasm was stained with hematoxylin and eosin (H&E) dyes
(Pan et al., 2020).

2.8 Mice serum index detection

For later use, the mouse serum was centrifuged for 10 min at
4◦C and 4,000 rpm, collected, and stored at −80◦C. Following the
manufacturer’s recommended protocol, appropriate biochemical
assay kits were used to determine the serum levels of total
antioxidant capacity (T-AOC), catalase (CAT), glutathione (GSH),
aspartate aminotransferase (AST), alanine aminotransferase (ALT),
total protein (TP), albumin (Alb), glucose (GLU), LA, lactate
dehydrogenase (LDH), blood urea nitrogen (BUN), uric acid (UA),
and creatinine (CRE).

2.9 Real-time quantitative PCR

A SYBR Green assay was performed to determine mRNA
expression in the mouse liver and skeletal muscle tissues.
Approximately 100 mg of tissues were homogenized. Total
RNA was extracted from the tissues by using the TRIzol
reagent (ABclonal Technology Co., Ltd., Wuhan, China). Using
a spectrophotometer (Allsheng Co., Hangzhou, China), the RNA
concentration was measured. RNA was reverse transcribed with
HifairTM II 1st Strand cDNA Synthesis SuperMix for qPCR
to obtain cDNA templates. Subsequently, amplification was
performed using the StepOnePlusTM Real-Time PCR System
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FIGURE 1

Timeline of the experiment.

(Thermo Fisher Scientific Inc., Waltham, MA, USA) comprising
10 µl SYBR Green PCR Master Mix, 1 µl of each primer, 1 µl of
cDNA template, and 7 µl of DEPC. The cycling conditions were
set as follows: 95◦C for 3 min; 40 cycles of 95◦C for 5 s, and 60◦C
for 30 s. The gene expression levels were determined by calculating
the relative expression levels of each gene by using the 2−11CT

method. This calculation included ββ-actin as the internal reference
gene and CT representing the cycle threshold. Table 1 lists primer
sequences used in this study.

TABLE 1 Primer names and sequences.

Gene name Primer sequence

SOD1 F: 5′-AACCAGTTGTGTTGTCAGGAC-3′

R: 5′-CCACCATGTTTCTTAGAGTGAGG-3′

SOD2 F: 5′-CAGACCTGCCTTACGACTATGG-3′

R: 5′-CTCGGTGGCGTTGAGATTGTT-3′

CAT F: 5′-GGAGGCGGGAACCCAATAG-3′

R: 5′-GTGTGCCATCTCGTCAGTGAA-3′

MycH I F: 5′-ACTGTCAACACTAAGAGGGTCA-3′

R: 5′-TTGGATGATTTGATCTTCCAGGG-3′

MycH II a F: 5′-TAAACGCAAGTGCCATTCCTG-3′

R: 5′-GGGTCCGGGTAATAAGCTGG-3′

MycH II b F: 5′-CTTTGCTTACGTCAGTCAAGGT-3′

R: 5′-AGCGCCTGTGAGCTTGTAAA-3′

MycH II x F: 5′-GCGAATCGAGGCTCAGAACAA-3′

R: 5′-GTAGTTCCGCCTTCGGTCTTG-3′

SIRT I F: 5′-ATGACGCTGTGGCAGATTGTT-3′

R: 5′-CCGCAAGGCGAGCATAGAT-3′

PGC F: 5′-TATGGAGTGACATAGAGTGTGCT-3′

R: 5′-CCACTTCAATCCACCCAGAAAG-3′

β-actin F: 5′-ATGGAGCCGGACAGAAAAGC-3′

R: 5′-TGGGAGGTGTCAACATCTTCTT-3′

2.10 Gut microbiota analysis

The mouse fecal samples were extracted for genomic DNA
using the magnetic bead method and the Soil and Fecal
Genomic DNA Extraction Kit (TIANGEN BIOTECH CO., LTD.,
Beijing, China). Subsequently, 1% agarose gel electrophoresis
was performed to assess the purity and concentration of the
DNA. An appropriate amount of sample DNA was taken in a
centrifuge tube and diluted with sterile water to a concentration
of 1 ng/µl. All PCR mixtures were prepared by adding 15 µl
of PhusionTM High-Fidelity PCR Master Mix (New England
Biolabs), 0.2 µM primers (16S V4 region primers 515F and 806R),
and 10 ng of genomic DNA template. The PCR amplification
included an initial denaturation at 98◦C for 1 min, followed
by 30 cycles of denaturation at 98◦C for 10 s, annealing at
50◦C for 30 s, and extension at 72◦C for 30 s, with a final
extension at 72◦C for 5 min. The PCR products were analyzed
by electrophoresis on a 2% agarose gel. Qualified PCR products
underwent magnetic bead purification, quantified using enzymatic
methods, and pooled in equimolar concentrations based on the
PCR product concentration. After thorough mixing, the PCR
products were subjected to another round of electrophoresis on a
2% agarose gel. Target bands were purified using a universal DNA
purification kit (TIANGEN). Library construction was carried out
using the NEBNext R© UltraTM II FS DNA PCR-free Library Prep Kit
(New England Biolabs). The constructed libraries were quantified
with Qubit and Q-PCR, and after passing quality control, PE 250
sequencing was performed on the NovaSeq 6000 platform.

Split each sample data from the raw data based on the
Barcode sequence and PCR amplification primer sequence. After
trimming the Barcode and primer sequences, the reads of
each sample were assembled using FLASH (Version 1.2.111)

1 http://ccb.jhu.edu/software/FLASH/
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(Magoc and Salzberg, 2011), resulting in the assembled sequences
as the Raw Tags. The assembled Raw Tags were subjected
to rigorous filtering using fastp software (Version 0.23.1) to
obtain high-quality Clean Tags (Bokulich et al., 2013). After the
aforementioned processing, the Tags obtained need to undergo the
removal of chimeric sequences. The Tags sequences are aligned with
species annotation databases (Silva database2 for 16S/18S, Unite
database3 for ITS) to detect chimeric sequences and ultimately
remove them to obtain the Effective Tags (Edgar et al., 2011).

2.11 Data analysis

The averages of serum and tissue indices of each mouse
were calculated from three or more parallel experiments. Data
were analyzed using IBM SPSS 22 statistical software. Results
are expressed as mean ± standard deviation. One-way ANOVA,
followed by Duncan’s multiple range test, was used to determine
differences between the mean values of each group. Differences
with a p-value of <0.05 were considered statistically significant.

3 Results

3.1 Biological morphology of the strain

YF01 exhibited opaque milky-white circular colonies on MRS
solid culture medium, with smooth and raised surfaces and neat
edges (Figure 2A). Gram staining revealed that YF01 was gram-
positive (Figure 2B), and no spore production was noted.

3.2 In vitro bioactivity testing of the strain

The experimental results (Table 2) demonstrated that the
viability of the experimental strain P. pentosaceus YF01 in the
artificial gastric juice was 90.11% ± 2.44%, and the viabilities
in 0.30%, 0.50%, and 1.00% bile salts were 27.22% ± 0.42%,
23.91% ± 0.21%, and 16.16% ± 0.18%, respectively. Additionally,

2 https://www.arb-silva.de/

3 https://unite.ut.ee/

FIGURE 2

Morphological characteristics of Pediococcus pentosaceus YF01.
(A) intuitive observation, (B) gram staining observation.

the hydroxyl radical scavenging rate of YF01 was 19.24% ± 0.33%,
and 14.73% ± 0.98% for the DPPH radical scavenging rate.
Based on the high viability of YF01 in gastric acid and bile
salts, the experimental strain was considered to have the potential
for good survival in the gastrointestinal tract. The free radical
scavenging rates also indicated the potential developability of the
functional properties of the experimental strain. Subsequently,
animal experiments were conducted for further verification.

3.3 Mouse weight and organ index

During the experimental period, the mouse weight changed
(Figure 3). From the third week, all exercised mice lost weight
at a slower rate than the normal mice. However, no significant
difference in weight gain was noted between the groups. The heart,
liver, kidneys, spleen, and testis of mice exhibited no significant
difference in weight (Table 3). However, the muscle tissue of mice
from the Vc and YF01 groups exhibited significant increases. This
indicated that YF01 has no toxic effects, and long-term exercise may
inhibit abnormal weight gain and enhance muscle development.

3.4 Mouse exhaustion time

The exhaustion time of mice typically reflects their anti-
fatigue ability and endurance. The shortest exhaustion time
of 2,998.32 ± 139.11 s was noted in the control group,

TABLE 2 In vitro activity of Pediococcus pentosaceus YF01.

In vitro activity %

Survival rate at pH 3.0 90.11± 2.44

Growth efficiency in 0.3% bile salt 27.22± 0.42

Growth efficiency in 0.5% bile salt 23.91± 0.21

Growth efficiency in 1.0% bile salt 16.16± 0.18

Hydroxyl free radical scavenging capacity 19.24± 0.33

DPPH scavenging activity 14.73± 0.98

FIGURE 3

Bodyweight of mice. Normal, gavaged with 0.1 ml/10 g of 0.9%
saline; Control, gavaged with 0.1 ml/10 g of 0.9% saline; Vc,
gavaged with 0.1 ml/10 g of a 200 mg/Kg Vc solution; YF01,
gavaged with 0.1 ml/10 g of a 1.0 × 109 CFU/ml Pediococcus
pentosaceus YF01 solution.
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TABLE 3 Tissue index of mice.1

Group Heart Liver Kidney Spleen Muscle Testis

Normal 0.45± 0.01a 3.94± 0.10ab 1.27± 0.06b 0.32± 0.01a 2.42± 0.09b 0.60± 0.01a

Control 0.45± 0.01a 3.79± 0.04b 1.27± 0.07b 0.33± 0.02a 2.49± 0.15b 0.54± 0.02b

Vc 0.44± 0.02a 3.79± 0.09a 1.29± 0.07b 0.33± 0.03a 2.74± 0.43ab 0.55± 0.02b

YF01 0.46± 0.03a 4.01± 0.20b 1.41± 0.01a 0.32± 0.04a 2.85± 0.17a 0.54± 0.02b

1Normal, gavaged with 0.1 ml/10 g of 0.9% saline; Control, gavaged with 0.1 ml/10 g of 0.9% saline; Vc, gavaged with 0.1 ml/10 g of a 200 mg/Kg Vc solution; YF01, gavaged with 0.1 ml/10 g of
a 1.0× 109 CFU/ml Pediococcus pentosaceus YF01 solution. Means with the different letters (a–b) are significantly different (p < 0.05) using Duncan’s multiple range test.

whereas the exhaustion times in the Vc and YF01 groups were
4,139.64± 220.44 s and 3,562.92± 239.02 s, respectively (Table 4).
These results of exhaustion time suggest that the intake of Vc and
YF01 can augment the endurance of mice.

3.5 Histological analysis of mouse tissues

Figure 4 presents the histological sections of mouse liver and
muscle tissues. In normal liver tissues, the hepatocyte structure
was intact, with clear, large, and round nuclear structures.
The hepatic lobule structure was largely intact in the control
group, but the hepatocyte arrangement was irregular, with
scattered cells exhibiting reduced volume, increased cytoplasm
density, concentrated nuclei, and fragmented nuclear membranes.
Occasional cell shrinkage and nuclear condensation were observed
in the liver tissues of the Vc group. Compared with the normal
group, the YF01 group exhibited the most similar liver tissue
structure. On visualizing the H&E-stained sections of muscle
tissues, we noted that exercise fatigue in the control group mice
resulted in muscle inflammation and damage, characterized by
changes in muscle fibers, including blurred muscle bundle borders,
irregular arrangement of muscle fibers, interstitial diffusion,
increased gaps, connective tissue proliferation, and infiltration of
inflammatory cells. When supplemented through food, Vc or YF01
helps in improving these conditions by reducing inflammation
infiltration and narrowing the gaps between muscle fibers. In
conclusion, YF01 exhibited a beneficial reparative effect on the
livers and muscles of mice treated with YF01.

3.6 Mouse serum levels of oxidative
stress markers T-AOC, CAT, and GSH

According to Figure 5, mouse serum levels of oxidation-related
indicators. The control group had the lowest levels of the oxidation

TABLE 4 Exercise exhaustion time of mice.1

Group Times (s)

Control 2,998.32± 139.11c

Vc 4,139.64± 220.44a

YF01 3,562.92± 239.02b

1Normal, gavaged with 0.1 ml/10 g of 0.9% saline; Control, gavaged with 0.1 ml/10 g of
0.9% saline; Vc, gavaged with 0.1 ml/10 g of a 200 mg/Kg Vc solution; YF01, gavaged with
0.1 ml/10 g of a 1.0 × 109 CFU/ml Pediococcus pentosaceus YF01 solution. Means with the
different letters (a–c) are significantly different (p < 0.05) using Duncan’s multiple range test.

indicators T-SOD, CAT, and GSH. Serum levels of T-SOD, CAT,
and GSH significantly increased in the Vc and YF01 groups
(p < 0.05) compared with the control group. Moreover, neither the
Vc group nor the YF01 group exhibited significant differences in
oxidation-related indicators (p > 0.05). The above results indicate
that YF01 has a good inhibitory effect on oxidative stress caused by
exercise fatigue.

3.7 Mouse serum levels of liver-related
indicators

Serum AST and ALT levels were the highest in the control
group (Figure 6). Both Vc and YF01 groups exhibited significant
reductions in AST and ALT levels compared to the control group
(p < 0.05), whereas the normal group (p > 0.05) exhibited
no significant differences. Regarding TP and Alb, no significant
differences were noted between the groups (p > 0.05). This
indicates that exercise fatigue may cause liver damage without
affecting protein synthesis or secretion, and YF01 improves exercise
fatigue-induced liver damage.

3.8 Mouse serum levels of exercise
performance-related indicators

As shown in Figure 7, the control group had the lowest GLU
and LA levels, whereas it had the highest LDH, BUN, UA, and
CRE levels (p < 0.05). The intake of Vc and YF01 effectively
alleviated the decrease in GLU levels and the increase in LDH,
BUN, UA, and CRE levels. The YF01 group exhibited serum
GLU, UA, and CRE levels closest to those of the normal group,
with no significant differences in LDH and BUN levels compared
with the Vc group (p > 0.05). A higher LA level was noted
in the YF01 group than in the Vc group (p < 0.05). Thus,
YF01 can effectively inhibit exercise fatigue-induced changes in
mouse serum-related performance indicators as well as augment
endurance in mice.

3.9 Liver tissue oxidation-related gene
expression levels in mice

The normal group expressed the highest SOD1, SOD2, and
CAT levels, whereas the control group expressed the lowest levels
(p < 0.05, Figure 8). The YF01 mice had similar expression levels of
SOD1 and CAT as the normal mice, with no significant differences
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FIGURE 4

Liver (A) and muscle (B) morphology of mice. Normal, gavaged with 0.1 ml/10 g of 0.9% saline; Control, gavaged with 0.1 ml/10 g of 0.9% saline; Vc,
gavaged with 0.1 ml/10 g of a 200 mg/Kg Vc solution; YF01, gavaged with 0.1 ml/10 g of a 1.0 × 109 CFU/ml Pediococcus pentosaceus YF01
solution.

FIGURE 5

Serum levels of oxidant-related indices of mice. Normal, gavaged with 0.1 ml/10 g of 0.9% saline; Control, gavaged with 0.1 ml/10 g of 0.9% saline;
Vc, gavaged with 0.1 ml/10 g of a 200 mg/Kg Vc solution; YF01, gavaged with 0.1 ml/10 g of a 1.0 × 109 CFU/ml Pediococcus pentosaceus YF01
solution. Means with the different letters (a–c) above the bars are significantly different (p < 0.05) using Duncan’s multiple range test.

