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Editorial on the Research Topic
Interactions Between Bioactive Food Ingredients and Intestinal Microbiota

With the rapid advancement in the various “omics” technologies, a wide range of strategies (e.g.,
the application of dietary nutrients) have been extensively explored worldwide to improve the
human health (Hasin et al., 2017; Nayak et al.,, 2021; Si et al., 2021). Numerous studies have
shown that the microorganisms that colonize the gastrointestinal tract play important roles in
not only the digestion and absorption of dietary nutrients, but also the regulation of various
biological activities in hosts, e.g., metabolism, immunity, and intestinal barrier function (Wang
et al, 2019: Han et al,, 2021; Singh et al., 2021). Furthermore, multiple lines of evidence have
suggested that food containing nutrients and polyphenols plays critical roles in determining the
composition and function of the gut microbiota, ultimately directly or indirectly mediating the
host’s physiological activities (Ray and Mukherjee, 2021). To date, the molecular mechanisms
regulating the interactions among the food nutrients/prebiotics, gut microbiota, and host health
remain largely unclear.

It is commonly believed that the dietary approaches are effective to improve human health by
the precision microbiome modulation (Deehan et al., 2020). Therefore, clear understanding of
the molecular mechanisms that regulate the gut microbiota and its metabolic activities by dietary
nutrients is beneficial in developing the dietary strategies. Delighted by these exciting achievements
in the studies of the interactions among food nutrients, gut microbiota, and human health, we
strongly believe it is necessary and important to further strengthen the current contributions from
scholars worldwide particularly in the areas of the interactions between food nutrient and gut
microbiota and the roles played by these interactions in the development of dysbiosis and low-
grade inflammation during the intestinal barrier dysfunction and metabolic disorders in hosts. We
here summarize the main results of the 21 out of a total of 27 submissions contributed by over
170 contributors accepted for publication in our Research Topic entitled “Interactions between
Bioactive Food Ingredients and Intestinal Microbiota” in the journal Frontiers in Microbiology.

Briefly, these following topics are widely explored by the studies in this Research Topic:
modulation of gut microbiome composition and function by food nutrients in metabolic disorders
or inflammation-related intestinal diseases, the possible mechanisms for the microbial metabolites
derived from dietary in mediating the physiological activities in hosts, the microbe-microbe
interactions with the nutritional intervention, including the microbial communication and
signaling, interactions among diet, gut microbiota, and gut health/host metabolism, development
of nutritional strategies to precisely modulate gut microbiome and gut health. Most of the
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contributions collected in this Research Topic are performed
based mainly on animal models, ie., nine articles on pigs,
nine on mice or rats, one on chicken, and one on bacteria,
using various well-established “omics” analyses, as well as one
review article. We here summarize the main results derived from
these contributions.

First, in the nine contributions based on pigs, various
substances have been supplemented in diet to significantly
increase the growth performance and immunity and alter the
composition of the gut microbiota. For example, Li et al. have
shown strong evidence to suggest that as an indispensable
essential micronutrient for humans and other animals, the
organic selenium (i.e., 2-hydroxy-4-methylselenobutanoic acid)
is capable of significantly increasing the antioxidant capacity
and immune function and changing the intestinal microbiota
in gilts, while the expression patterns of various genes
related to selenoproteins and various cytokines are significantly
regulated. This study demonstrates the potential applications
of organic selenium in gilt and pig productions. Similarly,
Diao et al. have shown the strong effects of dietary zinc on
the growth performance and gut health in weaned piglets,
as suggested by various growth performance factors and
significantly regulated expressions of digestion and absorption
related genes. Furthermore, several types of plant products
are revealed to show the enhancing effects on the growth
performance in piglets. For example, Li et al. have used the
mixture of five fermented traditional Chinese medicinal herbs,
including Codonopsis pilosula (Dangshen), Radix astragalus
(Huanggqi), R. isatidis (Banlangen), R. paeoniae alba (Baishao),
and Atractylodes macrocephala (Baizhu), to significantly increase
the growth performance and change the intestinal microbiota
in piglets, while the mixture is also capable of increasing the
total antioxidant capacity and decreasing the damage caused
by H,O; to the tight junction proteins of the porcine small
intestinal epithelial cell line. Similarly, Li et al. have revealed
the strong effects of the dietary fermented mao-tai lees (i.e.,
a by-product of Maotai liquor) on the growth performance,
plasma metabolites, including various types of amino acids, and
intestinal microbiota and metabolites of weaned piglets. It is
interestingly noted that the amino acid metabolism is enhanced
by the mao-tai lees without affecting the growth performance in
the weaned piglets. Furthermore, Luo et al. and Gu et al. have
shown that another two types of fermented plant products, i.e.,
alfalfa meal and cottonseed meal, have significantly improved the
growth performance, intestinal health and immunity in weaned
pigs. For example, the expressions of genes involved in immunity
and intestinal barrier are significantly increased in piglets fed
with alfalfa meal. These studies have provided the solid evidence
to support the partial use of fermented plant products as the
dietary component to ultimately reduce the consumption of
grain. Moreover, Luo et al. have demonstrated that different
types of dietary fibers (i.e., peahull fiber, oat bran, and the
mixture of both) are revealed to show differential effects on
intestinal health of growing pigs, as suggested by the varied
taxonomic structures in the gut microbiota and immune-related
indices. Additionally, Yu et al. have explored the alternation
of the intestinal microbiota in porcine fed with the dietary

manno-oligosaccharide, which is a type of prebiotic generally
derived from plants or yeasts, providing novel insights into the
molecular mechanisms regulating the interactions between the
health and the intestinal microbiota modulated by the manno-
oligosaccharide. By metagenomic sequencing, Hu et al. have
investigated the effect of berberine, which is generally used as an
antibacterial medicine, on the intestinal microbiome in weaned
piglets. Their results have revealed significant improvements
in composition, abundance, structure, and function of gut
microbiome in the weaned piglets treated with berberine,
providing strong evidence to support the application of berberine
in human and animal health.

Second, in another nine articles based on mice or rats, various
types of plant products (e.g., tea), extracts from both plants
and fungi (i.e., polysaccharides, flavones, polyphenol (i.e., ellagic
acid), and gastrodin), and bacteria have been used to enhance
the health performance in mouse or rat models. For example,
Wang et al. and Feng et al. have investigated the effects of
Tibetan tea and green tea, respectively, on the gut microbiota
in mouse models. Specifically, their results have revealed the
protective effects on the ulcerative colitis in mice, with the
expressions of genes involved in the pathways of inflammation
and immune system significantly regulated, while both the
pB-Carotin and green tea powder have shown alleviating effects
on the symptoms of gouty arthritis and have improved the gut
microbiota in mice, probably attributing to the high contents of
dietary fiber in both substances. Yang et al. and Fu et al. have used
the plant polysaccharides derived from Lycium barbarum and
Portulaca oleracea to reduce the obesity in mice fed with high-
fat diet and to modulate the intestinal microbiota and inhibit
the reproduction of pathogenic bacteria in aged rats, respectively.
Their results have revealed that these polysaccharides may
be the potential sources of prebiotics to improve the lipid
metabolism and intestinal diseases. Additionally, the functions
of another two types of plant extracts, i.e., gastrodin and ellagic
acid, have been investigated by Wang et al. and Xu et al. in
mouse models, respectively. As a type of phenolic glycoside,
gastrodin is the main bioactive constituent of Rhizoma gastrodiae,
while ellagic acid is generally found in many types of fruits
and vegetables. Specifically, gastrodin has been revealed to
show both the analgesic and anxiolytic effects and influence
both the ferroptosis and jejunal microbiota in mice, while
the ellagic acid is capable of enhancing the growth of mice,
promoting the intestinal development, increasing the antioxidant
capacity, and regulating the intestinal microbiota in mice.
Furthermore, Xu et al. and Xu et al. have investigated the
effects of the polysaccharides and flavones derived from the
fungal species Scorias spongiosa and Morchella importuna on
the intestinal microbiota in mice, respectively. Their results
have revealed that although the polysaccharides derived from
Scorias spongiosa have shown no significant effects on the
growth performance of mice, the polysaccharides benefit the
intestinal health in mice through a molecular mechanism with
the involvement of elevated antioxidant and anti-inflammatory
activities and significantly regulated intestinal microbiota, while
the polysaccharides derived from Morchella importuna have
shown protective effects on the damage in mice induced by
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the dextran sulfate sodium through the mechanism with the
inhibition of the nuclear factor kappa B and the activation of
the nuclear factor erythroid 2-related factor 2 as well as the
regulation of intestinal microbiota. Moreover, Xie et al. have
shown that Lactiplantibacillus plantarum AR113 is capable of
significantly accelerating the liver regeneration by regulating the
gut microbiota and plasma glycerophospholipid in rats.

Third, in the only contribution based on chicken in
this Research Topic, Chen et al. have performed the multi-
omics analysis in chickens with the vaginal administration of
Bacteroides fragilis. Their results have provided a theoretical
basis for the application of B. fragilis as a potential probiotic in
livestock and poultry production.

Fourth, Fan et al. have investigated the effects of osmotic
pressure on the translation efficiency of Lactobacillus rhamnosus
based on the ribosome profiling analysis at the genomic level. As
a probiotic strain, L. rhamnosus has been widely used in various
types of fermented and functional food production, playing
an important role in modern biotechnological fermentation
processes. The results of ribosome profiling analysis have shown
that L. rhamnosus responds to osmotic stress by translation
regulation and controls the balance between survival and growth
of cells by transcription and translation.

Lastly, in the only review contribution collected in this
Research Topic, Hong et al. have investigated the well-known
antioxidant activities of tea polyphenols to further explore the
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In summary, the collection of these front-line contributions
has evidently shown not only the main advancements in these
areas covered in this Research Topic to potentially make
significant improvement in human health, but also the future
directions with the challenges displayed for the scholars to
pursue in their investigations. With the discoveries of many
types of substances showing the capability of enhancing the
growth performance, immunity, and the intestinal microbiota in
piglets as well as the rapidly developing “omics” technologies,
it is optimistically foreseen that in the near future, we would
see another unprecedented wave of major achievements obtained
in these areas covered in this Research Topic closely related to
human health.
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HMSeBA improved the gilts tissue selenium content (except in the thymus) and selenoprotein
P (SelP1) concentration when compared to the Na,SeO; or control group. Compared with
the control group, the antioxidant enzyme activity in the tissues from gilts in the HMSeBA
group was increased, and the concentration of malondialdehyde in the colon had a
decreasing trend (p = 0.07). Gilts in the HMSeBA supplemented group had upregulated
gene expression of GPX2, GPX4, and SelX in spleen tissue, TrxR1 in thymus; GPXT and
SelX in duodenum, GPX3 and SEPHS2 in jejunum, and GPX7 in the ileum tissues (p < 0.05).
In addition, compared with the control group, the expression of interfeukin-1p (IL-1p),
interleukin-6 (IL-6), interleukin-8 (IL-8), and monocyte chemotactic protein-1 (MCP-1) in the
liver, spleen, thymus, duodenum, ileum, and jejunum of gilts in the HMSeBA group were
downregulated (p < 0.05), while the expression of interfeukin-10 (IL-10) and transforming
growth factor-p (TGF-p) in the liver, thymus, jejunum, and ileum were upregulated (o < 0.05).
Compared with the control group and the Na,SeO; group, HMSeBA had increased
concentration of serum cytokines interleukin-2 (IL-2) and immunoglobulin G (IgG; p < 0.05),
increased concentration of intestinal immunoglobulin A (sIgA; p < 0.05), and decreased
concentration of serum IL-6 (o < 0.05). Dietary supplementation with HMSeBA also increased
the abundance of intestinal bacteria (Ruminococcaceae and Phascolarctobacterium;
p < 0.05) and selectively inhibited the abundance of some bacteria (Parabacteroides and
Prevotellaceae; p < 0.05). In short, HMSeBA improves the antioxidant performance and
immune function of gilts, and changed the structure of the intestinal microflora. And this
study provided data support for the application of HMSeBA in gilt and even pig production.