FIGURE 6

Serum levels of liver function related indices of mice. Normal, gavaged with 0.1 ml/10 g of 0.9% saline; Control, gavaged with 0.1 ml/10 g of 0.9%
saline; Vc, gavaged with 0.1 ml/10 g of a 200 mg/Kg Vc solution; YF01, gavaged with 0.1 ml/10 g of a 1.0 × 109 CFU/ml Pediococcus pentosaceus
YF01 solution. Means with the different letters (a–b) above the bars are significantly different (p < 0.05) using Duncan’s multiple range test.
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FIGURE 7

Indices related to physical performance in mice serum. Normal, gavaged with 0.1 ml/10 g of 0.9% saline; Control, gavaged with 0.1 ml/10 g of 0.9%
saline; Vc, gavaged with 0.1 ml/10 g of a 200 mg/Kg Vc solution; YF01, gavaged with 0.1 ml/10 g of a 1.0 × 109 CFU/ml Pediococcus pentosaceus
YF01 solution. Means with the different letters (a–c) above the bars are significantly different (p < 0.05) using Duncan’s multiple range test.

from the Vc mice (p < 0.05). Vc and YF01 groups had similar
SOD2 expression levels (p > 0.05). The inhibitory effect of YF01
on exercise-induced oxidative damage in the mouse liver tissue was
significant.

3.10 Muscle mRNA expression levels of
genes related to oxidation and exercise
performance

Figure 9A presents the mRNA expression levels of oxidation-
related genes in the mouse muscle tissue. Similar to the mouse
liver tissue, SOD1, SOD2, and CAT expression was the highest
in the normal group, whereas it was the lowest in the control
group (p < 0.05). In the YF01 group, SOD1, SOD2, and CAT
expression levels were 18, 10, and 7 times higher than those in the
control group. Figure 9B shows the mRNA expression levels for
genes related to exercise performance. The normal group exhibited
the highest levels of MyHc IIa, MyHc IIb, MyHc IIx, SIRT1, and
PGC, with the YF01 group ranking below the control group and
the Vc group showing the lowest levels. In contrast, the mRNA
expression level of MyHc I is opposite. These results indicate
that dietary supplementation with Vc and YF01 can effectively
prevent oxidative damage and contribute to improving exercise
performance in mice.

3.11 Effects of exercise and
P. pentosaceus YF01 on intestinal
microbial communities

By sequencing, we evaluated the effects of exercise and
P. pentosaceus YF01 on the intestinal microbial community of mice.
The results (Figures 10A–C) showed that there were differences
in the gut microbiota between the four groups, with all four
groups having shared and unique OTU, with 900 OTUs in the
Normal group, 1085 OTUs in the Control group, and 935 OTUs
in the Vc group, the YF01 group has 898 OTUs, and different
samples have 409 common OTUs. Subsequently, comparisons were
made at the phylum and genus levels, and it was found that the
relative abundance of Firmicutes in the YF01 group was higher
at the phylum level; at the genus level, the relative abundance of
Bacteroides was reduced in all exercise groups (Con, Vc, and YF01
group), and the relative abundance of Helicobacter, Saccharimonas,
and Colidextribacter was higher in the YF01 group, while the
relative abundance of Alistipes was higher in the Con group and
YF01 group.

In addition, the relative abundance heat map results
(Figures 11A–C) show that at the phylum level (Figure 11A),
Desulfobacterota, Firmicutes, Patescibacteria, and Deferribacterota
are more abundant in the YF01 group than in other groups. At the
genus level (Figure 11B), the contents of Bacteroides, Rikenellaceae,
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FIGURE 8

Expression levels of oxidation-related genes mRNA in mice liver
tissues. Normal, gavaged with 0.1 ml/10 g of 0.9% saline; Control,
gavaged with 0.1 ml/10 g of 0.9% saline; Vc, gavaged with
0.1 ml/10 g of a 200 mg/Kg Vc solution; YF01, gavaged with
0.1 ml/10 g of a 1.0 × 109 CFU/ml Pediococcus pentosaceus YF01
solution. Means with the different letters (a–d) above the bars are
significantly different (p < 0.05) using Duncan’s multiple range test.

Parabacteroides, and Enterorhabdus as well as GCA-900066575
from the Lachnospiraceae family were more in the Normal
group than in the exercise group; Alloprevotella, Anaeroplasma,
and Prevotellaceae were most abundant in the VC group;
Ruminococcus, Candidatus_Saccharimonas, Colidextribacter,
and Helicobacter were most abundant in the YF01 group; and

Odoribacter and Alistipes were most abundant in the Con group.
At the species level (Figure 11C), Lactobacillus, Lachnospiraceae,
and Burkholderiales bacterium were most abundant in the YF01
group.

3.12 Principal component analysis and
alpha diversity analysis

Principal component analysis (PCA) analysis results
(Figure 12A) showed that no significant differences were found
between the groups, but it was found that the intestinal microbial
diversity increased in the exercise group, among which the
microbial community composition of the Vc group and the
YF01 group was the most similar. In addition, the shannon
index (Figure 12B) reflects that the YF01 group has the highest
community diversity and a relatively even distribution of species.

3.13 Differential microbial screening

Linear discriminant analysis Effect Size (LEfSe) analysis
(linear discriminant analysis effect size method) was used to
determine the characteristic microorganisms of each group, and
the relationship between different microbial groups from the

FIGURE 9

Expression levels of genes related to oxidation (A) and physical performance (B) in mice muscle tissues. Normal, gavaged with 0.1 ml/10 g of 0.9%
saline; Control, gavaged with 0.1 ml/10 g of 0.9% saline; Vc, gavaged with 0.1 ml/10 g of a 200 mg/Kg Vc solution; YF01, gavaged with 0.1 ml/10 g of
a 1.0 × 109 CFU/ml Pediococcus pentosaceus YF01 solution. Means with the different letters (a–d) above the bars are significantly different
(p < 0.05) using Duncan’s multiple range test.
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FIGURE 10

Venn analysis among each group and comparison of dominant phylum and genus in different groups. (A) Venn diagrams of bacterial OTUs. (B) At
the phylum level, the horizontal coordinate represents the group and the vertical coordinate represents the percent of community abundance.
(C) At the genus level.

FIGURE 11

A relative abundance heat map showing significant inter-group differences at different levels. (A) At the phylum level. (B) At the genus level. (C) At
the species level.

FIGURE 12

Principal component analysis and alpha diversity analysis. (A) Principal component analysis. (B) Shannon diversity index.
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FIGURE 13

Linear discriminant analysis Effect Size (LEfSe) of different groups, LDA = 2. (A) Bar plot of LDA scores distribution. (B) Phylogenetic tree.

phylum to the species level (LDA = 2) was displayed in a cladogram
(Figures 13A, B). The results showed that in the control group,
the relative abundance of Eubacterium was higher; in the normal
group, the relative abundance of Intestinimonas, Clostridiaceae,
Clostridiales, and Defluviitaleaceae was higher. In the VC
group, relative abundance of Clostridia, Acholeplasmataceae,
Anaeroplasma, Acholeplasmatales, Helicobacter, UCG 007,
Christensenella sp. Marseille, unidentified Christensenellaceae, and
Butyricimonas virosa was higher; in the YF01 group, the relative
abundance of Ruminococcus, Gordonibacter, Burkholderiaceae,
kholderia Caballeronia Paraburkholderia, Christensenellaceae,
Christensenellales, Sphingomonadaceae, and Sphingomonadales is
higher. These bacteria with higher relative abundance can be used
as biomarkers for further research. Among the four groups, there
were 11 OTUs with significant differences at different levels from
phylum to species.

4 Discussion

Exercise-induced fatigue is a symptom commonly associated
with sports and physical activities. It can lead to adverse effects
such as muscle pain and physical exhaustion (Wan et al., 2017).
Oxidative stress, a physiological response characterized by excessive
ROS generation within cells, plays a crucial role in exercise-
induced fatigue (Moir et al., 2023). Oxidative stress leads to
cellular oxidative damage. High-intensity exercises increase the
body’s oxidative stress levels, resulting in muscle fatigue and
damage (Debold, 2015). Probiotics are beneficial bacteria believed
to protect against oxidative stress (Lee and Kang, 2022). Moreover,
probiotics can help the body to recover from oxidative stress
and promote muscle repair. Therefore, supplementing probiotics
may help reduce exercise-induced fatigue and improve exercise
performance (Jager et al., 2019). In this study, P. pentosaceus YF01
exhibited good in vitro resistance and effectively scavenged oxygen
free radicals, thereby reducing exercise-induced damage due to free
radicals and enhancing exercise performance.

A probiotic’s survival rate in the artificial gastric fluid and the
presence of different bile salt concentrations is a crucial indicator

of its ability to colonize the gastrointestinal tract (Bezkorovainy,
2001). Additionally, the in vitro antioxidant capacity of probiotics
represents their in vivo antioxidant capacity. Probiotics with strong
in vitro antioxidant capacity also exhibit good abilities to scavenge
oxygen free radicals in vivo (Noureen et al., 2019). In the present
study, the YF01 strain demonstrated excellent in vitro resistance
and a good capacity to scavenge oxygen free radicals, which lays
the foundation for its antioxidant mechanisms in vivo.

Exercise, particularly high-intensity and prolonged exercise,
increases metabolism, which increases the demand for oxygen and
oxygen-free radical-induced oxidative stress reactions (Kawamura
and Muraoka, 2018). Oxygen free radicals damage nucleic acids,
proteins, and lipids, thereby triggering a series of physiological
responses including liver and muscle damage (Muriel, 2009;
Kıran et al., 2023). The liver, a crucial metabolic organ, is
susceptible to oxidative stress (Cichoz-Lach and Michalak, 2014).
During exercise, the liver performs the task of clearing metabolic
waste and toxins, thereby making the liver cells vulnerable to
oxygen-free radical-induced oxidative stress and causing liver
damage (Muriel, 2009). An impaired liver function can affect
metabolite clearance and synthesis, thereby influencing the body’s
physiological functions (Yan et al., 2014). Muscles are executors
of exercise, and muscle tissue is also susceptible to the effects
of oxidative stress that occurs during exercise (Kozakowska
et al., 2015). Oxidative stress can cause damage, such as lipid
peroxidation of muscle cell membranes and protein oxidation,
impairing the muscle structure and function, which ultimately
results in muscle fatigue and damage (Steinbacher and Eckl,
2015). Additionally, oxidative stress may trigger inflammatory
reactions in the muscle, exacerbating muscle damage and repair
processes (Kozakowska et al., 2015). In an exercise-induced
fatigue model, mouse livers suffered oxidative damage, whereas
probiotics alleviated this phenomenon (Liu et al., 2021). This
study also yielded similar results, the liver and muscle tissues
of mice suffered inflammatory damage after exercise, and YF01
effectively alleviated these phenomena, which indicated that YF01
suppressed the liver and muscle damage caused by exercise-induced
oxidative stress.
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The body has several antioxidant defense systems that help cope
with oxidative stress. These include T-AOC, SOD1, SOD2, GSH,
and CAT, among others (Surai et al., 2019). Using T-AOC, a key
indicator of the antioxidant system, the overall body’s ability to
respond to oxidative stress can be assessed (Huang et al., 2022).
Cells use GSH as an antioxidant molecule that neutralizes ROS
and participates in redox reactions (Lushchak, 2012). SOD1, SOD2,
and CAT are vital antioxidant enzymes. SOD1 and SOD2 can
eliminate intracellular superoxide radicals, while CAT can degrade
harmful oxidants such as hydrogen peroxide, thereby reducing the
oxygen-free radical-induced damage (Shields et al., 2021). These
antioxidant enzymes play crucial roles in exercise, protecting the
cells from oxidative damage and maintaining the oxidative balance
within the cells. In this study, exercise-induced fatigue in mice
increased the generation of free radicals in the serum, and liver
and muscle tissues, and a series of oxidative stress reactions were
triggered. P. pentosaceus YF01 boosts antioxidant enzyme activity
in mice, thereby improving their ability to eliminate free radicals
and defend against lipid peroxidation.

Time to exhaustion is a notable indicator for assessing exercise-
induced fatigue. It reflects the endurance and persistence of
muscles during fatigue (Pageaux and Lepers, 2016). Various
factors, including muscle fiber types, expression of exercise-related
proteins, and regulation, influence this indicator. In general, a
longer time to exhaustion indicates greater endurance. The impact
of exercise on metabolic products in the body has always interested
researchers, including blood biochemical indicators such as GLU,
LA, LDH, BUN, UA, and CRE. These indicators may change
during exercise, thereby indicating the body’s regulation of energy
and metabolic products during physical activity. GLU is the
main energy source in the human body. During exercise, the
liver releases glycogen and transports GLU to muscles for energy
supply. At the same time, the demand for GLU by muscle cells
increases, and the GLU concentration possibly increases to meet
the muscle’s energy metabolism needs (Richter and Hargreaves,
2013). On the other hand, LA, a product of glycolysis, accumulates
rapidly during high-intensity exercise, thereby increasing the LA
concentration. An increase in the lactate threshold indicates
augmented endurance (Ghosh, 2004). LDH is involved in the
release of lactate metabolism enzymes, which is crucial for lactate
production and elimination (Gupta, 2022). BUN indicates the
formation of the metabolic product urea nitrogen, which increases
during exercise. It is chiefly influenced by amino acid metabolism
in the body (Sokal et al., 2013). UA and CRE are metabolic waste
products, and various factors affect their concentrations, including
muscle metabolism, water balance, and kidney function. During
exercise, UA and CRE concentrations may change because of
increased muscle metabolism and water loss, reflecting the effect
of muscle metabolism and exercise load on the kidneys (Golino
et al., 2021; Gherghina et al., 2022). The study findings indicate that
P. pentosaceus YF01 administration significantly increases the time
to exhaustion in running mice and effectively alleviates the effects of
exercise-induced fatigue on various biochemical markers, including
GLU, LA, LDH, BUN, UA, and CRE. This reflects the positive role
of YF01 in regulating the balance of energy and metabolic products
during physical activity in mice.

The bulk of muscles is composed of fast-twitch fibers (Type
II) and slow-twitch fibers (Type I). As slow-twitch fibers contain
heavy myosin chains (MyHc I), they exhibit endurance qualities,
which provides them the ability to offer a prolonged energy supply.

Fast-twitch fibers are further divided into MyHc IIa, MyHc IIb,
and MyHc IIx, and each of them has a different contraction speed
and endurance performance (Talbot and Maves, 2016). Sirtuin
1 (SIRT1) and peroxisome proliferator-activated receptor gamma
coactivator (PGC), as crucial regulatory proteins in cells, are
associated with the regulation of cellular energy metabolism and
time to exhaustion (Canto and Auwerx, 2009). SIRT1 is involved
in regulating the cellular metabolic balance and oxidative stress
response. It thus is crucial for the cell’s adaptive capacity to
exercise (Radak et al., 2020). PGC is involved in regulating muscle
mitochondrial biogenesis and exercise performance, and thus, it
influences time to exhaustion and muscle endurance (Lira et al.,
2010). During exercise-induced fatigue, muscle fibers undergo
continuous intense exercise loading, which results in the depletion
of energy reserves, LA accumulation, and oxidative stress. This
negative impact possibly interferes with the expression and activity
of MyHc I, MyHc IIa, MyHc IIb, and MyHc IIx in the muscle
and disrupts the regulatory functions of SIRT1 and PGC, thereby
influencing muscle endurance and exercise performance. The study
findings indicate that P. pentosaceus YF01 by regulating muscle
fibers, this probiotic enhances the body’s overall exercise capacity,
particularly in terms of endurance and recovery rate.

Intestinal microbiota plays a crucial role in human health,
including influencing exercise capacity through various pathways.
Intestinal flora can directly affect nerve transmission and
regulate muscle movement and coordination by synthesizing
and decomposing neurotransmitters such as dopamine and
glutamate (Wu et al., 2020). Research has also found that the
composition and interactions of intestinal flora may affect muscle
quality, function, and energy metabolism by altering the gut
microbiota, known as the gut-muscle axis (Ticinesi et al., 2019).
Additionally, intestinal microbiota responds to endurance exercise
by adaptively regulating various biological functions, including
energy metabolism, inflammatory response, stress resistance, and
oxidative stress, thereby playing a role in exercise regulation (Li
et al., 2022). Our study revealed that the intake of P. pentosaceus
YF01 increased the abundance of beneficial bacterial groups such
as Firmicutes, Lactobacillus, Lachnospiraceae, and B. bacterium Y45
in the mouse intestines, which may be a potential reason for
improving the mice’s exercise performance.

5 Conclusion

In the present study, a mouse exercise-induced fatigue
model was established. Using this model, we demonstrated that
P. pentosaceus YF01 regulates oxidative stress in mice so as to
enhance their antioxidant capacity, thus preventing damage due to
exercise-induced fatigue and augmenting the exercising capacity.
According to the experimental results, YF01 exhibited good
in vitro resistance; reduced liver and muscle damage; prolonged
the time to exhaustion in running mice; and increased serum
T-AOC, CAT, GSH, GLU, and LA levels in mice and liver/muscle
mRNA expression of SOD1, SOD2, and CAT. In addition, YF01
upregulated MyHc I, SIRT1, and PGC mRNA expression levels
in the muscle tissue, whereas decreased serum AST, ALT, LDH,
BUN, UA, and CRE levels and downregulated MyHc IIa, MyHc
IIb, and MyHc IIx mRNA expression levels. And YF01 promoted
the abundance of beneficial bacteria such as Lactobacillus and
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Lachnospiraceae in the gut microbiota of mice. In summary,
this study demonstrated that P. pentosaceus YF01 can effectively
mitigate exercise-induced fatigue through the by regulating
oxidative stress response and muscle fiber expression. We also
elucidated the action mechanism of YF01, thereby providing a basis
for the mitigation of exercise-induced fatigue and enhancement of
exercise performance by using food-derived antioxidants.
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The impact of high 
polymerization inulin on body 
weight reduction in high-fat 
diet-induced obese mice: 
correlation with cecal 
Akkermansia
Liping Gan , Yifeng Zhao , Zongbao Zhang , Chenkai Zhao , 
Jiake Li , Qingyu Jia , Yusu Shi , Peng Wang , Linna Guo , 
Hanzhen Qiao , Yaoming Cui  and Jinrong Wang *

School of Bioengineering, Henan University of Technology, Zhengzhou, China

Obesity presents a significant public health challenge, demanding effective 
dietary interventions. This study employed a high-fat diet-induced obesity 
mouse model to explore the impacts of inulin with different polymerization 
degrees on obesity management. Our analysis reveals that high-degree 
polymerization inulin (HDI) exhibited a significantly higher oil binding capacity 
and smaller particle size compared to low-degree polymerization inulin (LDI) 
(p  <  0.05). HDI was more effective than LDI in mitigating body weight gain in 
high-diet induced obese mice, although neither LDI nor HDI affected blood 
sugar levels when compared to the high-fat diet control group (p  <  0.05). 
Both HDI and LDI administrations reduced liver weight and enhanced brown 
adipose tissue thermogenesis compared to the high-fat diet induced control 
group (p  <  0.05). Additionally, HDI suppressed hepatic lipogenesis, resulting in 
a further reduction in liver triglycerides compared to the high-fat diet-induced 
obese mice (p  <  0.05). Notably, HDI improved gut health by enhancing intestinal 
morphology and modulating gut microbiota structure. HDI administration 
notably increased the relative abundance of cecal Akkermansia, a gut microbe 
associated with improved metabolic health, while LDI showed limited efficacy 
(p  <  0.05 and p  >  0.05, respectively). These findings underscore the importance 
of the structural properties of inulin in its potential to combat obesity and 
highlight the strategic use of inulin with varying polymerization degrees as a 
promising dietary approach for obesity management, particularly in its influence 
on gut microbiota composition and hepatic lipid metabolism regulation.

KEYWORDS

inulin, polymerization degree, obesity, gut microbiota, high fat diet, Akkermansia

Introduction

Obesity has emerged as a global health crisis over the past few decades, with rates tripling 
worldwide in the last half-century (Prillaman, 2023). This surge in obesity has brought with it 
a myriad of health complications, including fatty liver disease, type 2 diabetes (T2D), etc., 
contributing to decreased life expectancy and imposing substantial economic burdens on both 
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individuals and societies (Eliby, 2022). While lifestyle modifications 
aimed at reducing calorie intake and increasing energy expenditure 
are commonly advocated for obesity prevention and treatment, their 
long-term efficacy remains limited (Bluher, 2019). Although several 
FDA-approved drugs for obesity treatment exist, their effectiveness 
varies among individuals, and there is a paucity of research on their 
safety and efficacy in adolescents and children (Prillaman, 2023). 
Hence, the pursuit of safe and effective dietary interventions, 
particularly those involving dietary fiber, has gained 
considerable attention.

Inulin, a widely studied dietary fiber, has gained prominence in 
recent research as an effective dietary intervention to combat obesity 
and related disorders in both adults and children (Al-Abdullatif and 
Azzam, 2023; Singh et al., 2018; Visuthranukul et al., 2022). Its appeal 
lies, in part, in its extraction from readily available sources like chicory 
and Jerusalem artichokes, which are rich in inulin with relatively 
simple fructose-based compositions. However, it is important to note 
that commercial inulin products, particularly those derived from 
chicory, encompass various types classified based on their 
polymerization degree (DP). This raises a crucial question: do all types 
of inulin yield identical anti-obesity effects?

Previous studies have explored the anti-obesity potential of inulin 
with varying DP, yielding mixed results. Some studies have reported 
that combining high-fat diets with high DP inulin led to reductions in 
body and liver weight in mice, whereas low DP inulin yielded no such 
effects (Du et  al., 2020). Conversely, other researchers, utilizing 
different degrees of polymerized inulin in conjunction with high fat 
diet (HFD), found no impact on body and liver weight compared to 
HFD-fed mice (Li et  al., 2020). These disparities in findings may 
be  attributed to differences in experimental conditions and the 
metabolic status of the subjects, particularly the latter.

Crucially, inulin as a fermentable dietary fiber, exerts its anti-
obesity properties by profoundly influencing the composition of the 
intestinal microbiota. The gut microbiome plays a pivotal role in host 
energy metabolism and is a promising target for weight management 
due to its intricate connection with obesity. Dysbiosis of the intestinal 
microbiota is a well-documented consequence of obesity, and it can 
significantly impact the host’s physical condition (Delannoy-Bruno 
et al., 2021). Furthermore, the DP of inulin can have varying effects 
on microbiota. Although several studies have evaluated the impact of 
inulin with different DP on gut microbiota, many of these studies 
initiated interventions with high-fat diets and inulin from the start of 
the study, using mice of normal weight (Du et al., 2020; Hu et al., 2021; 
Li et al., 2020; Zhu et al., 2019). Given the fact that there are significant 
differences in gut microbiota and metabolic status between obese and 
lean individuals, administering inulin combined with a high-fat diet 
to mice with normal weight may not accurately reflect the effects of 
inulin on obese individuals. Therefore, further investigation is 
required to understand the effects and mechanisms of inulin on obese 
individuals. Additionally, while some studies assessed changes in 
colonic microbiota following inulin intervention, others utilized fecal 
samples (Li et al., 2020; Zhu et al., 2017). It is important to explore the 
effects of various DP of inulin specifically on cecal microbiota, as the 
cecum serves as the primary microbial fermentation site in mice.

The structural properties of different polymerized inulin types 
may offer insights into whether they uniformly affect obesity and its 
underlying mechanisms. In this study, we induced obesity in mice 
using a high-fat diet and subsequently administered inulin treatment, 

comparing the properties of inulin with varying DP both in vitro and 
in vivo. The study involved in-depth assessments of gut microbiota, 
liver health, and body weight in response to different polymerized 
inulin treatments. By examining these critical aspects, we sought to 
shed light on the potential applications of inulin as a dietary 
intervention for individuals dealing with obesity and 
overweight conditions.

Materials and methods

Inulin

Low DP inulin (LDI, Orafti P95, purity = 97.8%, 4 < DP <6) and 
high DP inulin (HDI, Orafti HP, purity = 100%, DP ≥ 23 units) used in 
this study were sourced from Beneo (Mannheim, Germany). These 
specific types of inulin were selected based on their purities and DP 
to ensure accurate and reliable results. Inulin was incorporated into 
the mice’s feed as part of the experimental procedure.

Morphological analysis of inulin in the 
current experiment

The microstructure and morphology of the inulin used in this 
experiment were examined using a scanning electron microscope 
(SEM, SU8200, Hitachi, Japan) operated at an accelerating voltage of 
3 kV and magnifications of 100×, 500×, and 1,000×. Approximately 
0.1 g of inulin powder was affixed to the SEM stub, followed by sputter 
coating with gold. Subsequently, images were captured using the SEM.

To assess the particle size of the inulin powder, the diameters of 
6–8 particles were measured from three images taken at different 
perspectives, utilizing magnifications of 500× and 1,000× for LDI and 
HDI, respectively. This analysis was conducted using Fiji 
(ImageJ-win64).

Oil absorption capacity

The absorption capacity of inulin for oils was determined using 
a modified version of the method described by Jeddou et al. (2016). 
In brief, a reaction system was prepared in a pre-weighed 
centrifuge tube, where 0.5 g of HDI or LDI were mixed with 10 mL 
of corn oil. The oil absorption capacity was calculated using the 
following formula:

Oil Absorption Capacity (g oil/g polysaccharide) = [(weight of the 
tube contents after draining – weight of the dried polysaccharide) / 
weight of the dried polysaccharide].

The effects of inulin with different degree 
of polymerization on bacteria in vitro

The effects of inulin on Lactobacillus rhamnosus (ATCC 9595), 
L. plantarum (CICC 24936), and L. reuteri (CICC 6119), which were 
routinely cultivated in either liquid or solid MRS medium, were 
detected. For evaluating the inhibitory effects of inulin on Opportunistic 
pathogen, we  utilized Escherichia coli ETEC (CICC 10667) and 
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Staphylococcus aureus (CICC AB 91093), which were also routinely 
grown in either liquid or solid LB medium. After inoculating 
approximately 1 × 106 CFU/mL of each of the five bacterial strains in 
MRS or LB liquid medium, with and without 8% HDI or LDI, the 
cultures were incubated at 37°C for 24 h. Three replicates were 
conducted for each treatment and each bacterial strain. After the 24 h 
incubation period, the optical density of the liquid medium was 
measured at 600 nm. Subsequently, each bacterial culture was 
appropriately diluted for colony counting on agar plates.

Fourier transform infrared spectroscopy of 
inulin powder

In this experiment, inulin samples with varying DP were subjected 
to Fourier Transform Infrared Spectroscopy (FTIR) using the Nicolet 
iS20 instrument from Thermo Scientific, United States. The absorption 
spectra were recorded across a frequency range spanning from 400 to 
4,000 nm. For each analysis, a portion of the inulin powder was 
carefully positioned on the attenuated total reflectance (ATR) section 
of the spectrometer. Over 64 scans were conducted, each at a 
resolution of 4 cm−1, and the resulting spectra were averaged to obtain 
a representative spectrum.

Animals and treatment

The animal protocols utilized in this study received approval from 
and were conducted in accordance with the Animal Care and Use 
Committee of Biological Engineering, Henan University of 
Technology (no. HAUTETHI-2022-1099).

A total of 32 healthy male C57BL/6 J mice, aged 5 weeks and with 
similar body weights, were procured from the laboratory animal 
center of Zhengzhou University for the purpose of this study. These 
mice were accommodated in the animal facility at Henan University 
of Technology. Following a one-week acclimatization period, the mice 
were randomly divided into four groups, each comprising eight mice, 
ensuring that there were no significant weight discrepancies between 
the groups. The mice were housed in pairs within cages and were 
provided with either a low-fat diet (10% of energy from fat, TP 23302) 
or a high-fat diet (60% of energy from fat, TP 23302), both obtained 
from Trophic Animal Feed High-Tech Co., Ltd., China. The treatment 
groups consisted of the following: high-fat diet control group (HFD), 
Low-fat diet control group (LFD), High-fat diet with LDI treatment 
group (HFD + LDI), High-fat diet with HDI treatment group 
(HFD + HDI). To explore the effects of inulin with different degrees of 
polymerization (DP) in obese mice, we first induced obesity in the 
mouse model. For the initial 4 weeks, the LFD group was fed a low-fat 
diet, while the other three groups received the same basal high-fat diet 
(ingredients listed in Supplementary Table S1). Subsequently, the 
HFD + LDI and HFD + HDI groups were administered diets 
containing 8% LDI or HDI, respectively, added to the basal high-fat 
diet. The HFD group received a diet with 8% microcrystalline cellulose 
added, while the LFD group continued on the low-fat diet for 6 weeks. 
The dosage of inulin used in this experiment is based on previous 
research evaluating the effects of fiber on high-fat diet- induced mice 
(Patnode et al., 2019).

All mice were housed in a controlled environment maintained 
at a temperature of 20–25 ̊C, with a relative humidity of 60%, 

under a 12-h light–dark cycle. They were given unrestricted access 
to food and clean water. High-fat food was stored in the 
refrigerator to preserve its quality, and water bottles were cleaned 
weekly, with fresh water replenished every 3 days. Body weights 
of individual mice and feed intake per cage were recorded on a 
weekly basis. After 10  weeks of treatment, the mice were 
euthanized via cervical dislocation for sample collection, which 
included cecal contents, intestines, liver, white adipose tissue, and 
brown adipose tissue. White adipose tissue was collected using the 
method described by (Tan et al., 2018). Briefly, the mouse was 
pinned on its back on a pad, and the abdominal skin was cut 
without disturbing the muscle or membranes. The exposed 
adipose tissue on both sides of the skin was abdominal 
subcutaneous fat (ASF), which was collected and weighed on an 
analytical balance. The abdominal muscle was then cut to expose 
the abdominal organs. The fat around the reproductive organs 
(epididymal fat, EF) was carefully collected and weighed on both 
sides. The gut was removed to expose the kidneys, and the adipose 
tissue surrounding the kidneys (perirenal fat, PF) was collected 
and weighed after removing the adrenal glands. Brown adipose 
tissue, located at the junction of the back and neck (Lee et al., 
2022), was also collected and weighed.

Oral glucose tolerance test of the mice

In order to assess the disposal of an orally administered glucose 
load over time in mice subjected to various treatment regimens, the 
OGTT method was employed in this study, as previously described by 
(Nagy and Einwallner, 2018).