Keywords: 2-hydroxy-4-methylselenobutanoic acid, intestinal microbiota, gilts, antioxidant capacity, immune
function
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INTRODUCTION

As an essential micronutrient, selenium plays an important
biological role in animals and human body by participating
in the composition of selenocysteine and selenoprotein
(Schwarz and Fredga, 1969). Selenium is known to be the
main component of 25 selenoproteins, most of which have
antioxidant and immune functions (Schrauzer and Gerhard,
2000). Due to many selenoproteins having antioxidant activity,
selenium has long been considered to protect the body
and intestine from inflammation by reducing oxidative
damage. Selenium is also an important component of
glutathione peroxidase (GPH-Px) and thioredoxin reductase
(TrxR) in animals, and plays an important role in antioxidation
and immunity (Stadtman, 1996; Costello, 2001; Hawkes and
Alkan, 2010). Studies have found that selenium deficiency
has adverse effects on the growth, reproduction, and immune
function of animals (Zarczynska et al., 2013). Adding selenium
and selenium products to the basic diet of animals can
promote growth, improve immune function, and reduce
oxidative stress (Cao et al., 2015). Margarida et al. (2020)
added sodium selenite or selenium-enriched yeast to the
diet of puppies and found that organic selenium reduced
the DNA concentration of Escherichia coli, increased the
DNA concentration of lactic acid bacteria, and increased
the concentrations of volatile fatty acids, butyric acid, and
propionic acid in puppies, which was conducive to the
intestinal immunity of puppies (Margarida et al., 2020).
Therefore, adding selenium to the basic diet of animals
can improve immune function and change the
intestinal microflora.

In animal diets, selenium mainly exists either as inorganic
or organic forms. Many studies have shown that organic
selenium (methionine selenium, selenium yeast, selenium
enriched probiotics, etc.) has less toxicity and higher biological
potency than inorganic selenium (sodium selenite and sodium
selenate, etc.; Vendeland et al., 1994; Alimohamady et al,
2013; Rita and Nancy, 2015). A new organic selenium source,
2-hydroxy-4-methylselenobutanoic acid (HMSeBA) with a
selenium content of 2%, is much higher than other organic
selenium sources. The effectiveness of this new organic
selenium source in poultry, growing pigs, and sows has
been reported (Jlali et al., 2013; Chao et al., 2019). Adding
HMSEBA in the diet of sows can improve the antioxidant
capacity of sows and their offspring (Mou et al., 2020a).
However, the effect of HMSeBA on gilts has not been
extensively studied. Therefore, the purpose of this study
was to investigate the effects of HMSeBA as a feed additive
on the antioxidant capacity, immune function, and intestinal
microbiota of gilts.

MATERIALS AND METHODS

All procedures involving animals in this study were approved
by the Animal Care and Use Committee of Sichuan Agricultural
University (Approval number: 20200722).

Animal and Experimental Designs

A total of 36 gilts (Duroc x Landrace x Yorkshire) with similar
body weight (BW; initial body weight 5.50 = 0.09 kg) were
assigned to three treatment groups: (1) control diet (gilts were
fed a basic diet from weaning to the 19th day after the second
estrus, n = 12), (2) sodium selenite (Na,SeO;) supplemented
diet (Na,SeO;, basal diet + Na,SeO; at 0.3 mg Se/kg, n = 12),
and (3) HMSeBA supplemented diet (HMSeBA, basal
diet + HMSeBA at 0.3 mg Se/kg, n = 12). The powdered
basal diet is presented in Table 1, which was formulated
according to the nutrient requirements recommended by the
National Research Council (2012) except for that of selenium.
The dietary Se level was formulated with Na,SeO; and HMSeBA

TABLE 1 | Composition and nutrient levels of the basal diet (as-fed basis).

7-25 kg 25-75 kg 75 kg-end
Ingredient, %
De-hulled soybean meal,
46% CP 15.00 - -
Extruded maize meal, 8.24% CP 12.40 - -
Expanded soybean, 35.5% CP 10.00 - -
Whey powder, 2% CP 5.00 - -
Sucrose 3.90 - -
Corn, 8.24% CP 45.00 69.48 72.00
Soybean, 44% CP - 19.00 14.00
Wheat bran, 15% CP - 5.00 7.57
Fish meal, 62.5% CP 3.00 0.50 1.50
Soybean oil 2.00 2.00 2.00
-Lys HCI, 98% 0.60 0.49 0.28
o-Met, 98.5% 0.22 0.10 0.04
-Thr, 98% 0.19 0.17 0.08
-Trp, 98% 0.05 0.05 0.03
Choline chloride, 50% 0.16 0.16 0.12
Limestone 0.93 0.94 1.00
CaHPO, 0.94 1.70 1.00
Sodium chloride 0.40 0.28 0.25
Mineral premix 0.32" 0.20? 0.20?
Vitamin premix 0.05° 0.03* 0.03*
Total 100.00 100.00 100.00
Nutrient level®
Digestible energy, Mcal/kg 3.538 3.449 3.430
Crude protein, % 17.06 14.21 14.52
Ca, % 0.85 0.85 0.79
Total P, % 0.52 0.51 0.52
Available P, % 0.34 0.42 0.32
SID Lys, % 1.36 1.01 0.78
SID Met, % 0.50 0.33 0.27
SID Met+Cys, % 0.68 0.55 0.48
Sl Thr, % 0.78 0.61 0.49
SID Trp, % 0.22 0.19 0.15
"Per kilogram of diet provided: 125 mg Fe; 14 mg Cu; 30 mg Mn; 110 mg Zn;
0.30 mg |.
2Per kilogram of diet provided: 120 mg Fe; 12 mg Cu; 30 mg Mn; 100 mg Zn;
0.28 mg |.

3Per kilogram of diet provided: 12,000 IU VA; 2,400 IU VD3; 100 IU VE; 4.8 mg VKS3;
2mg VB1; 7.2 mg VB2; 3.6 mg VB6; 0.025 mg VB12; 0.48 mg biotin; 25 mg
pantothenic acid; 4 mg folic acid; 40 mg niacin.

“Per kilogram of diet provided: 7,200 IU VA; 1,440 IU VD3; 60 IU VE; 2.88 mg VK3;
1.2mg VB1; 4.32 mg VB2; 2.16 mg VB6; 0.015 mg VB12; 0.288 mg biotin; 15 mg
pantothenic acid; 2.4 mg folic acid; 24 mg niacin.

SExcept for the crude protein, total Ca, and P are measured values, the rest are
calculated.
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according to the experimental design shown in Table 2. The
selenium additive is added to the gilt diet in the form of a
premix. And the 2-hydroxy-4-methylselenobutanoic acid
(HMSeBA, Selisseo® 2% Se) was provided by Adisseo France
S.A.S, and Na,SeO; was provided by Chengdu Shuxing Feed
Co. Ltd. (1% Se).

During the experiment, gilts were fed four times a day
from weaning to 90 days of age (08:00; 12:00; 16:00; 20:00),
and from 90 days to slaughter, they were fed twice a day
(08: 00; 16:00). Up to 176 days of age, the gilts were fed
freely; 176 days of age to slaughter, the daily feeding limit
was 2.5 kg. After 180 days of age, boars were used to check
for estrus twice a day (08:00; 16:00). Observation of the vulva
and back pressure reflex was used to determine estrus response.
On the 19th day of the third estrus period, five gilts were
randomly selected from each treatment group for slaughter.

Sample Collection

Before slaughter, gilts were fasted 12 h and 5 ml of blood
was collected from the anterior vena cava of the gilts. After
standing for 20 min, the blood samples were centrifuged at
2,800 r/min at 4°C for 20 min. Following centrifugation serum
was collected in a centrifuge tube, and stored at —20°C for
further analysis.

After the gilt was slaughtered, the abdominal cavity was
opened immediately, the intestines were taken out, and each
intestine segment was separated. After the duodenum, jejunum,
and ileum were rinsed with normal saline (0.9% NaCl), the
intestinal mucosa from a 6 cm middle area was scraped
off using a slide and snap-frozen in liquid nitrogen, and a
2 cm middle tissue sample was rinsed and then snap frozen
in liquid nitrogen. The colonic chyme was snap-frozen in
liquid nitrogen and stored at —80°C for further analysis
(Wan et al., 2020).

The liver, spleen, and thymus were excised and weighed.
Then the samples from liver, spleen, and thymus were rinsed
in ice-cold saline (0.9% NaCl), snap frozen in liquid nitrogen,
and stored at —80°C for further analysis (Mou et al., 2018).

Biochemical Analysis

Sample Preparation

The frozen tissue samples were thawed and placed in a
sterile test tube containing 2 ml ice-cold PBS. Tissue

specimen (g): PBS (ml) = 1:9. The mixture of the weighed
tissue sample and ice-cold PBS was homogenized with a
tissue homogenizer (bullet mixer). After centrifugation at
6,000 r/min 4°C for 15 min, the supernatant was divided
into 200 pl sterile tubes and stored at —80°C for testing
(Mou et al., 2018, 2020b).

Determination of Selenium Content

For the determination of selenium content in feed, tissue,
and serum samples, we referred to the “National Food Safety
Standard Determination of Selenium in Food” (GB5009.93-
2017). Briefly, weighed about 1 g/1 ml of sample and added
acid (nitric acid: perchloric acid = 4:1) for overnight digestion
at room temperature, following digestion, the samples were
heated to 365°C until the solution became clear and colorless.
We then used hydrochloric acid and potassium borohydride
to reduce the hexavalent selenium in the sample to hydrogen
selenide in a hydrochloric acid medium. Subsequently, the
total selenium content in the sample was determined by
hydride atomic fluorescence spectrometry (AFS-9230, Beijing
Auspicious Day Instrument Co., Ltd., Beijing, China).

Antioxidant Determination

The activities of antioxidant GPH-Px (Serial No. A005-1-2),
catalase (CAT, Serial No. A064-1-1), total superoxide dismutase
(T-SOD, Serial No. A001-1-2), total antioxidant capacity (T-AOC,
Serial No. A015-2-1), glutathione reductase (GR, Serial No.
A062-1-1), and the concentration of malondialdehyde (MDA,
Serial No. A003-1-2) were analyzed using the corresponding
commercial assay kit (Nanjing Institute of Jiancheng Biological
Engineering, Nanjing, China) according to the manufacturer’s
instructions. The antioxidant activity of the above parameters
was calculated based on the protein content of the tissue sample,
and the assay was performed using the method described by
Bradford (1976).

Serum, Intestinal Biochemical Indicators

Serum interleukin-2 (IL-2, Serial No. H003) and interleukin-6
(IL-6, Serial No. H007-1-1), immunoglobulin A (IgA, Serial
No. H108-1), immunoglobulin G (IgG, Serial No. H106),
immunoglobulin M (IgM, Serial No. H109), tumor necrosis
factor-a (TNF-a, Serial No. HO052-1), and intestinal
immunoglobulin A (sIgA, Serial No. H108-2) concentrations

TABLE 2 | Selenium sources and levels in the diets.

Treatment Diet Supplemented Se (mg/kg) Total Se content (mg/kg)?
5-25 kg 25-75 kg 75 kg above
Control Basal diet 0.00 0.09 0.06 0.04
Na,SeO; Basal diet + 0.3 mg Se/kg 0.30 0.35 0.33 0.31
Na,SeO;
HMSeBA Basal diet + 0.3 mg Se/kg 0.30 0.37 0.41 0.41
HMSeBA

HMSeBA, 2-hydroxy-4-methylselenobutanoic acid; Se Selenium. ?Analysed values.
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were determined using ELISAs and the corresponding commercial
assay kits (Nanjing Jiancheng Bioengineering Institute) according
to the manufacturer’s instructions.