Briefly, at the conclusion of the ninth week, the mice were 
transferred to fresh bedding and subjected to an overnight fast lasting 
12 h, during which they retained access to drinking water. Subsequently, 
a small drop of blood sample (~3 μL) was obtained by carefully 
removing 1 mm from the tail tip for the measurement of basal blood 
glucose levels using a glucometer (Yuehao I 720, Yuwell, Jiangsu, China). 
Following the basal measurement, a glucose solution (1 g glucose/kg 
body weight) was administered directly into the stomach of each mouse 
via a feeding needle. At time intervals of 15, 30, 60, 90, and 120 min after 
the administration of glucose, blood glucose levels were measured using 
the glucometer for each individual mouse.

mRNA expression detected by quantitative 
real-time (qRT)-PCR

Total RNA was extracted from liver and brown adipose tissue 
using Freezol (R711, Vazyme, Nanjing, China) according to the 
manufacturer’s instructions. The quality and quantity of the RNA 
were assessed using a NanoDrop 2000. The PrimeScript RT reagent 
kit with gDNA eraser (TaKaRa, Dalian, China) was used for the 
reverse transcription according to the manufacturer’s instructions. 
qRT-PCR was performed in duplicate on a PCR System (qTOWER3, 
Analytik Jena, Germany) with the Universal SYBR qPCR Master Mix 
(Vazyme, Nanjing, China). The primer sequences used to detect the 
gene expression are listed in Supplementary Table S2. Gene 
expression was normalized to the expression of the housekeeping 
gene beta-actin using comparative 2-ΔΔCT method, as described 
previously (Livak and Schmittgen, 2001).
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Hematoxylin and eosin (H&E) staining and 
Oil Red O staining

The small intestinal segments and liver, which were fixed in 4% 
paraformaldehyde, underwent a series of ethanol dehydration steps 
before being embedded in paraffin. Subsequently, the tissues were 
sectioned to a thickness of 8 μm and subjected to hematoxylin and 
eosin staining. Microscopic images of the liver and intestine tissues 
were acquired using a microscope (RVL-110-G, Echo Laboratories, 
United States), and villus height and crypt depth of the small intestine 
were measured based on magnified images.

For Oil Red O staining, the liver samples underwent a series of 
dehydration steps in different concentration of sucrose solutions, were 
then embedded in Optimum Cutting Temperature, quick-frozen in liquid 
nitrogen, and stored at −80°C overnight prior to sectioning in a cryostat 
(CM1850 UV, Leica Biosystems, United States). Oil Red O staining was 
performed in accordance with the procedure outlined by Cui et al. (2017). 
Following staining, photographs of the stained tissues were captured using 
a microscope (RVL-110-G, Echo Laboratories, United States).

Triglycerides contents detection in the liver

The triglycerides contents in the liver of the mice were detected 
using the triglycerides kit (BC0625, Solarbio Life Sciences, Beijing, 
China) according to the manufacturer’s instructions.

Pyrosequencing of cecal microbiota

DNA samples were extracted from cecal digesta using QIAamp 
DNA Stool Mini Kits (Qiagen Inc., Hilden, Germany) following the 
manufacturer’s instructions. Subsequently, gel electrophoresis was 
performed to assess the concentration and purity of the DNA samples. 
Amplification of microbial 16S rRNA gene sequences was achieved 
using universal primers designed for the V3-V4 region. The resulting 
PCR products were subjected to analysis through 2% gel 
electrophoresis and subsequently purified using the QIAquick Gel 
Extraction Kit (Qiagen Inc., Hilden, Germany).

Pyrosequencing for 16S rRNA was conducted utilizing the Illumina 
Novaseq platform (Illumina, San Diego, United States). All procedures 
were carried out by Biomarker Technologies (Beijing, China). Following 
quality filtering via Cutadapt (Version 1.9.1) and the removal of chimeric 
sequences using the UCHIME algorithm (version 8.1), clean reads were 
obtained. Subsequently, the clean reads were clustered into operational 
taxonomic units (OTUs) using USEARCH (version 10.0) with a 
similarity threshold exceeding 97%. These OTUs were then subjected to 
taxonomy-based analysis using the RDP algorithm in conjunction with 
the Greengenes database (version 13.5).

Statistical analysis

Statistical significance was assessed utilizing Student’s t-test, 
one-way ANOVA, or two-way ANOVA for comparisons involving 
multiple groups. For pairwise comparisons between two groups, the 
Tukey post-hoc test was employed. Data analysis was conducted using 
Excel or Prism 8. A significance threshold of p < 0.05 was applied to 
determine statistical significance.

Results

Morphology of inulin with different 
molecular weights under SEM

The morphology of inulin with various DP is illustrated in 
Figures 1A,B. Inulin sourced from chicory presents itself as spherical 
particles, albeit with some variation in particle size even within a 
single type of inulin. There were notable distinctions when comparing 
the two types of inulin, the variant with LDI (Figure 1B) exhibits larger 
particle sizes than the inulin with HDI (Figure 1A).

Upon magnification of the inulin particles by 1,000 times, it 
becomes evident that the average particle size of LDI is 
approximately five times greater than that of HDI (Figures 1A,B, 
Supplementary Table S3). It is worth noting that while LDI is readily 
soluble in water, HDI is virtually insoluble in cold to warm water but 
can be dissolved in hot water.

Fourier transform infrared spectroscopy of 
inulin powder

The specificity of carbohydrates arises from the geometry of the 
O-H groups and the configuration of C-O, C-C, and C-H bonds 
within the carbon backbone (Coates, 2000). As depicted in Figure 1C, 
HDI inulin exhibited similar infrared spectra to LDI. Both types of 
inulin display characteristic band spectra around 3,385, 2,934, and 
1,648 cm−1, corresponding to O-H stretching, C-H stretching, and 
O-H deformation, respectively. In accordance with the FTIR analysis 
conducted by Akram and Garud (2020) and Chikkerur et al. (2020), 
vibrations within the spectral range of 1,500–900 cm−1 primarily result 
from C-H, O-H, C-O-C bending, C-O-C, and C-O stretching modes 
within oligo- and polysaccharides.

Although the peak intensity differs between the two types of 
inulin (see Supplementary Table S4), their peak positions in the 
spectral range of 1,500 to 900 cm−1 remain similar (Figure 1C). Of 
particular note is the presence of more peaks in the spectrum of LDI 
compared to HDI within the spectral range of 600–900 cm−1, 
particularly at 781.48 cm−1, representing CH2 bending (Coates, 2000). 
The similarity in peak positions at 3386, 2,934, and 1,647 cm−1 
between LDI and HDI inulin suggests that similar functional groups 
are present in both.

Oil binding capacity two types of inulin in 
vitro

The oil holding capacity is a critical characteristic and a 
technological property closely associated with the chemical structure 
of polysaccharides. As depicted in Figure  1D, HDI exhibits a 
significantly greater oil binding capacity (p = 0.0078, 2.123 vs. 
1.494 g/g) compared to LDI.

Body weight and plasma glucose levels of 
the mice during the experiment

The experimental outline for each group is illustrated in 
Figure 2A. Following 4 weeks of high-fat diet treatment, mice in the 
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high-fat diet group exhibited significantly higher body weights compared 
to those on the low-fat diet (p < 0.05, Figure 2C). By the fourth week, the 
body weights of mice in the various high-fat diet groups were statistically 
similar (p > 0.05). Subsequently, after administering inulin with different 
DP to the high-fat diet mice for 6 weeks, significant reductions in body 
weight were observed in both the LDI (p < 0.05) and HDI (p < 0.001) 
inulin groups. Furthermore, the body weight of mice in the HFD + HDI 
group was significantly lower than that in the HFD + LDI group 
(p < 0.05). Despite the reductions in body weight induced by the addition 
of inulin to the HFD groups, the body weight in these groups remained 
higher than that of the LFD group (p < 0.001, see Figures 2B,D).

High-fat diet consumption significantly increased the weight of 
ASF, EF, and PF in mice (p < 0.001, Figure 2E) when compared to mice 
in LFD. Mice in the HFD + HDI group experienced reductions in ASF, 
EF, and PF contents by approximately 37, 34, and 32%, respectively, 
when compared to mice in the HFD group. However, there were 
minimal differences between mice in the HFD and HFD + LDI groups 
concerning fat contents.

Plasma glucose levels of the mice are depicted in 
Figure  2F. High-fat diet consumption elevated fasting blood 
glucose levels in comparison to the LFD group. Moreover, blood 
glucose levels had not returned to baseline even 120 min after oral 
administration of glucose. Supplementation with inulin of 
different polymerization degrees did not ameliorate this 
phenomenon. Notably, mice in the HFD, HFD + LDI, and 

HFD + HDI groups exhibited higher area under the curve (AUC) 
values than mice in the LFD group, suggesting that the addition 
of inulin had minimal effects on blood glucose levels (Figure 2G).

Inulin reduces lipid content in the liver of 
HFD-induced mice

As demonstrated in Figure 3B, mice in the HFD group exhibited 
a significant increase in liver weight compared to mice in the LFD 
group (p = 0.001). Notably, both HFD + HDI and HFD + LDI resulted 
in reduced liver weight when compared with the HFD group (p < 0.05). 
This reduction in liver weight may be attributed to the decreased 
triglyceride content in the liver, as illustrated in Figures 3A,C.

High-fat diet consumption led to fat accumulation in the liver, as 
evident in H&E and Oil Red O staining in Figure 3A. Furthermore, 
compared to the HFD + HDI, HFD + LDI, and LFD groups, the livers 
of mice in the HFD group exhibited greater immune cell infiltration, 
as indicated by the arrowheads in Figure 3A, indicative of increased 
liver inflammation. However, supplementation with high- and low- 
DP inulin effectively reduced the size of lipid droplets and 
inflammation in the liver.

To elucidate the mechanisms underlying the reduction of fat 
accumulation in both liver and adipose tissues by inulin, we assessed the 
genes related to fat metabolism in both brown adipose tissue and the 

FIGURE 1

Characterization of low-degree polymerized inulin (LDI) and high-degree polymerized inulin (HDI). (A) Scanning electron microscopy (SEM) images of 
HDI, with 500× magnification in the upper panel and 1,000× magnification in the lower panel; (B) SEM images of LDI, with 500 × magnification in 
upper panel and 1,000 × in the lower panel; (C) Fourier transform infrared (FTIR) spectrum of LDI and HDI; (D) oil binding capacity of HDI and LDI 
inulin; (E,F) effects of LDI and HDI on the growth of L. rhamnosus, L. plantarum, L. reuteri, E. coli, and S. aureus in vitro.
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liver of mice subjected to different treatment regimens. As presented in 
Figures 4A,B, the weight of brown adipose tissue in the LFD group 
significantly decreased compared to that in the HFD mice (p < 0.05). 
Furthermore, mice fed both LDI and HDI inulin exhibited similar 
brown adipose tissue weights to those in the HFD groups (p > 0.05). 
Concurrently, the mRNA expression of uncoupling protein 1 (UCP-1) 
in brown adipose tissue was significantly higher in the HFD + LDI, 
HFD + HDI, and LFD groups than in the HFD group (p < 0.05).

Eight mRNA expressions related to hepatic lipid metabolism 
were examined in this study (Figures 4C–J), with only two genes—
peroxisome proliferator-activated receptor γ (PPARγ, Figure 4D) 
and sterol regulatory element-binding protein 1 (SREBP1, 
Figure 4E)—being reduced by inulin administration. In contrast, 
five genes were influenced by dietary fat content, including reduced 
mRNA expression of PPARγ and SREBP1 and increased mRNA 
expression of LPIN, stearoyl-coenzyme A desaturase 1 (SCD1), and 

PPARγ coactivator 1α (PGC1α) by the LFD compared to the HFD 
group (p < 0.05).

Different polymerization degrees of inulin 
improve the intestinal health of obese mice

Figure  5A displays the results of H&E staining of the small 
intestine in mice subjected to various treatment regimens. High-fat 
diet consumption induced atrophy of the small intestinal villi, 
resulting in reduced villus height in both the ileum and jejunum of 
the mice (p < 0.05) in comparison to mice in LFD group. Notably, the 
administration of HDI significantly increased the V/C ratio in the 
duodenum, jejunum, and ileum (p < 0.05, Figures 5B–D) of the mice 
when compared to those in the HFD groups. Furthermore, LDI also 
elevated the V/C ratio in the duodenum and ileum in comparison to 

FIGURE 2

Effects of different polymerization degrees of inulin on body weight and glucose tolerance in obese mice. (A) Experimental design of the animal study. 
(B) Representative images of mice in each treatment group at the end of the study. (C) Changes in body weight of mice after 4 weeks of high-fat diet 
treatment (n = 24 in the high-fat diet group, n = 8 in the low-fat diet group). (D) Changes in body weight of mice during the 5th to 10th weeks (n = 8). 
(E) Fat contents of mice in different treatment groups (n = 8). ASF, abdominal subcutaneous fat; EF, epididymal fat; PF, perirenal fat; (F) Glucose levels 
during the oral glucose tolerance test (OGTT). After an overnight fast, glucose (mg/dL) levels were measured in the fasting state and at 15, 30, 60, 90, 
and 120 min after administering glucose solution orally via gavage (1 g glucose/kg) (n = 8). (G) Glucose area under the curve (AUC) during OGTT of 
mice in different treatment groups. Results are mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001. Within each panel, different letters indicate significant 
changes at p < 0.05. Statistical analysis in (D) was performed using two-way ANOVA and Tukey’s post-hoc test, while in other cases, one-way ANOVA 
and Tukey’s post-hoc test were applied.
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FIGURE 3

Effects of different polymerization degrees of inulin on liver health of high-fat diet and low-fat diet mice. (A) Hematoxylin and eosin (H&E) staining and 
Oil Red O staining of the liver of mice in different treatment groups. The arrowheads indicate inflammatory cell infiltration. (B) Liver weight of mice in 
different treatment groups. (C) Triglyceride levels in different treatment groups (n  =  8). Within each panel, groups without a common letter indicate 
significant differences at p  <  0.05. Scale bar, 500  μm.

FIGURE 4

Effects of different polymerization degrees of inulin on gene expression in brown tissue and liver of high-fat diet mice. (A,B) Weight of brown fat tissue 
in different treatment groups. (B) Uncoupling protein 1 (UCP-1) gene expression in brown fat tissues. (C-J) Hepatic gene expression of PPARα, PPARγ, 
Srebp1, LPIN1, Dgat2, Mafg, Scd1, and Pgc1α (n  =  8). Within each panel, groups without a common letter indicate significant differences at p  <  0.05. 
HFD, high fat diet; HFD  +  HDI, high fat diet with high polymerized degree inulin; HFD  +  LDI, high fat diet with low polymerized degree inulin; LFD, low 
fat diet.
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mice in the HFD groups (p < 0.05). The supplementation of inulin 
effectively enhanced the morphology of the intestine in high-fat diet-
induced obese mice.

The effects of inulin on the microbiota 
both in vitro and in vivo

As depicted in Figures 1E,F, the supplementation of inulin led to a 
significant reduction in the abundance of E. coli when compared to the 
basic LB control medium (p < 0.001). Notably, HDI inulin exhibited a 
more potent inhibitory effect on E. coli than LDI inulin (p = 0.03).

Furthermore, the inclusion of inulin in the LB medium demonstrated 
a tendency to reduce the abundance of S. aureus (p = 0.059). The 
supplementation of 8% inulin had minimal impact on the growth of 
L. plantarum and L. rhamnosus. However, it was observed that the 
addition of 8% LDI inulin significantly reduced the abundance of 
L. reuteri (p = 0.019), whereas HDI had no discernible effect on L. reuteri.

To investigate the impact of inulin on cecal microbiota in obese 
mice, we employed sequencing of the bacterial 16S rRNA V3 + V4 
region. Following data processing, a total of 331 operational taxonomic 
units (OTUs) were clustered and generated, guided by the principle of 
over 97% similarity, based on 1,139,609 sequencing reads. The 
sequencing depth was sufficient to encompass (>99%) all OTUs 
present in the cecum digesta, providing a nearly comprehensive 
representation of the overall microbial species richness, as evidenced 
by rarefaction and ranked abundance (Supplementary Figure S1).

Differential analysis of α-diversity metrics among groups 
revealed a significant impact of dietary fat on cecal microbial 
richness. This was indicated by lower Chao1 and ACE indices in mice 

from the HFD, HFD + LDI, and HFD + HDI groups compared to 
those in the LFD treatment group (p = 0.021 and 0.015, respectively; 
Figures 6A,B). Importantly, the supplementation of inulin did not 
restore microbial richness in the ceca of the mice. Intriguingly, mice 
administered HDI inulin exhibited lower cecal microbiota diversity, 
as evidenced by reduced Shannon and Simpson indices compared to 
those in the HFD and HFD + LDI groups (p = 0.0089 and 0.0044, 
respectively; Figures 6C,D).

For a deeper exploration of beta diversity within cecal microbiota 
across different treatment groups, we conducted principal components 
analysis (PCA) and principal coordinates analysis (PCoA) of OTUs in 
each sample. As illustrated in Figures 6E,F, the bacterial communities 
of mice in the HFD + HDI group were distinct from those in the HFD 
and LFD groups. Additionally, ANOSIM analysis on OTUs and other 
taxonomic levels revealed that the differences between inter-group 
compositions were more significant than those within the same group, 
with p < 0.05 (Supplementary Figure S2).

Figure 7 presents the relative abundance of cecal microbiota in 
mice, focusing on phylum and family levels (more than 0.5%) and 
genus and species levels (more than 1%). The dominant phyla in the 
cecum of mice were Bacteroidetes and Firmicutes, accounting for 
87.7, 82.5, 68.1, and 86.9% in the HFD, HFD + LDI, HFD + HDI, and 
LFD groups, respectively (Figure 7A). Interestingly, the abundance of 
Verrucomicrobiota in the cecum of mice in the HFD + HDI group was 
notably higher than that in other groups (p = 0.009, Figure 7A and 
Supplementary Table S5).

At the family level, the most dominant bacterial families in the cecal 
contents of the mice from different treatment groups were 
Lachnospiraceae, Muribaculaceae, Erysipelotrichaceae, Bacteroidaceae, 
and Akkermansiaceae, collectively accounting for approximately 66% 

FIGURE 5

Effects of different polymerization degrees of inulin on intestinal health of high-fat diet-induced obese mice. (A) Morphology of duodenum, jejunum, 
and ileum in mice with different treatments. (B–D) Villus height, crypt depth, and the ratio of villus height to crypt depth (V/C) of duodenum, jejunum, 
and ileum, respectively, in mice with different treatments (n  =  8). Within each panel, groups without a common letter indicate significant differences at 
p  <  0.05. HFD, high fat diet; HFD  +  HDI, high fat diet with high polymerized degree inulin; HFD  +  LDI, high fat diet with low polymerized degree inulin; 
LFD, low fat diet.
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of the bacterial abundance at the family level (Figure  7B). The 
abundance of Akkermansiaceae, a member of the Verrucomicrobiota 
phylum, was significantly higher in mice from the HFD group compared 
to other treatment groups (p = 0.021, Supplementary Table S5).

The abundance of cecal bacteria at the genus and species levels 
also reflected differences in microbiota composition among all 

treatments. The increased abundance of the Akkermansia genus 
(p = 0.013, Figure  7C and Supplementary Table S5) and 
unclassified_Akkermansia species (p = 0.017, Figure  7D and 
Supplementary Table S5) in the HFD + HDI group aligns with the 
increased presence of the Verrucomicrobiota phylum and the 
Akkermansiaceae family.
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FIGURE 6

Effects of different polymerization degrees of inulin on the diversity of cecal microbiota in mice with different treatment groups. (A–D) Chao1 index, 
Shannon index, Simpson index, and ACE index of cecal microbiota. (E,F) Principal component analysis (PCA) at PC1 and PC2, and PC1 and PC3 of cecal 
microbiota of the mice. (G,H) Principal coordinates analysis (PCoA) at PC1 and PC2, and PC1 and PC3 of cecal microbiota (n  =  4). HFD, high fat diet; 
HFD  +  HDI, high fat diet with high polymerized degree inulin; HFD  +  LDI, high fat diet with low polymerized degree inulin; LFD, low fat diet.

FIGURE 7

Relative abundance of cecal microbiota at phylum (A), family (B), genus (C), and species (D) levels in mice under different treatments (n  =  4).
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Identification of microbiota composition in 
different treatments and correlation 
analysis

To further unveil the microbiota with statistically significant 
differences between different groups, we  employed Linear 
Discriminant Analysis Effect Size (LEfSe) analysis. The cladogram in 
Figure 8A illustrates the biomarkers in different treatment groups of 
mice at various taxonomic levels. Additionally, Figure 8B provides a 
detailed representation of microbiota with LDA scores exceeding 4. 
At the phylum level, Verrucomicrobiales emerged as the highly 
abundant microbiota in the HFD + HDI group, while Firmicutes 
prevailed as the highly abundant microbiota in the HFD group. On 
the gene level, Bacteroides, unclassified_Lachnospiraceae, 
Akkermansia, and Colidextribacter were identified as highly enriched 
in the cecal microbiota of mice in the LFD, HFD + LDI, HFD + HDI, 
and HFD groups, respectively.

To delve deeper into the relationships between these microbiota in 
different treatments and their potential functions in mice, Spearman 
correlation analysis was conducted between microbiotas that are 
distinguishably distributed across different treatment groups and various 
indexes related to mouse body weight. As depicted in Figure 9A, in the 
correlation analysis across the four treatment groups, the microbiota in 
the LFD group, notably Bacteroides, exhibited a strong positive 
association with gene expression of UCP1 and LPIN1. Conversely, it 
displayed a highly negative association with body weight, liver weight, 
liver TG contents, and gene expression of PPARγ (p < 0.01). In contrast, 
microbiota highly abundant in the HFD group, such as Lachnospirales, 
Lachnospiraceae, and Colidextribacter, displayed a strong positive 
correlation with body weight (p < 0.05). However, Firmicutes, 
Oscillospiraceae, and Colidextribacter exhibited a highly negative 
correlation with gene expression of UCP1 (p < 0.05). The microbiota that 
was notably abundant in the HFD + HDI group, such as 
Verrucomicrobiota and Akkermansia, exhibited a strong correlation with 
UCP1 and a negative correlation with Scd1 gene expression (p < 0.05).

Furthermore, Spearman correlation analysis was conducted 
among the high-fat diet treatment groups (HFD, HFD + LDI, and 
HFD + HDI) to examine possible associations of microbiota in the 
inulin treatment group with other indexes. As shown in Figure 9B, 
biomarker microbiota in the HFD + HDI group, including 
Erysipelatoclostridium, Verrucomicrobiota, and Akkermansia, 
demonstrated strong negative associations with body weight, liver 
weight, and liver TG contents (p < 0.05). These same microbiota were 
also positively associated with UCP1 (p < 0.05). Conversely, 
Oscillospiraceae and Colidextribacter in the HFD group displayed 
strong positive associations with body weight, liver weight, PPARγ, 
and hepatic TG contents, while showing a negative association with 
UCP1 gene expression (p < 0.05) (Figure 10).

Discussion

The biochemical functionality of inulin is intricately linked to its 
structural attributes. Consequently, comprehending the characteristics 
and functional traits of inulin with varying polymerization becomes 
imperative for their multifaceted applications across diverse 
conditions. The DP, often referred to as chain length, wields substantial 
influence over the biological functions of inulin. In our investigation, 
we observed that HDI exhibited near-insolubility in water at 25°C, 

while LDI readily dissolved in water. This observation aligns with 
prior research findings that have consistently demonstrated a decrease 
in inulin solubility as the DP increases (Mensink et al., 2015). A closer 
examination of their morphology revealed that LDI powder exhibited 
a larger apparent particle size than HDI. The solubility of inulin is 
closely related to its molecular conformation and DP (Barclay et al., 
2010). LDI is more flexible and can adopt a range of conformations 
and orientations. This flexibility is reflected in the additional peak 
observed in the FTIR spectra at 781.49 cm−1, which corresponds to the 
hydroxyl functional group. The increased flexibility of LDI may result 
in different vibrational modes of the OH group, leading to the 
observed extra peak. Moreover, the presence of hydrophilic functional 
groups and the flexibility of LDI enhance its ability to form hydrogen 
bonds and other molecular interactions (Mensink et  al., 2015), 
partially explaining its solubility. In contrast, HDI consists of a larger 
number of fructose units, forming an extensive hydrogen-bonding 
network that creates a nearly crystalline structure. This can result in a 
more rigid and extended molecular configuration, limiting its 
flexibility and interactions with other molecules. Consequently, water 
molecules have difficulty penetrating and surrounding HDI molecules, 
leading to their limited solubility. Additionally, inulin is known to 
exhibit intermolecular forces (French, 1989), which may further 
stabilize the structure of HDI and reduce its affinity for water. The 
larger particle size observed in LDI may be attributed to the tendency 
of shorter chains to agglomerate. Furthermore, due to the presence of 
hydrophilic groups in LDI, exposure to air may cause water molecules 
to interact with the hydrophilic groups on the surface of LDI, causing 
it to swell and appear larger when observed under a microscope.

Many polysaccharides and dietary fibers are characterized by 
their oil binding capacity, a property that plays a crucial role in 
delaying the digestion and absorption of dietary fats. This delay in 
fat absorption can contribute to the prevention of obesity (You 
et al., 2022). Consequently, inulin’s ability to bind to dietary oils 
can slow down the digestion and absorption of fats, potentially 
leading to increased fat excretion. This mechanism may explain the 
reduction in body weight observed in high-fat diet-induced obese 
mice following inulin administration. Furthermore, it is worth 
noting that HDI exhibits a higher oil binding capacity than 
LDI. This difference in oil binding capacity could account for the 
superior effects of HDI in reducing body weight compared to 
LDI. This observation aligns with a study conducted by Han et al. 
(2013), which demonstrated that inulin with an average DP of 24 
significantly increased cecal total lipid contents when compared to 
a cellulose-HFD in rats (Han et al., 2013).

Given that inulin is primarily fermented by intestinal microbiota 
rather than being absorbed by the host animal, we conducted in vitro 
experiments to examine the effects of inulin on certain bacteria. In our 
study, we found that inulin had the capacity to inhibit the growth of 
the pathogenic bacteria E. coli. Notably, this inhibitory ability 
increased with DP, which can be attributed to E. coli’s inability to 
utilize either long or short inulin as a carbon source due to the absence 
of crucial inulin degradation enzyme β-fructofuranosidases 
(Cockburn and Koropatkin, 2016). Additionally, HDI has been 
reported to form a stable gel in water (Bchir et al., 2019), which could 
potentially hinder nutrients uptake by E. coli.

Obesity is a significant risk factor in the development of T2D 
(Nagy and Einwallner, 2018). In our study, a high-fat diet indeed 
induced higher fasting blood glucose levels and impaired glucose 
tolerance, and these effects could not be reversed by the addition of 

309

https://doi.org/10.3389/fmicb.2024.1428308
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Gan et al.� 10.3389/fmicb.2024.1428308

Frontiers in Microbiology 11 frontiersin.org

inulin. The impact of inulin on insulin resistance is a topic of debate, 
with varying results reported in both animal experiments and human 
clinical trials (Han et al., 2013; Shao et al., 2020). This controversy is 
especially apparent in obese individuals, as insulin resistance may not 
be  improved by inulin supplementation (Rao et  al., 2019). It is 
noteworthy that obese mice exhibit a distinct composition of intestinal 
microbiota compared to lean mice, potentially accounting for the 
different effects on insulin resistance in obese and lean subjects. In our 
study, inulin was added 4 weeks after starting the high-fat diet, which 
differs from some other studies where inulin was supplemented from 

the beginning of the diet (Li et al., 2021), thus better reflecting its 
effects in obese individuals. Our findings suggest that glucose 
metabolism in the current study was not significantly influenced by 
inulin treatment, indicating that the observed changes in body weight 
due to inulin were not likely caused by alterations in glucose absorption.

To better understand why inulin reduced the body weight of 
high-fat diet-induced obese mice, we investigated the weight of 
white adipose tissue and brown adipose tissue. While there were 
no statistically significant differences among mice in the 
HFD + LDI, HFD + HDI, and HFD treatment groups, both LDI 

I
I

A

B

FIGURE 8

Dominant bacteria in the cecum of mice under different treatments. (A) Cladograms representing the LEfSe results for different treatment groups. 
(B) LDA scores of gut microbiota in different groups. HFD, high fat diet; HFD  +  HDI, high fat diet with high polymerized degree inulin; HFD  +  LDI, high 
fat diet with low polymerized degree inulin; LFD, low fat diet.
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and HDI administration resulted in some reduction in white 
adipose tissue. UCP1 is responsible for thermogenesis in brown 
adipose tissue, which increases energy expenditure (Iwen et al., 

2008). Notably, both LDI and HDI inulin increased the gene 
expression of UCP1 in brown adipocytes by 200%, suggesting that 
LDI and HDI inulin could enhance energy expenditure in high-fat 

FIGURE 9

Correlation between biomarker microbiota and other fat-synthesis related parameters. (A) Spearman’s correlation conducted using all treatment group 
data, including the low-fat diet group. (B) Spearman’s correlation conducted using data from the three high-fat diet groups. *p  <  0.05, **p  <  0.01.

FIGURE 10

Long-chain inulin reduces body weight in high-fat dietinduced obese mice by inhibiting liver lipogenesis and modulating cecal microbiota 
composition, particularly increasing the abundance of Akkermansia.
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diet-induced obese mice, contributing to the observed reduction 
in body weight.

Furthermore, in our study, both LDI and HDI had a significant 
impact on the liver of obese mice when compared to white adipose 
tissues. These inulin treatments resulted in a reduction in lipid content 
in the liver, consistent with the observed decrease in liver weight, with 
HDI showing more pronounced effects. Triglycerides in the liver can 
originate from 3 main sources: uptake of fatty acids from the plasma 
(released by lipolysis), de novo synthesis of fatty acids, and dietary fat 
delivered by chylomicron remnants (Jensen-Urstad and Semenkovich, 
2012). Since high-fat diet-induced insulin resistance was evident in 
our study, as indicated by high fasting blood glucose levels and 
reduced glucose tolerance, it is unlikely that the reduction in liver 
triglycerides was due to increased uptake of fatty acids from the 
plasma. As mentioned previously, inulin administration led to 
increased fecal fat excretion, which may have contributed to the 
reduction in dietary fatty acid uptake by the liver. Hepatic lipid 
metabolism is regulated by a dynamic transcriptional network, with 
nuclear receptors, particularly PPARs, playing a pivotal role. Srebp-1, 
highly expressed in the liver, regulates genes responsible for lipogenesis 
in response to insulin stimulation (Zhu et al., 2021).