Total RNA Extraction and Real-Time RT-PCR

Trizol reagent was used to extract total RNA from the frozen
tissue samples. Agarose gel electrophoresis was used to check
RNA integrity. RNA purity was checked using a nucleic acid/
protein analyzer. A PrimeScript RT kit with gDNA eraser
was used to perform genomic DNA removal and reverse
transcription (RT) according to the manufacturer’s instructions.

A SYBR Premix Ex TaqTM kit was used for real-time PCR
analysis of mRNA transcript expression. The PCR protocol
was 1 cycle of 95°C for 30 s and 40 cycles of 95°C for 15 s
followed by 60°C for 1 min. At the end of amplification,
melting curve analysis was performed to verify specific
amplifications using an ABI-7900HT Fast Real-Time PCR System
(Applied Biosystems, CA, United States). Real-time PCR data
were analyzed by 2-delta CT method with f-actin as the
reference gene (Livak and Schmittgen, 2001) Table 3 shows
the primer sequences of individual genes (Fossum et al., 2014;
Mou et al., 2020b).

TABLE 3 | Primer sequences of the target and reference genes.

Genes Primer Sequence (5'-3') Accession no.
e SRS e
s e,
ST
TSRO
o e
STescCseTeeT
oo
o roseicrsceoTeT
oo
s e
st
s ey
e
CoToeTeCos e
s i
Lo
TS
TG
s e
o e

SelP1, selenoprotein P; GPX, glutathione peroxidase; TrxR, thioredoxin reductase; SelK, selenoprotein K; SelS, selenoprotein S; SelX, selenoprotein X; SEPHS2, selenophosphate
synthetase 2, IL-1p, interleukin-1p; IL-6, interleukin-6; IL-8, interleukin-8; IL-10, interleukin-10; TNF-a, tumor necrosis factor-a; TGF-p, transforming growth factor-p;
IFN-p, interferon-p; ICAM-1, intercellular cell adhesion molecule-1; MCP-1, monocyte chemotactic protein-1,; INOS-2, inducible nitric oxide synthase-2.
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Bacterial Community Analysis

The microbial DNA of colon chyme samples was extracted
using the Mo Bio Power-Fecal™ DNA Isolation Kit (MO BIO
Laboratories, Carlsbad, CA, United States). A nucleic ac-id/
protein analyzer (Beckman DU-800, Beckman Coulter, Inc.,
CA, United States) was used to determine the concentration
and purity of the DNA. The DNA samples were sent to a
commercial service provider (Novogene Bioinformatics
Technology, Beijing, China) for pairing sequencing on the
Mlumina HiSeq PE250 platform and bioinformatics analyses.
According to the selection of sequencing region, sample was
used with forward primer 515F
(5'-GTGCCAGCMGCCGCGGTAA-3") and a reverse primer
806R (5'-GGACTACHVGGGTWTCTAAT-3") to perform PCR
to amplify the V4 hypervariable region of the 16S rRNA gene
was used as described previously (Xu et al.,, 2020).

Use FLASH (V1.2.7, http://ccb.jhu.edu/software/FLASH/)
to splice the reads of each sample, the resulting stitched
sequence is raw tags data. Reference Qiime (V1.7.0, http://
qgiime.org/scripts/split_libraries_fastq.html) tags quality control
process, get high quality tags data, and then remove the
chimera, get the final effective data (Xu et al., 2020). Clustered
into OTUs utilizing Uparse v7.0.1001' at 97% sequence
similarity. The Ribosomal Database Project (RDP) classifier
Version 2.2° was applied to assign taxonomy for 16S rRNA
gene sequences. Species annotation was carried out on the
OTUs representative sequences, and species annotation analysis
was carried out using Mothur method and the SSUrNA
database of SILVA® (set a threshold of 0.8-1) to obtain
taxonomic information. A Venn diagram was generated for
comparison among the OTUs of the treatments. For intestinal
microbiota alpha diversity values for each sample were assessed
by Qiime 1.7.0. Spearman correlation analysis was used to
analyze the mutual change relationship between serum cytokines
and microorganisms, and the correlation and significance
between them were obtained.

Statistical Analysis

The data were analyzed using a one-way ANOVA procedure
of Statistical Product and Service Solutions (SAS) statistical
software (V9.4, SAS Institute Inc., Cary, NC, United States)
followed by Tukey’s multiple range test. The results were
presented as the mean values with pooled SEM. Differences
at p < 0.05 were considered to be statistically significant, whereas
a tendency was considered when 0.05 < p < 0.10.

RESULTS

Organic Selenium Increased Selenium

Content and Selenoprotein Gene Expression
The results showed that adding HMSeBA to the basal diet of
gilts significantly increased the total selenium content in the

'http://drive5.com/uparse/
*http://github.com/rdpstaff/
*http://www.arb-silva.de/

serum, liver, spleen, duodenum, jejunum, ileum, and colon
compared with the control group (p < 0.05; Table 4). Na,SeO;
group increased the total selenium content in liver and colon
compared with the control group (p < 0.05). In addition, there
was no difference in total selenium content in thymus between
the Na,SeO; group and HMSeBA group compared with the
control group (Table 4).

The gene expressions of GPX2, GPX4, and SelX in the spleen
of gilts added with HMSeBA were increased (p < 0.05; Figure 1A)
compared with the control group and Na,SeO; group. The
expressions of SelP1, GPX1, and SelK were higher in HMSeBA
and Na,SeO; groups than in the control group (p < 0.05). In
the thymus, the expression of TrxRI in the HMSeBA addition
group was increased compared with the control and Na,SeO;
groups (p < 0.05), the expression of GPXI, GPX4, and SelX
were higher than the control group (p < 0.05), but with no
difference from the Na,SeO; group (Figure 1B).

The results showed that adding HMSeBA to the basal diet
of gilts increased the expression of GPXI and SelX in the
duodenum compared with control and Na,SeO; groups
(p < 0.05), the expressions of SelP1, GPX3, TrxR2, and SelK
were significantly higher than those in the control group
(p < 0.05), but no differece with Na,SeO; group (Figure 2A).
In the jejunum, the expressions of GPX3 and SEPHS2 in the
HMSeBA addition group were higher than those in the control
group and the Na,SeO; group (p < 0.05), compared with the
control group, the expression of SelP1, GPX2, GPX4, TrxR2,
and SelK in the HMSeBA addition group significantly increased
(p < 0.05). In addition, the expression of TrxR1 has an increasing
trend in HMSeBA group (p = 0.05; Figure 2B). The expression
of GPXI in the ileum of gilts with the HMSeBA containing
diet was higher than that of the control group and Na,SeO;
groups (p < 0.05). The expression of SelP1, GPX3, GPX4, SelK,
and SelS in the HMSeBA and Na,SeO; groups was higher
than those in the control group (p < 0.05). The expression
of TrxR1 and TrxR2 showed an increasing trend (p = 0.06,
p = 0.05) in the HMSeBA group compared with the control
group (Figure 2C).

TABLE 4 | HMSeBA effect on serum and tissue total selenium content of gilts.

Item Treatment Values of p
Control Na,SeO; HMSeBA

Serum (mg/L) 0.18+0.00° 0.21 +£0.00®° 0.22 +0.012 0.02
Liver (mg/kg) 0.46 +0.03° 0.67 +0.04° 0.91 +0.022 <0. 01
Spleen (mg/kg)  0.30 £ 0.02° 0.29 +0.01°  0.48 + 0.042 <0.01
Thymus 0.21 £ 0.00 0.35 +0.07 0.29 + 0.01 0.24
(mg/kg)

Duodenum 0.21+£0.02° 0.23+0.01® 0.30+0.012 <0.01
(mg/kg)

Jejunum 0.23+0.00° 0.24+0.02° 0.32+0.012 <0.01
(mg/kg)

lleum (mg/kg) 0.20+0.02° 0.24 +0.01° 0.39 = 0.05° <0.01
Colon (mg/kg) ~ 0.20+0.01°  0.32+0.02°  0.31 +0.022 <0.01

Data were shown as means + SE. n = 5 in each group. Control, basal diet; Na,SeO;,
0.3 mg/kg NaSeOz HMSeBA, 0.3 mg/kg HMSeBA. #*°Mean values within a row with
different superscript letters were significantly different (p < 0.05).
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Organic Selenium Improved the
Antioxidant Capacity of Gilts
The results showed that adding HMSeBA to the basal diet of gilts
increased the spleen CAT, T-SOD, and GR activity compared with
the control group (p < 0.05), and there was no significant difference
from the Na,SeO; group. The activity of GSH-PX in the spleen
in the HMSeBA group had an increasing trend (p = 0.08) compared
with the control group (Table 5). The GR activity of the thymus
in the HMSeBA group was increased (p < 0.05) compared with
the other two groups, the activities of T-AOC, CAT, and GSH-PX
were higher than those in the control group (p < 0.05), and there
was no significant difference from the Na,SeO; group. Thymus
T-SOD activity in the Na,SeO; group was higher than that in
the control and HMSeBA groups (p < 0.05; Table 5).
Compared with the control group, gilts supplemented with
HMSeBA and Na,SeO; had increased GR activity in the duodenal
(p < 0.05; Table 6). The T-SOD activity is decreased in Na,SeO;
group compared to control group and HMSeBA group. The
HMSeBA group had a tendency of increased GSH-PX activity
compared with the control group (p = 0.06). Compared with

the control group and the Na,SeO; group, the addition of
HMSeBA resulted in increased activities of T-SOD, GSH-PX,
and GR in the jejunum (p < 0.05). The addition of HMSeBA
to the basal diet of gilts increased the activity of GSH-PX and
GR in the ileum compared with the control and Na,SeO; groups
(p < 0.05), and had a tendency to increase the activity of T-SOD
(p = 0.07). The GSH-PX activity in the colon of gilts fed diets
with HMSeBA was higher than that in the control and Na,SeO;
groups (p < 0.05). Compared with the control group, the colonic
T-AOC, CAT, and GR activities were significantly increased
(p < 0.05) in the HMSeBA and Na,SeO; fed groups. Dietary
supplementation with HMSeBA had a tendency to decrease the
MDA content (p = 0.07; Table 6).

Effects of Organic Selenium on the
Expression of Inflammatory Response
Related Genes in Gilts

The results showed that compared with the control and Na,SeO,
groups, the expression of interleukin-1§ (IL-1f) and IL-6 in
the liver of gilts fed HMSeBA was significantly reduced
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(p < 0.05), while the expression of interleukin-10 (IL-10) and
transforming growth factor-f (TGF-f3) increased (p < 0.05), and
the expression of TNF-a and intercellular cell adhesion molecule-1
(ICAM-1) had a decreasing trend (p = 0.08; Figure 3A). In
the spleen, the expression of interleukin-8 (IL-8) in the HMSeBA
fed group was lower than that of the control and Na,SeO,
groups (p < 0.05). Compared with the control, the expression
of IL-1§, IL-6, TNF-a, IFN-f3, and monocyte chemotactic protein-1

(MCP-1) in the HMSeBA group was significantly decreased
(p < 0.05), and there was no difference from the Na,SeO,
group. The expression of IL-10 and TGF-f showed a
downregulated and upregulated trend, respectively, in the
HMSeBA group (p = 0.08, p = 0.05; Figure 3B). Dietary
supplementation with HMSeBA reduced the expression of IL-8
(p < 0.05; Figure 3C) in the thymus compared with the control
and Na,SeO; groups. In addition, compared with the control

Frontiers in Microbiology | www.frontiersin.org

14

August 2021 | Volume 12 | Article 723190


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Lietal

Organic Selenium With Gilts

TABLE 5 | Effect of HMSeBA on antioxidant capacity in gilt tissue.