Our results showed that HFD mice had the highest expression of 
the Srebp1 gene, followed by inulin-administered mice and the LFD 
group. This pattern of gene expression correlates with the triglyceride 
contents in the treatment groups. Since Srebp1 is regulated by insulin, 
the observed changes in its expression suggest that both LDI and HDI 
could improve insulin resistance caused by a high-fat diet. The reduced 
expression of Srebp1 by LDI and HDI subsequently inhibited hepatic 
lipogenesis, leading to decreased hepatic triglyceride levels. The PPARα 
signaling pathway plays a crucial role in various metabolic processes, 
including fatty acid oxidation and ketone body synthesis. On the other 
hand, PPARγ is a key regulator of adipocyte differentiation, promoting 
adipogenesis and weight gain. Increased expression of PPARγ has been 
observed in patients with fatty liver disease (Skat-Rørdam et al., 2019). 
In our study, consistent with previous research, mice in the LFD group 
exhibited the lowest expression of the PPARγ gene, which was 
associated with the lowest hepatic triglyceride content. The addition of 
inulin inhibited the upregulation of PPARγ expression induced by the 
high-fat diet, resulting in reduced fat accumulation in the liver. 
Furthermore, overexpression of PPARγ has been reported to increase 
inflammation in the liver (Lee et al., 2018), which aligns with our 
findings of increased inflammation in the liver of HFD mice. 
Additionally, high-fat diet-induced elevation of PPARγ levels has been 
associated with increased expression of Srebp-1, a regulator of 
downstream lipogenic genes that enhances hepatic lipogenesis. 
Therefore, the high expression of PPARγ in the HFD group may have 
induced the activation of Srebp-1 and, in turn, increased hepatic 
lipogenesis. Besides regulating Srebp-1, PPARγ can directly target 
fat-specific protein, which is involved in both lipogenesis and fatty acid 
uptake in the liver. Thus, the high expression of PPARγ and Srebp-1 
may have contributed to fat accumulation in the liver of HFD mice, 
while the reduced expression of these genes in LDI and HDI treatment 
groups implied a reduced capacity for lipid synthesis in the liver, 
consistent with the observed decrease in hepatic triglyceride content.

Obesity leads to defects in the mucus layer, characterized by 
increased penetrability and reduced mucus growth rate (Schroeder 
et al., 2020), which may result in the increased leakage of inflammatory 
substances into the body and contribute to increased inflammation in 
the liver, as observed in the HFD group of mice. Notably, the addition 

of HDI improved villus morphology in obese mice, suggesting a 
potential positive effect on certain aspects of intestinal function. 
Furthermore, gut microbiota plays a crucial role in maintaining 
intestinal health, and fiber consumption, such as inulin, is typically 
associated with increased diversity in intestinal microbiota in both 
animals and humans. Interestingly, in our study, the inclusion of inulin, 
especially HDI, significantly decreased the α diversity of cecal 
microbiota in high-fat diet-induced obese mice. This finding aligns with 
previous research that has also reported decreased α diversity in 
response to inulin supplementation, even at different doses and dietary 
contexts (Hutchinson et al., 2023; Le Bastard et al., 2020; Li et al., 2021). 
High-fat diets have been shown to reduce microbial richness, the 
richness did not fully recover with HDI or LDI administration in our 
study. Moreover, the diversity within individual samples significantly 
decreased with HDI inulin administration. It is important to note that 
interpretations of α diversity can vary depending on the calculation 
method used, and the significance or value of these metrics may not 
always be straightforward (Koutoukidis et al., 2022; Shade, 2017).

Examining the relative abundance of intestinal microbiota 
revealed an increase in the abundance of Verrucomicrobiota at the 
phylum level and Akkermansia at the genus level in the HDI inulin 
group. This led to increased dominance within the microbial 
community, potentially resulting in reduced evenness and, 
consequently, decreased diversity (as indicated by reduced Shannon 
and Simpson index) in the HFD + HDI group.

The increased abundance of Akkermansia in the cecum of obese 
mice due to the addition of HDI is of particular interest, as 
Akkermansia muciniphila is considered a potential health-promoting 
bacterium (Shin et  al., 2014). Administrating Akkermansia to 
HFD-induced obese mice could strengthen the tight junction and 
mucus barrier (Li et  al., 2024). Previous studies have shown that 
high-fat diets tend to decrease the abundance of Akkermansia in the 
microbiota of mice compared to low-fat diets, making its increase 
through dietary intervention a valuable finding (Wang et al., 2020). It 
is worth noting that the impact of inulin on Akkermansia abundance 
can be influenced by various factors, including diet composition and 
the interactions among different microbial species. For instance, some 
studies have reported that inulin supplementation, especially in the 
context of high-fat diets, can increase the abundance of Akkermansia 
(Pérez-Monter et al., 2022). The mechanisms behind these changes in 
Akkermansia abundance are complex and may involve factors such as 
the influence of HDI on the gut mucosal layer, potential cross-feeding 
interactions with other bacteria, or the HDI’s effects on the overall gut 
microbiota composition. Interestingly, another biomarker genus, 
Erysipelatoclostridium, was positively correlated with Akkermansia in 
the HFD + HDI group. Erysipelatoclostridium has been associated with 
anti-inflammatory properties in obese mice (Roager et al., 2019; van 
Trijp et  al., 2020) and was found to increase during in vitro 
fermentation experiments with human small intestinal microbiota.

Overall, these findings suggest that dietary interventions with 
HDI may have a positive impact on gut microbiota composition, 
particularly with regard to the abundance of beneficial bacteria like 
Akkermansia, which could contribute to improved host health. 
Further research is needed to fully understand the complex 
interactions within the gut microbiota and how dietary factors like 
inulin can influence these interactions and promote health.

The correlations between specific gut microbiota and various 
metabolic and health parameters in response to inulin treatment 
provide valuable insights into the complex interplay between diet, gut 
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microbiota, and host health. In the HFD group, the biomarker 
microbiota like Colidextribacter, Lachnospiraceae, Lachnospirales, 
and Dubosiella exhibited strong positive correlations with factors 
associated with obesity and fatty liver, such as body weight, 
triglycerides, PPARγ, and Srebp1. These correlations suggest that these 
microbiota may contribute to the development of obesity and its 
associated metabolic complications. The negative correlation with 
UCP1 further highlights their potential role in reduced energy 
expenditure. Conversely, in the HFD + HDI group, the biomarker 
microbiota Akkermansia and Erysipelatoclostridium displayed positive 
correlations with UCP1, indicating a potential role in promoting 
energy expenditure. This is consistent with the observed reduction in 
body weight in this group. Gut microbiota plays vital roles in 
alleviating steatotic liver through reducing hepatic PPARγ and related 
lipogenesis genes (Murakami et al., 2016). The negative correlations 
with factors like body weight, PPARγ, and Srebp1 in our experiment 
further suggest that these microbiota may play a role in reducing fat 
accumulation and improving liver health. The role of SCFA produced 
by gut microbiota, especially Akkermansia, is highlighted as a potential 
mechanism for improving liver health and reducing hepatic PPARγ 
expression. Additionally, aside from the potential metabolites that 
regulate hepatic PPARs expression and other lipid metabolic genes, 
A. muciniphila has been reported to mitigate inflammatory factors, 
thus reducing hepatic lipogenesis (Ghaderi et al., 2022). These findings 
suggest that the microbiota’s metabolites, influenced by dietary fiber 
such as inulin, can have significant effects on host health. The 
variations in outcomes observed in different studies using inulin with 
varying DP and different dietary conditions underscore the complexity 
of the gut microbiota-host interaction (Yamaguchi et al., 2021). The 
individual’s baseline health status, along with diet and specific inulin 
properties, can all contribute to different responses in gut microbiota 
composition and metabolic outcomes.

Conclusion

Overall, our experiment highlights the potential benefits of HD 
inulin in managing body weight, ameliorating liver health issues, and 
modulating the composition and structure of cecal microbiota in obese 
mice (Figure  10). The observed effects of HDI in promoting the 
abundance of Akkermansia in the intestines of obese mice are 
noteworthy, as previous research has demonstrated the beneficial effects 
of certain Akkermansia species supplementation on both liver and 
intestinal health. Additionally, the limited effects of LDI on cecal 
Akkermansia may suggest that the differing impacts of different DP of 
inulin on obese individuals largely originate from their effects on the 
intestinal Akkermansia. If HDI administration yields similar effects to 
those of prebiotic supplementation, it could offer a more practical 
approach for alleviating fatty liver disease and managing body weight, 
given the ease of handling dietary fiber compared to live bacteria.

Furthermore, while our study demonstrated the enrichment of 
Akkermansia, it did not directly link this to improvements in 
intestinal and hepatic health. Further investigation is warranted to 
provide more robust evidence and to explore the mechanisms 
through which HD inulin could enrich Akkermansia. Additionally, 
more studies should be  conducted to elucidate the specific 
metabolites responsible for these potential effects. Since inulin 

fiber is primarily utilized by intestinal bacteria, it is essential to 
identify the metabolites produced by these bacteria and their 
mechanisms of action. Additionally, conducting fecal bacteria 
translocation experiments in HFD-induced mice could provide 
further insights into the role of the microbiota in mediating the 
effects of inulin supplementation. These future investigations will 
contribute to a more comprehensive understanding of the 
mechanisms underlying the beneficial effects of HDI inulin on 
host health.
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Alterations of the gut microbiota 
and metabolites by ShenZhu 
TiaoPi granule alleviates 
hyperglycemia in GK rats
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ShenZhu TiaoPi granule (STG) is a compound prescription that is used in Chinese 
medicine for the treatment of type 2 diabetes mellitus (T2DM). Previous studies 
have indicated a hypoglycaemic effect, but the underlying mechanism remains 
unclear. Goto-Kakizaki (GK) rats were used to establish an in vivo T2DM model 
(Mod). The metformin (Met) and STG treatment time was 12 weeks. Fasting 
blood glucose (FBG) and insulin levels and the area under the glucose curve 
(GAUC) were measured. Intestinal pathology and permeability were observed. 
Microbial diversity analysis and metabolomics were used to investigate the 
underlying mechanisms. Compared with the Con group, the T2DM Mod group 
presented significant differences in weight, FBG, GAUC, and homeostasis 
model assessment–insulin resistance (HOMA-IR) indices (p  <  0.01). Met and 
STG improved these indicators (p  <  0.01). The pathological morphology and 
zonula occludens 1 protein levels in the intestines of the Mod group of rats were 
altered, leading to increases in the lipopolysaccharide (LPS) and interleukin-1β 
(IL-1β) levels. In the Met and STG groups, the intestinal conditions improved, 
and the LPS and IL-1β levels significantly decreased (p  <  0.01). Changes in the 
gut microbiota and metabolites occurred in the Mod group. In the STG group, 
the abundance of Intestinimonas increased, and the abundance of Eubacterium 
coprostanoligenes decreased significantly (p  <  0.05). Moreover, STG also altered 
2-deoxyglucose, beta-muricholic acid and dioxolithocholic acid production. 
In addition, the main metabolic pathways affected by STG were bile acid 
biosynthesis and cholesterol metabolism. Intestinimonas, D-maltose_and_
alpha-lactose may be potential biomarkers for the effects of STG. STG alleviates 
hyperglycaemia via the gut microbiota and metabolites in GK rats.

KEYWORDS

type 2 diabetes mellitus, alleviating hyperglycemia, gut microbiota, gut metabolites, 
ShenZhu TiaoPi granule

Introduction

Type 2 diabetes mellitus (T2DM) is a metabolic disease characterized by elevated blood 
glucose levels due to a complex combination of genetic and environmental factors (Chen 
and Wang, 2021; Laffel et al., 2023). Good glycemic control has a profound effect on the 
occurrence, development and regression of T2DM and its acute and chronic complications 
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(Wang et al., 2018). In modern daily life, unhealthy dietary structures 
and exercise patterns have accelerated the rising trend of T2DM and 
its rejuvenation, seriously jeopardizing human health (Fujihara 
et al., 2023).

The intestinal flora is an important internal environment in 
the body, and a decrease in beneficial bacteria and an increase in 
pathogenic bacteria in the intestinal tract can lead to the 
abnormal function of organs, tissues and cells of the body, which 
can contribute to an imbalance in glucose metabolism (Chen and 
Wang, 2021). Intestinal metabolites are important signaling 
factors, energy substrates, nutritional sensors and metabolic 
regulators involved in the development of T2DM (Swann et al., 
2011; Jia et al., 2018).

T2DM belongs to the category of “Xiao Ke” in Chinese medicine. 
The etiology and pathogenesis of T2DM are qi and yin deficiency. 
Among them, qi and yin are highly energetic and important 
substances in the human body. Qi and yin deficiency syndrome can 
manifest as thirst, increased diet, increased frequency of urination, 
and weight loss, among other symptoms. Chinese medicine has 
clinical efficacy in the prevention and treatment of T2DM (Bai et al., 
2019). Shenzhu Tiaopi granule (STG) tonifies qi and nourishes yin. 
Clinical studies have shown that STG can lower blood glucose levels, 
alleviate dry mouth, thirst, and fatigue, and reduce the frequency of 
urination (Fang et al., 2014; Zhang et al., 2023). These changes are 
associated with improved hepatic insulin resistance (Yin et al., 2021). 
However, whether STG affects the gut flora or metabolites is unclear. 
The present study was conducted using GK rats with T2DM to 
further explore the effects of STG in regulating blood glucose levels 
by affecting the intestinal flora and metabolites and to explore the 
possible mechanisms of action to provide an effective prescription for 
alleviating hyperglycaemia in individuals with T2DM and to facilitate 
scientific research on the prevention and treatment of T2DM by 
traditional Chinese medicine.

Materials and methods

Animals and experimental design

Fifteen-to sixteen-week-old male GK rats were obtained from 
Changzhou Cavens Model Animal Co., Ltd. (Changzhou, China; 
certificate no. 202145537). Male Wistar rats of the same age were 
obtained from Sipeifu (Beijing) Biotechnology Co., Ltd. (Beijing, 
China; certificate no. 110324210106676238). The rats were 
acclimated in a specific pathogen-free laboratory. The rats were 
provided standard chow and water ad libitum. The temperature was 
maintained at 22 ± 2°C with 50–70% humidity on a 12/12 h light/
dark cycle.

After acclimation for 1 week, 32 GK rats with high fasting blood 
glucose (FBG) levels (≥ 11.1 mmol/L) were randomly divided into 
three groups (n = 8). The T2DM model group (Mod) received distilled 
water intragastrically. Metformin (Met) obtained from Sino-American 
Shanghai Squibb Pharmaceuticals Ltd. (Shanghai, China) was 
administered by oral gavage at 100 mg/kg/d to the Met group. The STG 
group was orally gavaged with 21 g/kg/d STG. Wistar rats in the control 
(Con) group received distilled water via oral gavage. The course of 
treatment was 12 weeks.

Weight and blood glucose measurements

Weight and FBG levels were measured once every 2 weeks. FBG 
levels were measured as follows: after 12 h of fasting, blood was collected 
from the tail vein of the rats, and FBG levels were measured using a 
Roche ACCU-CHEK Performa glucometer (Basel, Switzerland).

After 12 h of fasting, each rat was administered 2.0 g/kg of 50% 
dextrose by gavage, and blood glucose levels were measured using a 
blood glucose meter after blood was collected from the tail tip for oral 
glucose tolerance test (OGTT) measurements before and 15, 30, 60, 
90, and 120 min after gavage.

The area under the glucose curve (GAUC) was calculated as 0.5 × 
(FPG + glucose for 30 min) × 30 + 0.5 × (glucose for 30 min + glucose 
for 60 min) × 30 + 0.5 × (glucose for 60 min + glucose for 120 min) × 
60 (Gu et al., 2019). The GAUC is reported in min-mmol/L.

Sample collection and biochemical analysis

The rats were weighed and anaesthetized deeply via an intraperitoneal 
injection of 30 mg/kg pentobarbital sodium (Merck, United States). Blood 
samples were collected in non-heparinized tubes and centrifuged at 
4,000 rpm for 10 min at 4°C. The contents were removed by separating 
and dissecting the ileum. The serum and ileum contents were stored in 
Eppendorf tubes at −80°C. The fasting insulin (FIns, American 
Laboratory Products Company, New Hampshire, United  States), 
interleukin-1β (IL-1β, Abbkine Scientific Co., Ltd., WuHan, China), and 
lipopolysaccharide (LPS, MyBiosource, Inc., Santiago, United  States) 
concentrations were analyzed using enzyme-linked immunosorbent assay 
kits according to the manufacturers’ instructions.