Item Treatment Values of p
Control Na,SeO, HMSeBA
Spleen
T-ACC (U/mg prot) 0.30+0.02 0.37 +0.03 0.32 +0.04 0.31
MDA (nmol/mg prot) 2.88 +0.30 2.87 £0.18 2.63+0.13 0.72
CAT (U/mg prot) 7717 + 4.26° 87.54 + 7.75%® 102.97 + 3.75° 0.02
T-SOD (U/mg prot) 54.34 + 11.4° 69.33 + 2.76* 69.77 + 3.02* 0.01
GSH-PX (U/mg prot) 30.42 + 1.35 36.10 + 1.48 36.49 + 2.64 0.08
GR (U/g prot) 0.015 + 0.001° 0.019 + 0.002%* 0.026 + 0.003° 0.02
Thymus
T-AOC (U/mg prot) 0.28 + 0.03° 0.45 £ 0.042 0.48 + 0.042 0.01
MDA (nmol/mg prot) 3.356+0.25 2.98 +0.40 3.27 £ 0.26 0.56
CAT (U/mg prot) 34.37 + 3.76° 63.87 + 4.012 57.34 + 2.90° <0.01
T-SOD (U/mg prot) 567.83 + 29.45° 797.64 £0.77° 694.89 + 20.17° <0.01
GSH-PX (U/mg prot) 20.93 + 0.23° 20.44 + 0.69° 39.39 + 2.48° <0.01
GR (U/g prot) 0.007 + 0.002° 0.012 + 0.001° 0.017 + 0.0012 <0.01

Data were shown as means + SE. n = 5 in each group. Control, basal diet; Na,SeO;, 0.3 mg Se/kg Na,SeO,; HMSeBA, 0.3 mg Se/kg g HMSeBA. &¢ Mean values within a row with
diifferent superscript letters were significantly different (o < 0.05). T-AOC, total antioxidant capacity; MDA, malondialdehyde; CAT, catalase; T-SOD, total superoxide dismutase; GSH-PX,

glutathione peroxidase; GR, glutathione reductase.

group, the expression of IL-10 in the HMSeBA group was
increased (p < 0.05), the expression of IL-6 and ICAM-1 was
decreased (p < 0.05), and the expression of IL-1f had a
decreasing trend (p = 0.09).

The expression of TNF-a and MCP-1 in the duodenum of
gilts in the HMSeBA fed group was lower than those in the
control and Na,SeO; groups (p < 0.05; Figure 4A). In addition,
the expression levels of IL-1f3, IL-8, and INOS-2 in the HMSeBA
group were decreased (p < 0.05), and the expression of TGF-f
tended to increase (p = 0.09) when compared with the control
group (Figure 4A). Compared with the control and Na,SeO,
groups, the expression of IL-8, ICAM-1, and MCP-1 in the
jejunum of the HMSeBA fed group was decreased (p < 0.05),
and the expression of IL-10 was significantly increased (p < 0.05),
while the expression of IFN-f had a decreasing trend (p = 0.06;
Figure 4B). Compared with the control group, the expression
of IL-1f in the HMSeBA and Na,SeO; fed groups was significantly
decreased (p < 0.05). In the ileum of gilts, the expression of
TGF-§ in the HMSeBA fed group was higher than that in
the control and Na,SeO; groups (p < 0.05), and the expression
of IL-1p, IL-6, and IL-8 was decreased (p < 0.05), the expression
of IL-10 was increased (p < 0.05), compared with the control
group. The expression of MCP-1 in the HMSeBA group had
a decreasing trend (p = 0.06; Figure 4C).

Effect of Organic Selenium on the
Inflammatory Factors and
Immunoglobulins in Gilts

Serum IL-2 and IgG concentrations in the HMSeBA group
were higher than those in the control and Na,SeO; groups
(p < 0.05). In addition, adding HMSeBA significantly reduced
serum IL-6 and TNF-a levels compared with the control group
(p < 0.05), while TNF-a levels showed no significant difference
compared with the Na,SeO; group (Table 7). In the duodenum,
jejunum, and ileum, HMSeBA improved the intestinal sIgA

level compared with the control group (p < 0.05; Table 8),
while there is no significant difference in the duodenal sIgA
level compared with the Na,SeO; group.

Organic Selenium Supplementation
Changed the Intestinal Microbiota in Gilts
The results showed that there were 10 phylum relative abundances
>0.1% in colon of gilts, included Firmicutes, Bacteroidetes,
Spirochaetes, Actinobacteria, Proteobacteria, Euryarchaeota,
Tenericutes, unidentified_Bacteria, and Melainabacteria (Table 9).
Compared with the control group, the HMSeBA group increased
the abundance of Firmicutes and the ratio of Firmicutes/Bacteroides
(p < 0.05), while the abundance of Bacteroides, Melainabacteria,
and Spirobacteria was reduced (p < 0.05).

The 35 most abundant genera in all samples were detected.
Compared with the control group, the gilts supplemented with
HMSeBA increased the abundance of Terrisporobacter and
Intestinibacter (p < 0.05; Table 10), and decreased the abundance
of Prevotellaceae and Megasphaera (p < 0.05). There was also
an increasing trend in the abundance of Phascolarctobacterium
(p = 0.07), while a decreasing trend in the abundance of
Parabacteroides (p = 0.09).

Relationship Between Serum Cytokines
and Intestinal Microbiota

Spearman correlation analysis was used to study the relationship
between environmental factors and microbial species richness,
to study the mutual change relationship between environmental
factors and species. At the phylum level, Fibacteria and
Melainabacteria were positively correlated with the serum
cytokine IL-6 (r = 0.61, p < 0.05; r = 0.69, p < 0.05; Figure 5),
Conversely, Kiritimatiellaecota and Firmicutes were negatively
correlated with the serum cytokine IL-6 (r = —0.66, p < 0.05;
r = —0.64, p < 0.05). Trachelum was negatively correlated
with the serum cytokine TNF-a (r = —0.53, p < 0.05).
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TABLE 6 | Effect of HMSeBA on antioxidant capacity of gilt intestinal.

Item Treatment Values of p
Control Na,SeO, HMSeBA
Duodenum
T-ACC (U/mg prot) 0.16 + 0.01 0.17 +0.02 0.17 +0.02 0.95
MDA (nmol/mg prot) 2.29+0.18 2.29 + 0.09 2.03 +0.04 0.16
CAT (U/mg prot) 30.43 + 7.69 48.80 + 6.09 46.07 + 5.27 0.15
T-SOD (U/mg prot) 901.42 + 42.63° 738.21 + 37.55° 1020.98 + 48.62° <0.01
GSH-PX (U/mg prot) 17.42 £ 0.54 20.16 £ 0.82 22.03 + 1.62 0.06
GR (U/g prot) 0.004 + 0.001° 0.015 + 0.0022 0.018 + 0.0012 <0.01
Jejunum
T-AOC (U/mg prot) 0.17 + 0.00? 0.12 +0.01° 0.17 £ 0.01# <0.01
MDA (nmol/mg prot) 2.37 +0.24 215+ 0.13 2.28 +0.04 0.57
CAT (U/mg prot) 16.86 + 3.22 20.61 +2.99 28.83 + 3.82 0.08
T-SOD (U/mg prot) 564.81 + 4.31° 584.14 + 4.06° 668.43 + 10.55° 0.03
GSH-PX (U/mg prot) 28.23 + 1.53° 11.02 £ 0.92° 44.79 + 2.58% <0.01
GR (U/g prot) 0.012 + 0.001° 0.013 + 0.001° 0.019 + 0.0012 0.02
lleum
T-AOC (U/mg prot) 0.21 +0.01 0.25+0.03 0.23 + 0.01 0.51
MDA (nmol/mg prot) 2.08 £ 0.10 2.23+0.19 1.84 +0.16 0.26
CAT (U/mg prot) 30.26 + 5.98 37.56 + 3.31 43.01 +8.20 0.43
T-SOD (U/mg prot) 801.08 + 55.43 777.95 + 32.28 928.37 + 46.71 0.07
GSH-PX (U/mg prot) 24.30 + 0.41° 24.49 + 1.30° 33.04 + 1.42° <0.01
GR (U/g prot) 0.013 + 0.001° 0.014 + 0.001° 0.018 + 0.0012 0.02
Colon
T-AOC (U/mg prot) 0.16 + 0.02° 0.27 £ 0.00* 0.25 + 0.022 0.01
MDA (nmol/mg prot) 2.75+0.33 2.06 + 0.09 2.28 £ 0.07 0.07
CAT (U/mg prot) 19.30 + 3.70° 26.06 + 0.41% 28.51 + 1.222 0.03
T-SOD (U/mg prot) 735.12 + 34.90 730.53 + 25.70 763.99 + 32.90 0.72
GSH-PX (U/mg prot) 11.27 £ 1.41° 12.11 £ 0.93° 16.23 £ 0.90* 0.02
GR (U/g prot) 0.010 + 0.001° 0.014 + 0.001? 0.017 + 0.002* <0.01

Data were shown as means + SE. n = 5 in each group. Control, basal diet; Na,SeO;, 0.3 mg Se/kg Na,SeO; HMSeBA, 0.3 mg Se/kg HMSeBA. #*°Mean values within a row with
different superscript letters were significantly different (o < 0.05). T-AOC, total antioxidant capacity; MDA, malondialdehyde; CAT, catalase; T-SOD, total superoxide dismutase;

GSH-Px, glutathione peroxidase; GR, glutathione reductase.

At the genus level, Lacobacteria and Entomobacteria were negatively
correlated with the serum cytokine IL-6 (r = —0.68, p < 0.05;
r = —0.74, p < 0.05; Figure 6), and Prewolfella was positively
correlated with the serum cytokine IL-6 (r = 0.81, p < 0.05).

DISCUSSION

As an important part of intensive pig farms, reserve gilts are
critical for both maintenance and expansion. Gilt reproduction
performance is directly related to the overall level of pig
production and the future of pig farms. To our knowledge,
this is the first study to add HMSeBA to the basic diet of
reserve gilts in order to study its effects on antioxidant capacity,
immune function, and intestinal microflora. These results of
current study can provide data reference and theoretical support
for the application of HMSeBA in gilts, and it also have great
significance to further improve the level of pig production in
China, improve the breeding benefits of pig production, and
improve the food composition of people.

In a general way, the level of selenium in animals mainly
depends on the content of selenium in diet, and the absorption

efficiency of organic selenium has proven to be superior to
inorganic selenium (Juniper et al., 2008). Mou added HMSeBA
to the basal diet of sows during pregnancy and lactation
and found significantly increased plasma selenium
concentrations in the sows and their offspring (Mou et al,
2020b). The present results showed that adding sodium selenite
and HMSeBA to the diet significantly increased the selenium
content in the tissues of the gilts, which was consistent with
previous studies in pigs (Speight et al., 2012), poultry (Briens
et al, 2013), and sheep (Faixova et al, 2016). The present
study also found that the organic selenium HMSeBA
significantly increased the selenium content in several tissues
compared to inorganic selenium. The difference in the deposition
efficiency of organic selenium and inorganic selenium may
be related to their different absorption and metabolic pathways.
Inorganic selenium is absorbed by animals in a passive manner
and reduced to selenium by TrxR or by reaction with glutathione
(Daniels, 1996). While organic selenium is actively absorbed
through amino acid transport mechanisms whereby organic
selenium compounds are converted to selenocysteine through
the antiselenylation pathway, and selenocysteine generates
selenides under the action of selenocysteine lyase
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FIGURE 3 | The effect of HMSeBA on the expression of related cytokines in the liver (A), spleen (B), and thymus (C) of gilts. n = 5 in each group. Data were shown
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(Fairweather-Tait et al., 2010; Mehdi et al., 2013; Burk and
Hill, 2015; Shini et al., 2015). SelP1 is one of the main
selenoproteins in plasma, which is composed of up to 10
selenocysteine residues and is very sensitive to changes of

selenium levels. And the main function of SelP1 is to transport
selenium to various tissues, selenocysteine produces selenide
under the action of se cysteine lyase (Burk and Hill, 2009).
In this study, the HMSeBA molecule contains 40% Se and

Frontiers in Microbiology | www.frontiersin.org 17

August 2021 | Volume 12 | Article 723190


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Lietal

Organic Selenium With Gilts

EAE Con

w
]

[\S]
1

Reative Expression in Duodenum

Reative Expression in Jejunum

""" NEQSCO}

|-
b
%
(O =
I1L-1p 1L-6 1L-8 1L-10  INF-a TGF-p ICAM-1 MCP-1 INOS-2
B EE Con 28 Na,SeOs HMSeBA

tz2 HMSeBA

P=0.07

3 -

Reative Expression in Ileum

lrsrtire

1L-8

INOS-2, inducible nitric oxide synthase-2.