The homeostasis model assessment–insulin resistance (HOMA-
IR) score was calculated as the FIns level (miu/L) × FBG level 
(mmol/L)÷22.5 (Hu et al., 2022).

Histology

The ileum was washed with phosphate-buffered saline, fixed in a tube 
containing a 4% paraformaldehyde solution for 24 h, embedded in 
paraffin wax, sliced into 4 μm sections, and stained with hematoxylin and 
eosin. Intestinal zonula occludens 1 (ZO-1) protein levels were observed 
through immunofluorescence staining to evaluate the defense barrier 
function of the intestinal mucosa. Images were captured using a Nikon 
Eclipse Ci-L microscope (Tokyo, Japan; 200× magnification).

16S sequencing of the gut microbiome and 
metabolomic profiling

Total ileal bacterial DNA was extracted using a MagPure Stool 
DNA KF kit B (Guangzhou Magen Biotechnology Co., Ltd., 
Guangzhou, China) according to the manufacturer’s instructions. 
Approximately 30 ng of DNA was used to generate amplicons with 
an Agencourt AMPure XP kit (Beckman Coulter, California). 
After PCR amplification of the full-length 16S rDNA, the qualified 
library was sequenced on the HiSeq 2,500 platform, which targets 
the V4 region (California, America) (Zhang et al., 2020). The raw 
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data were filtered to generate high-quality clean reads. Tags were 
generated using Fast Length Adjustment of Short Reads (v1.2.11). 
Clustering was performed according to 97% sequence similarity 
to determine the abundance of operational taxonomic units 
(OTUs) in the gut microbiota via USEARCH (v7.0.1090) (Zhu 
et al., 2020).

After the ileal samples were crushed, an HM400 standard curve 
was generated, and the samples were subjected to derivatization, 
dilution and other steps prior to analysis. The resulting supernatant 
was subjected to liquid chromatography–mass spectrometry on a 
QTRAP 6500 + SCIEX instrument (Massachusetts, America) (Peng 
et  al., 2023). The chromatographic column used was a BEH C18 
column (2.1 mm × 10 cm, 1.7 μm, Waters, Massachusetts, America). 
The ion source was an electrospray ionization (ESI)+/ESI-system. The 
parameters for the integration of each multiple-reaction monitoring 
transition and manual inspection were determined with HMQuant 
software (BGI Shenzhen, Guangdong, China) (Li et al., 2023). The 
concentration was calculated according to the integrated peak area of 
the target index (Bai et al., 2023).

Statistics and analysis

The data were analyzed using one-way analysis of variance followed 
by the least significant difference test or Dunnett’s T3 test. Partial least 
squares discriminant analysis (PLS-DA) and principal component 
analysis (PCA) were used to display classification changes with R 
software (v3.1.1), mixOmics, and the ade4 package. A Venn diagram and 
heatmap were constructed with the R software (v3.1.1) Venn diagram 
and gplots packages. The Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathways were predicted using PICRUSt2 v2.2.0-b and R 
(v3.4.10). ImageGP was used for the intergroup pathway analysis. 
Significantly enriched metabolite pathways were identified using the 

MetaboAnalyst platform.1 An analysis of functional differences was 
performed using the Wilcoxon test. The data were analyzed using the 
Microbial Amplification Subsystem2 and the Gene Denovo Cloud 
Platform.3 SPSS 23.0 (New York, United States) and GraphPad Prism 5.0 
(San Diego, United States) were used for analyses. An analysis of the 
receiver operating characteristic (ROC) curves of metabolites is a 
common method for screening potential biomarkers. The area under the 
curve (AUC) was calculated using R software (version 4.2.1). When a 
single factor was used, the pROC package was used to perform the ROC 
curve analysis, and the results were visualized via ggplot2. Before 
conducting the joint factor analysis, the data were cleaned, and a 
multifactor logistic regression model was constructed using a generalized 
linear model. The model continued the analysis with the same process as 
before. p < 0.05 were considered to indicate statistical significance.

Results

Effects of STG on weight and blood 
glucose-related indicators

Compared with the Con group, the Mod group presented 
significant reductions in weight at weeks 5, 7, 9, 11, and 13 (p < 0.05 or 
p < 0.01). Compared with those in the Mod group, the weight changes 
in the Met and STG groups were not significantly different (p > 0.05). 
Compared with that in the Met group, the weight change in the STG 
group was non-significant (p > 0.05), as shown in Figure 1A.

1  https://www.metaboanalyst.ca/

2  https://meta.bgi.com/microbe/login

3  https://www.omicshare.com/

FIGURE 1

Effects of STG on weight and glucose metabolism-related indicators in rats. (A) Comparison of weight. (B) Comparison of FBG levels. (C) Comparison 
of blood glucose levels obtained with the OGTT. (D) Comparison of the GAUC obtained with the OGTT. (E) Comparison of FIns levels. (F) Comparison 
of HOMA-IR. The data are presented as the means ± standard deviations; n  =  8 rats in the four groups. a  =  Mod group vs. Con group, p  <  0.05; b  =  Mod 
group vs. Con group, p  <  0.01; d  =  Met or STG group vs. Mod group, p  <  0.01; Con, control; Mod, T2DM model; Met, metformin; STG, Shenzhu Tiaopi 
granule; T2DM, type 2 diabetes mellitus; Wt, weight; FBG, fasting blood glucose; GAUC, area under the glucose curve; FIns, fasting insulin; HOMA-IR, 
homeostasis model assessment–insulin resistance. 1, Acclimation for 1  week; 3, the second week after the drug intervention; 5, the fourth week after 
the drug intervention; 7, the sixth week after the drug intervention; 9, the eighth week after the drug intervention; 11, the tenth week after the drug 
intervention; and 13: the twelfth week after the drug intervention. **p  <  0.01.
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FIGURE 2

Effects of STG on inflammatory indicators and intestinal pathological morphology in rats. (A) Comparison of LPS levels. (B) Comparison of IL-1β levels. 
(C) Comparison of HE staining of the ileum. (D) Comparison of Zo-1 immunohistochemical staining in the ileum. (E) Comparison of the ileal Zo-1 IOD. 
The data are presented as the means ± standard deviations; n  =  8 rats in the four groups. Con, control; Mod, T2DM model; Met, metformin; STG, 
Shenzhu Tiaopi granule; T2DM, type 2 diabetes mellitus; LPS, lipopolysaccharide; IL-1β, interleukin-1β; IOD, integrated optical density. Pathology 
images are shown separately 200 and 400  ×  magnification in (C and D); scale bar, 100  μm and 20  μm in (C and D). *p  <  0.05 and **p  <  0.01.

Compared with the Con group, the Mod group presented a significant 
increase in FBG levels at weeks 1, 3, 5, 7, 9, 11, and 13 (p < 0.01). Compared 
with those in the Mod group, the FBG levels in the Met and STG groups 
decreased significantly (p < 0.01). Compared with that in the Met group, 
the FBG level in the STG group did not change significantly (p > 0.05) 
(Figure 1B). Compared with that in the Con group, the GAUC in the Mod 
group was significantly greater (p < 0.01). Compared with that of the Mod 
group, the GAUC of the Met and STG groups decreased significantly 
(p < 0.01). Compared with that in the Met group, the GAUC of the STG 
group did not change significantly (p > 0.05) (Figures 1C,D).

No significant difference in the FIns level was observed between 
the Mod group and the Con group (p > 0.05). Compared with that in 
the Mod group, no significant changes in the FIns levels were observed 
in the Met and STG groups (p > 0.05). Compared with the Con group, 
the Mod group presented a significant increase in HOMA-IR 
(p < 0.01). Compared with the Mod group, the HOMA-IR index was 
significantly lower in the Met and STG groups (p < 0.01). Compared 
with those in the Met group, FIns levels and the HOMA-IR in the STG 
group did not change significantly (p > 0.05) (Figures 1E,F).

Effects of STG on inflammatory indicators and 
the pathological morphology of the intestine

Compared with those in the Con group, the LPS and IL-1β levels 
in the Mod group were significantly higher (p < 0.01). Compared 

with those in the Mod group, the LPS and IL-1β levels were 
significantly lower in the Met and STG groups (p < 0.05 or p < 0.01) 
(Figures 2A,B).

Compared with the Con group, a decrease in the length of the 
intestinal villi, an increase in the degree of necrotic shedding of 
epithelial cells, solidification of the cell nuclei, a smaller volume of 
intestinal crypts, unclear demarcation, and a small number of 
cup-shaped cells were observed in the ileum of the Mod group. 
Compared with the Mod group, the length of the intestinal villi, extent 
of necrotic shedding of epithelial cells, volume of intestinal crypts, and 
number of cup-shaped cells were greater in the Met and STG groups 
(Figure 2C). In addition, the expression of Zo-1 tended to decrease in 
the Mod group compared with the Con group, whereas Zo-1 protein 
expression increased in the Met and STG groups (Figure 2D).

Effects of STG on the gut microbiota 
community

A total of 148,472 clean reads were obtained, providing a total of 
1,136 OTUs. Notably, 9 unique OTUs were identified in the STG group, 
13 unique OTUs in the Met group, 20 unique OTUs in the Mod group 
and 18 unique OTUs in the Con group (Figure 3A). PLS-DA indicated 
that the clustering of the gut microbiota differed among the four groups. 
The gut microbiota structure of the mice in the STG treatment group 
clearly shifted to that of the Con group (Figure 3B). The community 
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richness estimated by the Sobs and ACE indices was significantly lower 
in the Mod group than in the Con group (p < 0.01). Compared with those 
in the Mod group, the Sobs and ACE indices were significantly higher in 
the Met and STG groups (p < 0.05 or p < 0.01). Although no differences in 
the Shannon index were observed between the Mod and Con groups, the 
Shannon index was significantly higher in the Met and STG groups than 
in the Mod group (p < 0.05 or p < 0.01) (Figure 3C).

The intestinal bacterial composition of each sample at the phylum 
and family levels is listed in Figures 3D,E. The main components were 
not significantly different among the four groups (p > 0.05). The 
composition of each sample at the genus level is listed in Figure 3F.

Compared with those in the Con group, the Monoglobus and 
Intestinimonas abundances in the Mod group were significantly lower 
(p < 0.01). Compared with those in the Mod group, the abundances of 
these bacteria were significantly greater in the Met group (p < 0.01). In 
the STG groups, the abundance of Intestinimonas increased (p < 0.05). 
Compared with the Con group, the Mod group presented a significant 
increase in the abundance of Eubacterium coprostanoligenes (p < 0.05). 
Compared with that in the Mod group, the abundance of Eubacterium 
coprostanoligenes was significantly lower in the Met and STG groups 
(p < 0.05) (Figure 3G).

Correlation analysis of the gut microflora 
with baseline data

At the genus level, the clustering heatmap revealed that the Met group 
was closest to the Con group, followed by the STG group and finally the 
Mod group (Figure  4A). FBG, HOMA-IR, and IL-1β levels were 
significantly negatively correlated with Intestinimonas abundance (p < 
0.01). Moreover, the LPS level was significantly positively correlated with 
Collinsella abundance (p < 0.01), as shown in Figure 4B. A cladogram 
showing the relationships among taxa at the phylum, class, order, family, 
and genus levels was generated using Linear discriminant analysis (LDA) 
effect size analysis. Dermabacteraceae, Carnobacteriaceae, Gemellaceae, 
Staphylococcaceae and Beijerinckiaceae had significant effects on the Mod 
group. Muribaculaceae, Clostridiaceae, Clostridiales, Lachnospiraceae, 
Lachnospirales, Monoglobaceae and Monoglobales had significant effects 
on the Met group. Peptococcaceae, Peptococcales, Anaerovoracaceae, 
Fusobacteriaceae, Fusobacteriales, Fusobacteria, Enterobacteriaceae and 
Enterobacterales had significant effects on the STG group (Figure 4C). The 
components of the gut microbiota with an LDA score > 4 were defined as 
unique. At the genus level, Actinobacteriota and Lachnoclostridium were 
significantly enriched in the Mod group (p < 0.01). 

FIGURE 3

Comparison of the gut microbiota structure. (A) Comparison of the OTUs. (B) Comparison of the gut microbiota structure using PLS-DA. 
(C) Comparison of alpha diversity. (D) Composition at the phylum level. (E) Composition at the family level. (F) Composition at the genus level. 
(G) Comparison of the relative abundance at the genus level. The data are presented as the means ± standard deviations; n  =  8 rats in the four groups. 
OTUs, operational taxonomic units; PLS-DA, partial least squares discriminant analysis. Con, control; Mod, T2DM model; Met, metformin; STG, 
Shenzhu Tiaopi granule; T2DM, type 2 diabetes mellitus. *p  <  0.05 and **p  <  0.01.
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FIGURE 4

Relationships between the gut microbiota at the genus level and baseline data. (A) Clustering heatmap of the relative abundance at the genus level. 
(B) Correlation heatmap of the gut microbiota at the genus level with the baseline data. (C) The biomarker of gut microbiota via LDA effect size cluster 
tree. (D) The biomarker of gut microbiota via LDA figure. N  =  8 rats in the four groups. Con, control; Mod, T2DM model; Met, metformin; STG, Shenzhu 
Tiaopi granule; T2DM, type 2 diabetes mellitus; FBG, fasting blood glucose; HOMA-IR, homeostasis model assessment–insulin resistance; IL-1β, 
interleukin-1β; LPS, lipopolysaccharide; LDA, linear discriminant analysis. *p  <  0.05 and **p  <  0.01.

Lachnospiraceae_NK4A136, Lachnospiraceae, Lachnospirales, 
Muribaculaceae, and Muribaculaceae were significantly enriched in the 
Met group (p < 0.05 or p < 0.01). Enterobacteriaceae, Escherichia_Shigella 
and Enterobacterales were significantly enriched in the STG group (p < 
0.01), as shown in Figure 4D.

The functional annotation of the gut 
microflora

KEGG pathway enrichment analysis was performed to obtain 90 
pathways at the third level with an abundance ≥0.0025. Moreover, 
carbohydrate metabolism-related pathways included amino sugar 
and nucleotide sugar metabolism, starch and sucrose metabolism, 
glycolysis/gluconeogenesis, pyruvate metabolism, galactose 
metabolism, the pentose phosphate pathway, fructose and mannose 
metabolism, glyoxylate and dicarboxylate metabolism, biotin 
metabolism, butanoate metabolism, pentose and glucuronate 
interconversions, the citrate cycle (TCA cycle), propanoate 
metabolism, and ascorbate and aldarate metabolism (Figure 5A). An 
analysis of different functions was conducted using the Met and STG 
groups, and pathways with significant differences in abundance ≥0.8 
were identified, including secondary bile acid (BA) biosynthesis, 
riboflavin metabolism, the pentose phosphate pathway, galactose 
metabolism, the TCA cycle, and biotin metabolism (Figure 5B).

Analysis of metabolites in the ileal contents 
and their functions

A total of 403 metabolites were identified in HW400. In this 
study, 289 metabolites were detected, including 4 pyridines, 7 
phenylpropanoids, 3 mixed peptides, 2 organic oxides, 33 organic 
acids, 7 indoles, 1 imidazole, 55 fatty acids, 9 carnitines, 12 
carbohydrates, 33 benzene ring-type compounds, 63 amino acids, 59 
BAs, and 1 nucleotide. A comparison of the above metabolites 
revealed that the overall categorization of the Mod group and the Con 
group was significant. The Met and STG groups were significantly 
different from the Mod group. The overall categorization of the Met 
group with the STG group significantly differed from that of the Mod 
group, as shown in Figure 6A.