IL-10 INF-o

FIGURE 4 | The effect of HMSeBA on the expression of related cytokines in duodenum (A), jejunum (B), and ileum (C) of gilts. n = 5 in each group. Data were

shown as means + SE. n = 5 in each group. Control, basal diet; Na,SeOs;, 0.3 mg Se/kg Na,SeO;; HMSeBA, 0.3 mg Se/kg HMSeBA. #P°Mean values within a row
with different superscript letters were significantly different (p < 0.05). IL-1p, interleukin-1p; IL-6, interleukin-6; IL-8, interleukin-8; IL-10, interleukin-10; TNF-a, tumor
necrosis factor-a; TGF-p, transforming growth factor-g; IFN-p, interferon-p; ICAM-1, intercellular cell adhesion molecule-1; MCP-1, monocyte chemotactic protein-1;

HMSeBA

IFN-f ICAM-1 MCP-1 INOS-2

is higher than inorganic selenjium. It can be converted to
selenocysteine more quickly and is rarely lost to the excretion
pathway. Therefore, HMSeBA can be better absorbed and
utilized by the gilts, leading to the selenium deposition effect
in the tissues being more significant, and compared with

control group the expression of SelPl in the tissues of the
HMSeBA group gilts increasing.

The main antioxidant enzyme in the body is GSH-Px, whose
activity will affect the level of reactive oxygen free radicals and
the content of malondialdehyde and the final product of lipid

Frontiers in Microbiology | www.frontiersin.org

18

August 2021 | Volume 12 | Article 723190


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Lietal

Organic Selenium With Gilts

TABLE 7 | Effect of HMSeBA on serum immunity indexes and immunoglobulins of gilt.

Item Treatment Values of p
Control Na,SeO, HMSeBA
IL-2, pg/ml 284.95 + 11.91° 227.83 £ 11.75° 339.88 + 12.242 <0.01
IL-6, pg/ml 48.69 + 2.53° 21.569 + 1.84° 20.36 + 0.56° <0.01
I9A, pg/ml 98.29 + 2.26 100.05 + 3.55 105.52 + 3.25 0.26
19G, pg/ml 559.9 + 4.24° 562.27 + 6.96° 670.18 + 6.39% <0.01
IgM, pg/ml 137.89 £ 2.76 140.20 + 1.36 14529 + 2.34 0.10
TNF-a, pg/ml 579.55 + 20.63° 517.54 + 30.07% 462.26 + 10.57° <0.01

Data were shown as means = SE. n = 5 in each group. Control, basal diet; Na,SeO;, 0.3 mg Se/kg Na,SeO; HMSeBA, 0.3 mg Se/kg HMSeBA. #*Mean values within a row with
different superscript letters were significantly different (p < 0.05). IL-2, Interleukin-2; IL-6, Interleukin-6; IgA, immunoglobulin A; IgG, immunoglobulin G; IgM, immunoglobulin M;

TNF-a, tumor necrosis factor-o.

TABLE 8 | The effect of HMSeBA on the concentration of sIgA in the intestines
of gilts.

Item Treatment Values of p
Control Na,SeO; HMSeBA

Duodenum, 4.45+0.71° 6.92+052* 8.21+0.28° <0.01

pg/mi

Jejunum, 359+0.68> 4.08+059% 7.83+0.43 <0.01

pg/mi

lleum, pg/ml 2.38+0.41° 258+029° 514 +043 <0.01

Data were shown as means + SE. n = 5 in each group. Control, basal diet; Na,SeOs,
0.3 mg Se/kg Na,SeO,;; HMSeBA, 0.3 mg Se/kg HMSeBA. &>“Mean values within a
row with different superscript letters were significantly different (p < 0.05). slgA,
secretory immunoglobulin A.

peroxidation in the body. Selenium is a component of this
enzyme and located in its active center, so the selenium status
of the body directly affects the activity of GSH-Px (Brigelius-
Flohé et al., 2003; Wang et al., 2011; Mistry et al., 2012). Mou
et al. (2020b) fed organic selenium to pregnant sows and found
this significantly increased the activity of GSH-Px in the serum
and placenta of the sows, and significantly decreased the content
of MDA (Mou et al.,, 2020b). Other studies showed that the
activity of GSH-Px in the duodenum, jejunum, and rectum of
chicks fed Se-deficient diets were significantly lower than those
in basal diets (Ruan et al., 2018). The present study showed
that HMSEBA significantly increased the activities of GSH-Px,
T-SOD, and CAT in the thymus, jejunum, ileum, and colon
of gilts, and the content of MDA in each tissue showed a
decreasing trend. In this study, HMSEBA not only improved
the antioxidant capacity of gilts, but also significantly upregulated
the gene expressions of GPX1-4 in the spleen and thymus of
the gilts, as well as GPXI, GPX3, and GPX4 in the intestinal
tract of the gilts. Selenium functions mainly through selenoprotein,
and GPXI-4 plays an important role in regulating oxidative
stress and inflammation in the intestinal tract (Yan and Chen,
2006; Lubos et al., 2010; Avery and Hoffmann, 2018). GPX2
has been reported to inhibit cox-dependent PGE2 production,
suggesting that GPX2 has a potential anti-inflammatory effect
within the gastrointestinal tract (Kipp et al, 2007; Banning
et al,, 2008). Deletion of the GPXI and GPX2 genes in mice
led to severe inflammation in the form of spontaneous

colitis (Esworthy et al., 2011). In addition, the downregulation
of GPX3 and GPX4 expression can also induce severe colitis
and enhance tumorigenesis (Speckmann et al, 2011; Barrett
et al., 2013). Therefore, supplementing selenium can upregulate
the expression of GPX, thus preventing oxidative damage in
the gastrointestinal tract and preventing inflammation.

Rats and cell culture experiments have reported that
downregulation of TrxR1 and TrxR2 in response to selenium
deficiency affects immune organs and then alters cellular
signaling pathways regulated by redox, leading to increased
inflammation (Flohé et al., 1997; Hirota et al., 1997; Lothrop
et al., 2014). Moreover, the Ca®>" dependent function of
SelK-deficient mice cells was decreased, and the
pro-inflammatory cytokines IL-6, MCP-1, and TNF-a were
significantly  increased, while the expression of
pro-inflammatory cytokines was downregulated in mice with
normal SelK content (Nelson et al., 2011). It has been found
that selenium supplementation downregulates the expression
of inflammatory factors in cultured cells, and that a good
selenium status can maintain the immune system under
both infection and inflammatory conditions (Kudva et al,
2015). The present results showed that dietary supplementation
with HMSeBA in the gilt, raised the thymus TrxR1, jejunum,
ileum TrxR1 and TrxR2, and all tissues (except the thymus)
SelK expression, and reduced the spleen, thymus, and intestinal
tissue of proinflammatory factor (IL-1f, IL-6, TNF-a, IFN-f,
MCP-1, ICAM-1, and INOS-2) expression, increased the level
of anti-inflammatory cytokines IL-10 and the expression of
TGF-p. Tsuji et al. also obtained similar results, by increasing
selenium level in the diet, the expression levels and translation
of stress-related selenoproteins TrxRI and TrxR2 mRNA, as
well as the expression levels and translation of genes related
to inflammation and interferon-y reaction increased, thus
reduced the inflammatory response of the body and improved
the immune function (Verma et al., 2011). We also found
that HMSEBA significantly upregulated the expression of
SEPHS2 in each intestinal segment of gilts, and SEPHS2
was mainly used as a catalyst to produce selenium phosphate
and participate in the synthesis of all selenoproteins (Xu
et al., 2007). Therefore, other selenoproteins in the intestine
were upregulated because of the upregulated expression of
SEPHS2, thus reducing the level of inflammation in the
body and improving the immune function.
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TABLE 9 | Effect of HMSeBA on the relative abundances at phyla level of colonic microbiota in gilts (%).

Item Treatment Values of p
Control Na,SeO, HMSeBA
Firmicutes 67.31 + 3.49° 78.34 + 1.29% 81.84 + 1.452 <0.01
Bacteroidetes 24.07 + 2.82° 14.03 + 0.72° 12.71 £ 1.37° <0.01
Spirochaetes 4.42 +1.26 2.23+0.16 2.09 £ 0.23 0.08
Actinobacteria 1.12+0.28 2.43+0.76 1.04 £ 0.07 0.1
Proteobacteria 1.24 £0.43 0.97 £0.25 0.55 + 0.04 0.27
Euryarchaeota 0.34 £ 0.05 0.33+0.12 0.17 £ 0.06 0.31
Tenericutes 0.36 + 0.03 0.84 +£0.23 1.04 +0.26 0.14
unidentified_Bacteria 0.10 £ 0.04 0.57 £ 0.23 0.17 £ 0.03 0.25
Melainabacteria 0.07 + 0.00? 0.04 + 0.00° 0.04 + 0.00° 0.04
Others 0.14 £ 0.06 0.23 £ 0.05 0.28 £ 0.08 0.32
Firmicutes/Bacteroidetes 3.09 + 0.64° 5.66 + 0.39% 6.74 £ 0.70° <0.01

Data were shown as means + SE. n = 5 in each group. Control, basal diet; Na,SeOs, 0.3 mg Se/kg Na,SeO; HMSeBA, 0.3 mg Se/kg HMSeBA. #*°Mean values within a row with

different superscript letters were significantly different (p < 0.05).

TABLE 10 | Effect of HMSeBA on the relative abundances at genera level of colonic microbiota in gilts (%).

Item Treatment Values of p
Control Na,SeO; HMSeBA
Streptococcus 22.61 +6.26 17.54 £ 3.80 2217 +5.08 0.75
Lactobacillus 475 £2.41 4.80 +0.37 7.82+£224 0.50
unidentified_Clostridliales 8.46 + 0.94 9.26 +1.98 8.81 £ 0.46 0.92
Terrisporobacter 3.69 + 0.25° 5.92 + 0.69% 8.12 £ 1.26% 0.01
unidentified_Ruminococcaceae 2.32 +0.16° 4,75 +0.922 3.11 + 0.50%° 0.04
Turicibacter 217 £0.28 2.40 + 0.31 3.49 + 0.65 0.12
Bifidobacterium 0.65 £ 0.263 1.65 + 0.68 0.45 + 0.08 0.14
Romboutsia 1.22 +£0.21 1.26 £ 0.20 1.54 £ 0.29 0.59
Methanobrevibacter 0.33+0.05 0.33+0.12 0.17 £ 0.06 0.32
unidentified_Spirochaetaceae 1.00 £ 0.35 0.78+0.18 0.62 + 0.08 0.52
unidentified_Prevotellaceae 1.38 + 0.172 1.06 + 0.12% 0.79 + 0.10° 0.03
unidentified_Lachnospiraceae 0.93 +0.13 1.27 £0.16 1.10+£0.11 0.24
Alloprevotella 0.45 £ 0.09 0.48 £ 0.02 0.33 £ 0.02 0.23
Mitsuokella 0.27 £0.07 0.67 £ 0.21 0.35 +0.08 0.12
Succinivibrio 0.02 £ 0.00 0.03 £ 0.00 0.04 = 0.01 0.12
Megasphaera 0.15+0.03° 0.53 + 0.05° 0.25 + 0.04° <0.01
Phascolarctobacterium 0.22 + 0.02 0.34 +0.03 0.32 £ 0.04 0.07
Anaerovibrio 0.65+0.15 0.67 +0.14 0.61 + 0.09 0.96
unidentified_Enterobacteriaceae 0.15+0.07 0.10+0.03 0.11 £ 0.02 0.70
Oscillospira 0.25 +0.02 0.52 +0.14 0.45 + 0.04 0.14
Acetitomaculum 0.20 + 0.02° 0.52 £0.13* 0.26 + 0.04° 0.04
Blautia 0.15 £ 0.02 0.16 £ 0.02 0.12 £ 0.01 0.39
Oscillibacter 0.24 + 0.01 0.34 £ 0.06 0.33 +0.03 0.25
Parabacteroides 0.37 £ 0.07 0.21 +0.04 0.26 + 0.02 0.09
Lachnospira 0.15+0.02 0.15+ 0.00 0.16 + 0.01 0.89
Intestinibacter 0.16 + 0.03° 0.25 + 0.04%® 0.34 + 0.052 0.038
Others 44.76 + 4.46 36.08 + 1.90 33.91 +2.92 0.09

Data were shown as means + SE. n = 5 in each group. Control, basal diet; Na,SeO;, 0.3 mg Se/kg Na,SeO; HMSeBA, 0.3 mg Se/kg HMSeBA. #*°Mean values within a row with

different superscript letters were significantly different (p <0.05).

It can be seen from the above results that the immune
system relies on a good selenium state to fight bacterial
and viral infections, deal with oxidative damage, and regulate
inflammation. It has been reported that adding selenium
in the basal diet of sows effectively increased the serum
IgA, IgG, and IgM concentrations of sows and their offspring
(Gelderman and Clapper, 2014). When adding inorganic
selenium or organic selenium to the diet, the serum IgG

concentration of the ewe increased (Cabello et al., 1983).
Low selenium content may also affect intestinal mucosal
immunity. In commercial broilers, selenium deficiency
reduced the content of soluble IgA in the duodenal mucosa
and increased the level of pro-inflammatory cytokine IL-1p.
In contrast, anti-inflammatory cytokines, such as TGF-p1
and IL-10, were significantly inhibited (Liu et al., 2016).
In present study, the HMSeBA group increased the protein
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concentrations of IL-2 and IgG in serum. And compared
with the control group, the HMSeBA group decreased the
protein concentrations of proinflammatory factors IL-6 and
TNF-a, and increased the concentration of sIgA in the
intestine. Studies have shown that low selenium leads to
reduce intestinal sIgA secretion, a lower intestinal
immunological barrier, and thus reduces intestinal immune
function (Liu et al., 2016). The reason may be that selenium
deficiency causes the increase of free radicals in the intestinal
mucosa, which increases the expression of inflammatory
factors, and leads to intestinal microcirculation disorders,
an imbalance of T cells, blocked proliferation of lymphocytes
associated with the intestine, and leads to the decrease of
intestinal sIgA secretion (Hanson, 1998).

The intestinal microbiota can be regulated by dietary
supplements that have the ability to stimulate the growth
of beneficial bacteria and selectively inhibit the activity of
pathogenic bacteria (Hrdina et al., 2009). Molan et al. found

that compared with the extract without selenium, selenium
extract significantly increased the number of Lactobacillus
and Bifidobacterium in the cecum of rats, and reduced the
number of Escherichia coli and Salmonella (Molan et al,
2010). The present results showed that dietary supplementation
with HMSeBA reduced the number of Parabacteroides and
Prevotellaceae in the intestine, and increased the number
of Ruminococcaceae and Phascolarctobacterium. At the
phylum level correlation analysis, Firmicutes was negatively
correlated with serum levels of cytokines, 16S rRNA results
showed that the HMSeBA treatment group increased the
abundance of Firmicutes in the colon chyme, indicating
that HMSeBA could downregulate the level of inflammatory
cytokines. Meanwhile, inflammatory factor levels may also
affect the abundance of microbiota, thus affecting the overall
diversity of microbial communities. Dietary selenium can
affect the overall diversity of existing intestinal microbiota
as well as the establishment of gastrointestinal microbiota,
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and the Parabacteroides group of Bacteroides is inversely
associated with selenium supplementation. This finding might
be explained by the use of selenium by various microorganisms
and the toxicity of selenium to some organisms (Kasaikina
and Kravtsova, 2011). The sensitivity of microorganisms to
dietary selenium may be related to the regulation of host
selenium status, and it has been shown that gastrointestinal
microbiota affects host selenium status and selenium protein
expression. Under the condition of selenium deficiency, the
activities of GPX and TR in liver and intestine of germ-free
(GF) mice were higher than those of conventionalized (CV)
mice, and the expression of GPX1 and its mRNA in liver
and colon were also higher (Hrdina et al., 2009). These
results were consistent with marina’s study, which found
that the level of selenoprotein in GF mice was higher than
that in CV mice (Fukushima et al., 2003). Therefore, dietary
selenium affects the host’s selenium status and the expression
of selenoproteins by affecting the composition of intestinal

flora, and then affects the level of inflammatory factors
and immune function.

CONCLUSION
In conclusion, adding 0.3 mg Se/kg HMSeBA to the diet can
improve tissue selenium content, antioxidant capacity,

immunoglobulin concentration, and immune-related selenoprotein
gene expression of gilts, reduce the level of proinflammatory
factors, promote the growth of intestinal beneficial bacteria, and
further enhance the immune function of gilts.

DATA AVAILABILITY STATEMENT

The datasets generated for this study can be found in online
repositories. The names of the repository/repositories and

Frontiers in Microbiology | www.frontiersin.org

August 2021 | Volume 12 | Article 723190


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Lietal

Organic Selenium With Gilts

accession number(s) can be found at: https://www.ncbi.nlm.
nih.gov/, PRINA750710.

ETHICS STATEMENT

The animal study was reviewed and approved by All animal
procedures used in this study were approved by the Animal
Care and Use Committee of Sichuan Agricultural University.
Written informed consent was obtained from the owners for
the participation of their animals in this study.

AUTHOR CONTRIBUTIONS

SX, ZL, and DW designed the study. ZL and YD carried out
the animal experiments and performed the laboratory work.
ZL, YD, SC, XJia, XJian, LC, YL, JL, BE ZE YZ, JW, and HX

REFERENCES

Alimohamady, R., Aliarabi, H., Bahari, A., and Dezfoulian, A. H. (2013).
Influence of different amounts and sources of selenium supplementation
on performance, some blood parameters, and nutrient digestibility in lambs.
Biol. Trace Elem. Res. 154, 45-54. doi: 10.1007/s12011-013-9698-4

Avery, J. C., and Hoffmann, P. R. (2018). Selenium, selenoproteins, and immunity.
Nutrients 10:1203. doi: 10.3390/nu10091203

Banning, A., Florian, S., Deubel, S., Thalmann, S., Miiller-Schmehl, K.,
Jacobasch, G, et al. (2008). GPx2 counteracts PGE2 production by dampening
COX-2 and mPGES-1 expression in human colon cancer cells. Antioxid.
Redox Signal. 10, 1491-1500. doi: 10.1089/ars.2008.2047

Barrett, C. W, Ning, W.,, Chen, X., Smith, J. J., Washington, M. K., Hill, K. E,,
et al. (2013). Tumor suppressor function of the plasma glutathione peroxidase
gpx3 in colitis-associated carcinoma. Cancer Res. 73, 1245-1255. doi:
10.1158/0008-5472.CAN-12-3150

Bradford, M. M. (1976). A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye binding.
Anal. Biochem. 72, 248-254. doi: 10.1016/0003-2697(76)90527-3

Briens, M. L., Mercier, Y., Rouffineau, F, Vacchina, V., and Geraert, P.-A.
(2013). Comparative study of a new organic selenium source v. seleno-yeast
and mineral selenium sources on muscle selenium enrichment and selenium
digestibility in broiler chickens. Br. J. Nutr. 110, 617-624. doi: 10.1017/
S0007114512005545

Brigelius-Flohé, R., Banning, A., and Schnurr, K. (2003). Selenium-dependent
enzymes in endothelial cell function. Antioxid. Redox Signal. 5:205. doi:
10.1089/152308603764816569

Burk, R. E, and Hill, K. E. (2009). Selenoprotein P-expression, functions, and
roles in mammals. Biochim. Biophys. Acta 1790, 1441-1447. doi: 10.1016/j.
bbagen.2009.03.026

Burk, R. E, and Hill, K. E. (2015). Regulation of selenium metabolism and transport.
Annu. Rev. Nutr. 35, 109-134. doi: 10.1146/annurev-nutr-071714-034250

Cabello, G., Levieux, D., Girardeau, J. P, and Lefaivre, J. (1983). Intestinal
K99+ Escherichia coli adhesion and absorption of colostral IgGl in the
newborn lamb: effect of fetal infusion of thyroid hormones. Res. Vet. Sci.
35, 242-244. doi: 10.1016/S0034-5288(18)32187-8

Cao, J., Guo, E, Zhang, L., Dong, B, and Gong, L. (2015). Effects of dietary
Selenomethionine supplementation on growth performance, antioxidant status,
plasma selenium concentration, and immune function in weaning pigs. J.
Anim. Sci. Biotechnol. 5:46. doi: 10.1186/2049-1891-5-46

Chao, Y., Yu, B, He, ], Huang, Z., Mao, X,, Luo, J., et al. (2019). Effects of
different levels of dietary hydroxy-analogue of selenomethionine on growth
performance, selenium deposition and antioxidant status of weaned piglets.
Arch. Anim. Nutr. 73, 1-10. doi: 10.1080/1745039X.2019.1641368

performed the statistical analysis. ZL wrote the paper. SX and
DW revised the manuscript. All authors contributed to the
article and approved the submitted version.

FUNDING

The present study was supported by National 13th Five-Year
Plan Key R&D Projects: (2018YFD0501005), Sichuan Province
“145” Breeding Tackle Project (Project no. 2021YFYZ0008),
and Sichuan Agricultural University Double Support Project.

ACKNOWLEDGMENTS

We thank Adisseo France S.A.S. for kindly providing HMSeBA
and the 111 Project (D17015). The authors would like to thank
Paul Dyce for his careful editing of this manuscript.