The first 20 metabolites with significant differences were screened 
and included 3 organic acids, 2 fatty acids, 2 carbohydrates, 2 benzene 
ring-type compounds, 1 amino acid, and 10 BAs (p < 0.05 or p < 0.01), as 
shown in Figure 6B. The top 20 differentially abundant metabolites were 
enriched mainly in phenylalanine and tyrosine metabolism, starch and 
sucrose metabolism, and BA biosynthesis, as shown in Figure 6C. The 
KEGG metabolic pathway enrichment analysis revealed that, compared 
with the Mod group, the STG group was enriched mainly in primary BA 
biosynthesis, cholesterol metabolism, nicotinate and nicotinamide 
metabolism, the cAMP signaling pathway, and tryptophan metabolism, 
among others, as shown in Figure 6D.
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Correlation analysis of ileal metabolite levels 
with baseline data and the gut microbiota

The correlation heatmap revealed that FBG, HOMA-IR and IL-1β 
levels were significantly positively correlated with 2-deoxyglucose, 
D-Maltose_and_Alpha-Lactose, dioxolithocholic acid, cholic acid 
methyl ester, creatine, levulinic acid, alpha-muricholic acid, beta-
muricholic acid and glyco-lambda-muricholic acid levels (p < 0.01). 
The LPS level was significantly positively correlated with the glyco-
lambda-muricholic acid level (p < 0.01), as shown in Figure 7A.

The correlation heatmap showed that creatine and levulinic acid 
levels were significantly positively correlated with Corynebacterium 
abundance (p < 0.01). 23-Norcholic acid diacetate, glyco-lambda-
muricholic acid, and creatine levels were significantly positively 
correlated with Lachnoclostridium abundance (p < 0.01). 23-Norcholic 
acid diacetate, glyco-lambda-muricholic acid, alpha-muricholic acid, 
beta-muricholic acid, dioxolithocholic acid and creatine levels were 
significantly positively correlated with Lachnoclostridium abundance 

(p < 0.01). Glyco-lambda-muricholic acid, cholic acid methyl ester, 
alpha-muricholic acid, beta-muricholic acid and dioxolithocholic acid 
levels were significantly negatively correlated with Intestinimonas 
abundance (p < 0.01). Moreover, the correlation coefficient between 
glyco-lambda-muricholic acid and Intestinimonas was-0.68, which 
was the most relevant correlation, as shown in Figure 7B.

Potential biomarkers in the ileal contents

We screened the top three components of the gut microbiota and 
metabolites that were most strongly correlated with FBG and FIns 
levels: Intestinimonas, Candidatus_Saccharimonas, Eubacterium 
coprostanoligenes, 2-deoxyglucose, D-Maltose_and_Alpha-Lactose 
and glyco-lambda-muricholic acid. The maximum AUC of 
Intestinimonas in the gut microbiota was 0.864. The maximum AUC 
of D-Maltose_and_Alpha-Lactose was 0.859 for the gut metabolites 
(Figure 8A). Based on the joint diagnostic analysis of the two highest 

FIGURE 5

Functional annotation of the gut microbiota. (A) KEGG pathway functional annotations at the third level. (B) Analysis of differences in KEGG pathway 
functional annotations at the third level. N  =  8 rats in the four groups. Con, control; Mod, T2DM model; Met, metformin; STG, Shenzhu Tiaopi granule; 
T2DM, type 2 diabetes mellitus.
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FIGURE 6

Differentially abundant metabolites in the ileal contents and their functions. (A) Comparison of the overall classification effect of metabolites in the 
ileum contents. (B) Comparison of differentially abundant metabolites in the ileal contents. (C) Metabolic enrichment analysis of differentially abundant 
metabolites in the ileal contents. (D) KEGG metabolic pathway enrichment analysis of differentially abundant metabolites in the ileal contents. N  =  8 
rats in the four groups. Con, control; Mod, T2DM model; Met, metformin; STG, Shenzhu Tiaopi granule; T2DM, type 2 diabetes mellitus. *p  <  0.05 and 
**p  <  0.01.

AUCs, we found that the AUCs of D-Maltose_and_Alpha-Lactose and 
Intestinimonas further increased, with a value of 0.927. These factors 
may be potential biomarkers for the effect of STG on ameliorating 
T2DM (Figure 8B).

Discussion

In individuals with T2DM, the body is in a long-term 
hyperglycemic state, which aggravates impaired glucose uptake and 
utilization, exacerbates lipolysis, and is prone to negative protein 
metabolism equilibrium, as observed in rats in the Mod group, 
resulting in a significant reduction in weight. This result may be related 
to the fact that the aging stage of Wistar rats is 24 to 30 months, 
whereas 30-month-old Wistar rats are in a stage of weight gain. No 
statistically significant difference in the improvement in weight 
reduction was observed between the Met and STG groups in the 

present study. Studies by Wachal et al. (2020) revealed that Met also 
did not significantly ameliorate the reduction in weight in GK rats. 
This finding may be related to the fact that Met can reduce fat synthesis 
in the body and cause adverse reactions in the digestive tract (Haddad 
et al., 2023; Naseri et al., 2023). Huanglian, the main component of 
STG, can inhibit fatty acid biosynthesis and adipocyte differentiation 
and reduce visceral fat or upregulate the expression and secretion of 
growth differentiation factor-15 mRNA in brown fat, which can 
reduce weight (Urasaki and Le, 2022; Li et al., 2023).

The blood glucose levels of GK T2DM rats in the Mod group were 
higher than those in the Con group, whereas the blood glucose levels 
were lower in the STG group. This finding is consistent with our team’s 
previous finding that STG can reduce blood glucose levels (Yang et al., 
2023). In GK T2DM rats, a significant difference in FIns levels was not 
observed among the Con, Mod, Met, and STG groups. Moreover, the 
HOMA-IR in the Mod group was significantly higher than that in the 
Con group, indicating the occurrence of insulin resistance in GK rats. 
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This result is consistent with the findings reported by Li et al. (2023) 
and Skoug et al. (2024). However, in the Met and STG groups, the 
improvement in the HOMA-IR was significantly reduced.

In the Mod group, the ileum showed a reduction in the length of the 
intestinal villi, a decrease in the volume of the intestinal crypts, and an 
increase in the shedding of intestinal epithelial cells, resulting in varying 
degrees of damage to the integrity of the intestinal epithelium and the 
intestinal barrier. This phenomenon is basically consistent with the 
findings of Pereira et al. (2021) and Esteves-Monteiro et al. (2022). Both 
Met and STG improved the intestinal epithelium and the intestinal 
barrier. A leaky intestine has attracted attention in individuals with T2DM 
(Sato et al., 2017). In T2DM patients, intestinal permeability is reduced 

(Sato et al., 2017). The increased blood levels of LPS may be related to an 
increase in intestinal permeability. LPS activates Toll-like receptor 4, 
resulting in chronic low-grade inflammation mediated by cytokines such 
as interferon-γ, tumor necrosis factor-α and IL-1β (Chen et al., 2021). 
Furthermore, this inflammation promotes the occurrence of T2DM 
(Beutler, 2004). ZO-1 is an intestinal tight junction protein that reflects 
intestinal permeability. Decreased ZO-1 levels indicate some damage to 
the intestinal barrier (González-Mariscal et  al., 2011). Our research 
revealed the malfunction caused by increasing the amount of LPS in the 
blood. Moreover, the body may develop an inflammatory response. 
Elevated levels of IL-1β were also observed in this study. In vivo, a 
significant increase in ZO-1 expression was observed in the Met group 

FIGURE 7

Relationships between ileal metabolite and baseline data or gut microbiota. (A) Correlation heatmap of the ileal metabolite contents with the baseline 
data. (B) Correlation heatmap of the ileal metabolite contents with the gut microbiota. N  =  8 rats in the four groups. FBG, fasting blood glucose; 
HOMA-IR, homeostasis model assessment-insulin resistance; IL-1β, interleukin-1β; LPS, lipopolysaccharide. *p  <  0.05; **p  <  0.01; and ***p  <  0.001.
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(Rindone et al., 2024). Moreover, we found that Met could decrease the 
levels of IL-1β and LPS (Balakumar et  al., 2018; Deng et  al., 2018). 
Moreover, STG can improve the levels of ZO-1, IL-1β, and LPS to 
alleviate T2DM.

The abundance of Intestinimonas decreased in the Mod group; 
however, improvements were observed after the Met and STG 
interventions. Our research revealed that Intestinimonas is a potential 
biomarker for diagnosing diabetes. The results of another study also 
showed that verbascoside induced an enrichment of Intestinimonas to 
alleviate glucose metabolism disorders (Ran et  al., 2023). The 
development of Alzheimer’s disease and T2DM are associated with 
insulin resistance. The Monoglobus abundance decreased in the Mod 
group; however, improvements were observed after Met and STG 
interventions. Monoglobus are short-chain fatty acid-producing bacteria 
(Verhaar et al., 2022), and the maintenance of the gut and T2DM are 
related to short-chain fatty acids (Blaak et  al., 2020). Eubacterium 
coprostanoligenes is closely related to T2DM (Tsai et al., 2022; Yin et al., 
2022). In this study, this relationship was positively correlated with FBG 
levels. STG decreased the relative abundance of Eubacterium 
coprostanoligenes. In our study, Candidatus_Saccharimonas was 
positively correlated with FBG. Candidatus_Saccharimonas is an 
opportunistic pathogen. In individuals with diabetes, its abundance is 
elevated (Ye et al., 2024). This result is consistent with our research 
findings. The abundance of Enterobacteriaceae is higher in T2DM 
patients (Feng et al., 2022). Enterobacterales is negatively associated with 
T2DM (Hernández-Montoliu et al., 2023). However, STG can effectively 
regulate the abundances of Enterobacteriaceae and Enterobacterales to 
alleviate T2DM.

The abundance of Muribaculaceae is abnormal in the T2DM 
model, and Muribaculaceae can migrate to the pancreas, where it 
causes inflammation and beta cell damage (Yang et al., 2023; Song 
et  al., 2024). The abundance of Lachnospirales had a significant 
negative correlation with T2DM. In this study, Met improved the 
abundances of Muribaculaceae and Lachnospirales. This result is 
different from the impact of STG on the gut microbiota. Based on the 
predicted function of the gut microbiota, STG may improve glucose 
levels by affecting metabolic pathways. The pentose phosphate 
pathway plays an important role in T2DM by regulating the effects of 
glucose 6-phosphate on glycolysis and gluconeogenesis (Ge et al., 
2020). Increased levels of TCA cycle metabolites are a risk factor for 
T2DM (Guasch-Ferré et al., 2020).

Based on the metabolites detected in the ileal contents, 
differences were observed in organic acids, benzene ring-type 
compounds, and BAs. Organic acids have a blood glucose-lowering 
effect (Jamrozik et al., 2022). Alpha-ketoisovaleric acid is related to 
T2DM (Fujiwara et al., 2021). We found that the alpha-ketoisovaleric 
acid content was increased in the Mod group. Both Met and STG 
improved this change. The ethylmalonic acid content was increased 
in the Mod group, but another study demonstrated that the 
ethylmalonic acid level was negatively associated with the HOMA-IR 
(Liu et al., 2020). The levulinic acid content was higher in the Mod 
group than in the Con group, and a positive correlation was observed 
between the levulinic acid content and both FBG levels and the 
HOMA-IR. Both the Met and STG groups exhibited an improved 
levulinic acid concentration. In addition, the levulinic acid content 
was positively correlated with Corynebacterium. An increase in 
Corynebacterium abundance can lead to an increased risk of diabetic 
eye disease and diabetic foot infections (Hartemann-Heurtier and 

Senneville, 2008; Aoki et  al., 2021). 2-Deoxyglucose is a 
carbohydrate, and its content was positively correlated with FBG 
levels and the HOMA-IR. The AUC of the potential biomarkers for 
T2DM was 0.855. This result may be  related to decreased 
2-deoxyglucose uptake into the intestine (Kobayashi, 2018). This 
compound inhibits the glycolytic pathway and accelerates 
gluconeogenesis, leading to an increase in blood glucose levels 
(Thomas and Lowy, 1992). In a diabetic mouse model, 
2-deoxyglucose was shown to affect glycine and serine metabolism 
(Zhang et al., 2022). This phenomenon was also observed in our 
study. The glycine level is associated with a decreased risk of incident 
T2DM (Adeva-Andany et al., 2018). Low systemic serine levels are 
also emerging as a hallmark of diabetes-related peripheral nerve 
disorders (Handzlik et al., 2023). In addition, D-maltose and alpha-
lactose, which are carbon sources, also have effects on blood glucose 
levels, similar to 2-deoxyglucose (Wang et al., 2023). Moreover, they 
can be used for the auxiliary diagnosis of T2DM, and their AUC is 
0.859. D-Maltose_and_Alpha-Lactose and Intestinimonas can 
be considered potential candidate biomarkers for T2DM. Glyco-
lambda-muricholic acid is a BA and its levels are reportedly 
increased in chronic kidney disease patients (Wu et al., 2020). In our 
research, we found that the content of glyco-Lambda-muricholic 
acid increased in T2DM patients. The cAMP signaling pathway, 
which regulates glucose homeostasis, has recently been recognized 
to regulate insulin secretion, glycogen synthesis, gluconeogenesis, 
etc. (Yang and Yang, 2016). Compared with the Mod group, STG 
may target the cAMP signaling pathway for the treatment of 
T2DM. Tryptophan metabolism is strongly related to the onset and 
progression of T2DM (Sudar-Milovanovic et al., 2022). The serum 
tryptophan concentration was lower in the T2DM group than in the 
control group, which was part of the effect of the STG intervention.

BAs are essential physiological agents involved in nutrient 
absorption, partitioning, metabolism and excretion (Fogelson et al., 
2023; Hou et  al., 2023). Primary BAs are among the metabolic 
products of cholesterol breakdown in the liver. Secondary BAs are 
released from the gallbladder into the intestines, where they are 
catalyzed and converted by a series of enzymes (Ridlon et al., 2006). 
Moreover, BAs are also important components maintaining the 
function of the intestinal mucosa and have regulatory effects on the 
intestinal mucosal barrier and metabolite function (Zhang et al., 
2021; Shi et al., 2023). Previous studies have shown higher total BAs 
concentrations in patients with T2DM than in healthy individuals, 
and BA metabolism is closely related to glucose metabolism 
(Haeusler et al., 2013; Sun et al., 2020). The main BAs associated 
with BA biosynthesis are beta-muricholic acid, alpha-muricholic 
acid, glycochenodeoxycholic acid, ursocholic acid, 
glycohyodeoxycholic acid and dioxolithocholic acid. Wang et al. 
(2022) reported that differentially abundant metabolites in the 
faeces of T2DM model rats could also be  enriched for BA 
biosynthesis, and beta-muricholic acid was one of the metabolites. 
In our research, beta-muricholic acid was considered a potential 
biomarker for diabetes, and it is closely linked to FBG levels and the 
HOMA-IR. Elevated glycochenodeoxycholic acid levels may be a 
risk factor for hepatic steatosis and hepatic fibrosis in T2DM 
patients (Forlano et al., 2024). Cholic acid methyl ester has potential 
beneficial effects on T2DM (Mikov et  al., 2006). Since GK rats 
mainly exhibit different degrees of steatosis, these findings are 
consistent with the results of the present study. Moreover, STG can 
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decrease the levels of the BAs described above and remodel the 
metabolism of BAs in the ileal contents to some extent.

Current research shown that an imbalance of intestinal 
microorganisms and metabolites is a characteristic of T2DM. STG can 
play a role in reducing blood glucose levels, and underlying mechanism 
could be related to alleviating this imbalance. A new application of a 
traditional Chinese medicine for regulating blood glucose levels via 
effects on the gut microbiota and metabolites has been developed.
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