Costello, A. J. (2001). A randomized, controlled chemoprevention trial of
selenium in familial prostate cancer: rationale, recruitment, and design issues.
Urology 57, 182-184. doi: 10.1016/S0090-4295(00)00969-9

Daniels, L. A. (1996). Selenium metabolism and bioavailability. Biol. Trace Elem.
Res. 54, 185-199. doi: 10.1007/BF02784430

Esworthy, R. S., Kim, B. W,, Larson, G. P, Yip, M., Smith, D. D., Min, L,
et al. (2011). Colitis locus on chromosome 2 impacting the severity of
early-onset disease in mice deficient in GPX1 and GPX2. Inflamm. Bowel
Dis. 17, 1373-1986. doi: 10.1002/ibd.21479

Fairweather-Tait, S. J., Rachel, C., and Rachel, H. (2010). Selenium bioavailability:
current knowledge and future research requirements. Am. J. Clin. Nutr. 91,
1484S-1491S. doi: 10.3945/ajcn.2010.28674]

Faixova, Z., PieSové, E., Makova, Z., Cobanova, K., and Faix, S. (2016). Effect
of dietary supplementation with selenium-enriched yeast or sodium selenite
on ruminal enzyme activities and blood chemistry in sheep. Acta Vet. Brno
85, 185-194. doi: 10.2754/avb201685020185

Flohé, L., Brigelius-Flohé, R., Saliou, C., Traber, M. G., and Packer, L. (1997).
Redox regulation of NF-kappa B activation. Free Radic. Biol. Med. 22,
1115-1126. doi: 10.1016/S0891-5849(96)00501-1

Fossum, C., Hjertner, B, Ahlberg, V., Charerntantanakul, W., Mcintosh, K.,
Fuxler, L., et al. (2014). Early inflammatory response to the saponin adjuvant
matrix-M in the pig. Vet. Immunol. Immunopathol. 158, 53-61. doi: 10.1016/j.
vetimm.2013.07.007

Fukushima, K., Ogawa, H., Takahashi, K., Naito, H., Funayama, Y., Kitayama, T.,
et al. (2003). Non-pathogenic bacteria modulate colonic epithelial gene
expression in germ-free mice. Scand. J. Gastroenterol. 38, 626-634. doi:
10.1080/00365510310000376

Gelderman, A., and Clapper, J. (2014). Effects of inorganic or organic selenium
on immunoglobulins in swine. ] Anim. Sci. Biotechnol. 4:47. doi:
10.1186/2049-1891-4-47

Hanson, L. A. (1998). Breastfeeding provides passive and likely long-lasting
active immunity. Ann. Allergy Asthma Immunol. 81, 523-533. doi: 10.1016/
$1081-1206(10)62704-4

Hawkes, W. C., and Alkan, Z. (2010). Regulation of redox signaling by selenoproteins.
Biol. Trace Elem. Res. 134, 235-251. doi: 10.1007/s12011-010-8656-7

Hirota, K., Matsui, M., Iwata, S., Nishiyama, A., and Mori, K. (1997). AP-1
transcriptional activity is regulated by a direct association between thioredoxin
and Ref-1. Proc. Natl. Acad. Sci. U. S. A. 94, 3633-3638. doi: 10.1073/pnas.94.8.3633

Hrdina, J., Banning, A., Kipp, A., Loh, G., Blaut, M., and Brigelius-Flohé, R.
(2009). The gastrointestinal microbiota affects the selenium status and
selenoprotein expression in mice. J. Nutr. Biochem. 20, 638-648. doi: 10.1016/j.
jnutbio.2008.06.009

Jlali, M., Briens, M., Rouffineau, F,, Mercerand, F, Geraert, P. A., and Mercier, Y.
(2013). Effect of 2-hydroxy-4-methylselenobutanoic acid as a dietary selenium

Frontiers in Microbiology | www.frontiersin.org

23

August 2021 | Volume 12 | Article 723190


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://doi.org/10.1007/s12011-013-9698-4
https://doi.org/10.3390/nu10091203
https://doi.org/10.1089/ars.2008.2047
https://doi.org/10.1158/0008-5472.CAN-12-3150
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1017/S0007114512005545
https://doi.org/10.1017/S0007114512005545
https://doi.org/10.1089/152308603764816569
https://doi.org/10.1016/j.bbagen.2009.03.026
https://doi.org/10.1016/j.bbagen.2009.03.026
https://doi.org/10.1146/annurev-nutr-071714-034250
https://doi.org/10.1016/S0034-5288(18)32187-8
https://doi.org/10.1186/2049-1891-5-46
https://doi.org/10.1080/1745039X.2019.1641368
https://doi.org/10.1016/S0090-4295(00)00969-9
https://doi.org/10.1007/BF02784430
https://doi.org/10.1002/ibd.21479
https://doi.org/10.3945/ajcn.2010.28674J
https://doi.org/10.2754/avb201685020185
https://doi.org/10.1016/S0891-5849(96)00501-1
https://doi.org/10.1016/j.vetimm.2013.07.007
https://doi.org/10.1016/j.vetimm.2013.07.007
https://doi.org/10.1080/00365510310000376
https://doi.org/10.1186/2049-1891-4-47
https://doi.org/10.1016/S1081-1206(10)62704-4
https://doi.org/10.1016/S1081-1206(10)62704-4
https://doi.org/10.1007/s12011-010-8656-7
https://doi.org/10.1073/pnas.94.8.3633
https://doi.org/10.1016/j.jnutbio.2008.06.009
https://doi.org/10.1016/j.jnutbio.2008.06.009

Lietal

Organic Selenium With Gilts

supplement to improve the selenium concentration of table eggs. J. Anim.
Sci. 91, 1745-1752. doi: 10.2527/jas.2012-5825

Juniper, D. T., Phipps, R. H., Ramosmorales, E., and Bertin, G. (2008). Effect
of dietary supplementation with selenium-enriched yeast or sodium selenite
on selenium tissue distribution and meat quality in beef cattle. J. Anim.
Sci. 86, 3100-3109. doi: 10.2527/jas.2007-0595

Kasaikina, M., and Kravtsova, M. (2011). Dietary selenium affects host
selenoproteome expression by influencing the gut microbiota. FASEB J. 25,
2492-2499. doi: 10.1096/1).11-181990

Kipp, A., Banning, A., and Brigelius-Flohé, R. (2007). Activation of the glutathione
peroxidase 2 (GPx2) promoter by beta-catenin. Biol. Chem. 388, 1027-1033.
doi: 10.1515/BC.2007.137

Kudva, A. K., Shay, A. E., and Prabhu, K. S. (2015). Selenium and inflammatory
bowel disease. Am. J. Physiol. Gastrointest. Liver Physiol. 309, G71-G77. doi:
10.1152/ajpgi.00379.2014

Liu, Z., Qu, Y., Wang, ], and Wu, R. (2016). Selenium deficiency attenuates
chicken duodenal mucosal immunity via activation of the NF-kb signaling
pathway. Biol. Trace Elem. Res. 172, 465-473. doi: 10.1007/s12011-015-0589-8

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression
data using real-time quantitative PCR and the 2% C T method. Methods
25, 402-408. doi: 10.1006/meth.2001.1262

Lothrop, A. P, Snider, G. W.,, Ruggles, E. L., Patel, A. S., Lees, W. J., and
Hondal, R. J. (2014). Selenium as an electron acceptor during the catalytic
mechanism of thioredoxin reductase. Biochemistry 53, 654-663. doi: 10.1021/
bi400658g

Lubos, E., Loscalzo, J., and Handy, D. E. (2010). Glutathione peroxidase-1 in
health and disease: From molecular mechanisms to therapeutic opportunities.
Antioxid. Redox Signal. 15, 1957-1997. doi: 10.1089/ars.2010.3586

Margarida, P. A., Carlo, P, Giacomo, B., Claudio, S., Maia, M., Elisabete, M.,
et al. (2020). Supplemental selenium source on gut health: insights on fecal
microbiome and fermentation products of growing puppies. FEMS Microbiol.
Ecol. 96:212. doi: 10.1093/femsec/fiaa212

Mehdi, Y., Hornick, J. L., Istasse, L., and Dufrasne, 1. (2013). Selenium in the
environment, metabolism and involvement in body functions. Molecules 18,
3292-3311. doi: 10.3390/molecules18033292

Mistry, D. H., Broughton, P. E, Redman, C. W,, and Poston, L. (2012). Selenium
in reproductive health. Am. J. Obstet. Gynecol. 206, 21-30. doi: 10.1016/j.
2jog.2011.07.034

Molan, A. L., Liu, Z., and Tiwari, R. (2010). The ability of green tea to positively
modulate key markers of gastrointestinal function in rats. Phytother. Res.
24, 1614-1619. doi: 10.1002/ptr.3145

Mou, D., Ding, D., Li, S., Yan, H,, Qin, B, Li, Z, et al. (2020a). Effect of
maternal organic selenium supplementation during pregnancy on sow
reproductive performance and long-term effect on their progeny. J. Anim.
Sci. 98:366. doi: 10.1093/jas/skaa366

Mou, D., Ding, D, Yan, H,, Qin, B, Dong, Y., Li, Z., et al. (2020b). Maternal
supplementation of organic selenium during gestation improves sows and
offspring antioxidant capacity and inflammatory status and promotes embryo
survival. Food Funct. 11, 7748-7761. doi: 10.1039/d0fo00832j

Mou, D., Wang, J., Liu, H., Chen, Y., Che, L., Fang, Z., et al. (2018). Maternal
methyl donor supplementation during gestation counteracts bisphenol
A-induced oxidative stress in sows and offspring. Nutrients 45, 76-84. doi:
10.1016/j.nut.2017.03.012

National Research Council (2012). Nutrient Requirements of Swine: Eleventh
Revised Edition. Washington, DC: The National Academies Press.

Nelson, S. M., Lei, X., and Prabhu, K. S. (2011). Selenium levels affect the
IL-4-induced expression of alternative activation markers in murine
macrophages. J. Nutr. 141, 1754-1761. doi: 10.3945/jn.111.141176

Rita, S., and Nancy, M. (2015). A review of dietary selenium intake and selenium
status in Europe and the Middle East. Nutrients 7, 1494-1537. doi: 10.3390/
nu7031494

Ruan, T, Li, L, Lyu, Y, Luo, Q, and Wu, B. (2018). Effect of methionine
deficiency on oxidative stress and apoptosis in the small intestine of broilers.
Acta Vet. Hung. 66, 52-65. doi: 10.1556/004.2018.006

Schrauzer, , and Gerhard, N. (2000). Selenomethionine: a review of its nutritional
significance, metabolism and toxicity. J. Nutr. 130, 1653-1656. doi: 10.1093/
jn/130.7.1653

Schwarz, K., and Fredga, A. (1969). Biological potency of organic selenium
compounds. J. Biol. Chem. 244, 2103-2110. doi: 10.1016/50021-9258(18)94372-3

Shini, S., Sultan, A., and Bryden, W. L. (2015). Selenium biochemistry and
bioavailability&58; implications for animal agriculture. Agriculture 5,
1277-1288. doi: 10.3390/agriculture5041277

Speckmann, B., Bidmon, H. J,, Pinto, A., Anlauf, M., Sies, H., and Steinbrenner, H.
(2011). Induction of glutathione peroxidase 4 expression during enterocytic
cell differentiation. J. Biol. Chem. 286, 10764-10772. doi: 10.1074/jbc.
M110.216028

Speight, S. M., Estienne, M. J., Harper, A. E, Barb, C. R., and Pringle, T. D.
(2012). Effects of organic selenium supplementation on growth performance,
carcass measurements, tissue selenium concentrations, characteristics of
reproductive organs, and testis gene expression profiles in boars. J. Anim.
Sci. 90:533. doi: 10.2527/jas.2010-3747

Stadtman, T. (1996). A new selenoprotein from human lung adenocarcinoma
cells: purification, properties, and thioredoxin reductase activity. Proc. Natl.
Acad. Sci. U. S. A. 93, 1006-1011. doi: 10.1073/pnas.93.3.1006

Vendeland, S. C., Deagen, J. T, Butler, J. A., and Whanger, P. D. (1994). Uptake
of selenite, selenomethionine and selenate by brush border membrane vesicles
isolated from rat small intestine. BioMetals 7, 305-312. doi: 10.1007/BF00144126

Verma, S., Hoffmann, E 'W., Kumar, M., Huang, Z., Roe, K., Nguyen-Wu, E,,
et al. (2011). Selenoprotein K knockout mice exhibit deficient calcium flux
in immune cells and impaired immune responses. J. Immunol. 186,
2127-2137. doi: 10.4049/jimmunol.1002878

Wan, K., Li, Y, Sun, W,, An, R, Tang, Z, Wu, L., et al. (2020). Effects of
dietary calcium pyruvate on gastrointestinal tract development, intestinal
health and growth performance of newly weaned piglets fed low-protein
diets. J. Appl. Microbiol. 128, 355-365. doi: 10.1111/jam.14494

Wang, Y. X, Zhan, X. A, Yuan, D., Zhang, X. W,, and Wu, R. J. (2011).
Influence of dietary Selenomethionine supplementation on performance and
selenium status of broiler breeders and their subsequent progeny. Biol. Trace
Elem. Res. 143, 1497-1507. doi: 10.1007/s12011-011-8976-2

Xu, S., Shi, J., Dong, Y., Li, Z., and Shen, Y. (2020). Fecal bacteria and metabolite
responses to dietary lysozyme in a sow model from late gestation until
lactation. Sci. Rep. 10:3210. doi: 10.1038/s41598-020-60131-1

Xu, X. M., Carlson, B., Irons, R., Mix, H., Zhong, N., Gladyshev, V., et al.
(2007). Selenophosphate synthetase 2 is essential for selenoprotein biosynthesis.
Biochem. ]. 404, 115-120. doi: 10.1042/BJ20070165

Yan, W, and Chen, X. (2006). GPX2, a direct target of p63, inhibits oxidative
stress-induced apoptosis in a p53-dependent manner. J. Biol. Chem. 281,
7856-7862. doi: 10.1074/jbc.M512655200

Zarczyhska, K., Sobiech, P, Radwinska, J., and Rekawek, W. (2013). Effects of
selenium on animal health. J. Elem. 18, 329-340. doi: 10.5601/jelem.2013.18.2.12

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.

Copyright © 2021 Li, Dong, Chen, Jia, Jiang, Che, Lin, Li, Feng, Fang, Zhuo, Wang,
Xu, Wu and Xu. 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.

Frontiers in Microbiology | www.frontiersin.org

August 2021 | Volume 12 | Article 723190


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.2527/jas.2012-5825
https://doi.org/10.2527/jas.2007-0595
https://doi.org/10.1096/fj.11-181990
https://doi.org/10.1515/BC.2007.137
https://doi.org/10.1152/ajpgi.00379.2014
https://doi.org/10.1007/s12011-015-0589-8
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1021/bi400658g
https://doi.org/10.1021/bi400658g
https://doi.org/10.1089/ars.2010.3586
https://doi.org/10.1093/femsec/fiaa212
https://doi.org/10.3390/molecules18033292
https://doi.org/10.1016/j.ajog.2011.07.034
https://doi.org/10.1016/j.ajog.2011.07.034
https://doi.org/10.1002/ptr.3145
https://doi.org/10.1093/jas/skaa366
https://doi.org/10.1039/d0fo00832j
https://doi.org/10.1016/j.nut.2017.03.012
https://doi.org/10.3945/jn.111.141176
https://doi.org/10.3390/nu7031494
https://doi.org/10.3390/nu7031494
https://doi.org/10.1556/004.2018.006
https://doi.org/10.1093/jn/130.7.1653
https://doi.org/10.1093/jn/130.7.1653
https://doi.org/10.1016/S0021-9258(18)94372-3
https://doi.org/10.3390/agriculture5041277
https://doi.org/10.1074/jbc.M110.216028
https://doi.org/10.1074/jbc.M110.216028
https://doi.org/10.2527/jas.2010-3747
https://doi.org/10.1073/pnas.93.3.1006
https://doi.org/10.1007/BF00144126
https://doi.org/10.4049/jimmunol.1002878
https://doi.org/10.1111/jam.14494
https://doi.org/10.1007/s12011-011-8976-2
https://doi.org/10.1038/s41598-020-60131-1
https://doi.org/10.1042/BJ20070165
https://doi.org/10.1074/jbc.M512655200
https://doi.org/10.5601/jelem.2013.18.2.12
http://creativecommons.org/licenses/by/4.0/

',\' frontiers
in Microbiology

ORIGINAL RESEARCH
published: 26 August 2021
doi: 10.3389/fmicb.2021.719967

OPEN ACCESS

Edited by:
Zheng Ruan,
Nanchang University, China

Reviewed by:

Hui Yan,

Sichuan Agricultural University, China
Jin Wan,

Nanchang University, China

*Correspondence:
Jiashun Chen
Jjschen@hunau.edu.cn
Yulong Yin
yinyulong@isa.ac.cn

Specialty section:

This article was submitted to
Food Microbiology,

a section of the journal
Frontiers in Microbiology

Received: 03 June 2021
Accepted: 09 July 2021
Published: 26 August 2021

Citation:

Yang M, Yin Y, Wang F, Zhang H,

Ma X, Yin'Y, Tan B and Chen J (2021)
Supplementation With Lycium
barbarum Polysaccharides Reduce
Obesity in High-Fat Diet-Fed Mice by
Modulation of Gut Microbiota.

Front. Microbiol. 12:719967.

doi: 10.3389/fmicb.2021.719967

Check for
updates

Supplementation With Lycium
barbarum Polysaccharides Reduce
Obesity in High-Fat Diet-Fed Mice by
Modulation of Gut Microbiota

Mei Yang', Yexin Yin', Fang Wang', Haihan Zhang', Xiaokang Ma’, Yulong Yin"2*,
Bie Tan' and Jiashun Chen'2*

! Animal Nutritional Genome and Germplasm Innovation Research Center, College of Animal Science and Technology, Hunan
Agricultural University, Changsha, China, 2 CAS Key Laboratory of Agro-ecological Processes in Subtropical Region, Institute
of Subtropical Agriculture, Changsha, China

Lycium barbarum polysaccharides (LBPs) have been proved to prevent obesity and
modulate gut microbiota. However, the underlying mechanisms of LBPs’ regulating
lipid metabolism remain entirely unclear. Therefore, the purpose of this study was to
determine whether LBPs are able to modulate the gut microbiota to prevent obesity. The
results showed that oral administration of LBPs alleviated dyslipidemia by decreasing
the serum levels of total triglycerides, total cholesterol, and low-density lipoprotein-
cholesterol and elevating the high-density lipoprotein cholesterol in obese mice.
Furthermore, LBP treatment decreased the number and size of adipocytes in epididymal
adipose tissues and downregulated the expression of adipogenesis-related genes,
including acetyl-CoA carboxylase 1, fatty acid synthase, stearoyl-CoA desaturase 1,
sterol regulatory element-binding protein-1c, peroxisome proliferator-activated receptor
v, and CCAAT/enhancer-binding protein a. 16S rRNA gene sequencing analysis showed
that LBPs increased the diversity of bacteria, reduced the Firmicutes/Bacteroidetes
ratio, and improved the gut dysbiosis induced by a high-fat diet; for example, LBPs
increased the production of short-chain fatty acid-producing bacteria Lacticigenium,
Lachnospiraceae_NK4A136_group, and Butyricicoccus. LBPs treatment also increased
the content of fecal short-chain fatty acids, including butyric acid. These findings
illustrate that LBPs might be developed as a potential prebiotic to improve lipid
metabolism and intestinal diseases.

Keywords: Lycium barbarum polysaccharides, high-fat diet, gut microbiota, lipid metabolism, obesity

INTRODUCTION

Obesity is an important risk factor for many chronic diseases such as type II diabetes, cardiovascular
and cerebrovascular diseases, cancer, and so on (Shin and Yoon, 2018), and which has become
one of the top health problems in the world. It becomes a major challenge for modern societies to
decrease the incidence of obesity and its associated diseases. The pathogenesis of obesity is complex
that mainly involves genetic and environmental factors (Silventoinen et al., 2007). A wealth of
evidence has demonstrated that the gut microbiota plays an important role in regulating nutrient
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acquisition and body weight, thus serving as a key factor to
regulate obesity, and its associated disorders (Ridaura et al., 2013;
Sanmiguel et al., 2015).

The gut microbiota primarily contains Firmicutes,
Bacteroidetes, Actinobacteria, and Proteobacteria phyla, which
are composed of more than 1,000 different bacterial species,
but not all species are known to this date (Ley et al., 2005).
A high-fat diet has been reported to reshape the gut microbiota,
particularly by increasing the proportion of Firmicutes in
relation to Bacteroidetes, which plays a significant role in the
pathogenesis of obesity-induced metabolic diseases (Hildebrandt
et al., 2009). Several studies provide scientific evidence that the
gut microbiota is becoming a promising therapeutic target for
dietary interventions to protect against obesity (Ojo et al., 20165
Zheng et al., 2018). In recent years, some plant-derived natural
bioactive compounds, including polysaccharides, were reported
to be helpful to reduce weight gain, and fat accumulation
via the modulation of the gut microbiota (Shang et al., 2017;
Sun et al., 2018).

Red-colored fruits of Lycium barbarum (Gougqizi, Fructus
Lycii, or wolfberry) are used as traditional Chinese herbal
medicine to promote health and longevity, and as a food
supplement for 1,000 of years (Qian, 2019). Lycium barbarum
polysaccharides (LBPs) are the main active constituents of
L. barbarum fruits, which possess a variety of pharmacological
effects, such as antioxidant, anti-stress, neuroprotective activities,
anti-aging, antidiabetic activities, immune regulation, protection
against liver damage, and reduction of blood glucose level
(Luo et al, 2004; Ha et al, 2005). Recent studies have
shown that LBPs play a vital role in regulating hepatic
lipid metabolism (Jia et al., 2016). Furthermore, LBPs improve
dyslipidemia, promotes energy expenditure, reduces body weight,
and alleviates non-alcoholic steatohepatitis (Xiao et al., 2013,
2014). Dysfunction of hepatic energy signaling induced by a high-
fat diet represents a key mechanism for hepatic insulin resistance
and lipid accumulation associated with non-alcoholic fatty liver
disease (Li et al., 2014). However, studies on the anti-obesogenic
activity of LBPs and the related gut dysbiosis are limited. Our
previous studies demonstrated that supplementation with LBPs
in piglet diets stimulated the growth of beneficial gut bacteria
and suppressed the growth of Escherichia coli (Chen et al., 2019).
Although numerous health benefits of LBPs have been reported,
their effects on the gut microbiota in animals with high fat-diet-
induced dysbiosis are not known. Therefore, the objectives of
the present study are to investigate the effects of LBPs on the
gut microbiota, blood lipids, and genetic factors regarding lipid
metabolism in high-fat diet-fed mice. The results will increase
our understanding of how LBPs regulate gut microbiota to exert
anti-obesogenic effects.

MATERIALS AND METHODS

Animals and Dietary Treatments

All procedures were approved by the Animal Care and
Use Committee of Hunan Agricultural University, Peoples
Republic of China (permit number: CACAHU 2020-0821).

Three-week-old male ICR mice (specific pathogen-free) were
purchased from Shanghai Laboratory Animal Central (Changsha,
China). After a 1-week adaptation period, the mice were housed
in a controlled environment (temperature: 23 4 2°C, relative
humidity: 50 &= 5%, and a 12-h light-dark cycle), with free access
to food and drinking water during the experiment.

Thirty mice were randomly separated into three groups
(n = 10), including the normal chow diet group (NC), the high-
fat diet group (HFD), and the HFD-fed mice with the LBP
group (HFD + LBPs). The NC group was fed with an NC
diet (research diet D12450B, containing 10% kcal from fat, 3.85
total kcal/g, and Beijing Botai Hongda Biotechnology Co., Ltd.);
mice in the HFD and HFD + LBP groups were fed an HFD
(research diet D12492, containing 60% kcal from fat, and 5.24
total kcal/g) as model controls (Shang et al., 2017). Moreover,
mice in the HFD + LBP group drank water containing 0.2% of
LBPs from the beginning, and the other two groups received
sterile water. In the current study, LBPs (high-performance liquid
chromatography > 60%) comprised D-mannose, L-rhamnose,
D-glucose, D-galactosamine, and D-xylose, purchased from
Xi’an ZeBang Biological Technology Co., Ltd. (Xi’an, China).
Throughout the experiment, the body weight and food intake
of mice were measured weekly for 10 weeks. Fecal samples were
collected and stored at —80°C until further analysis. At the end
of the experiment, all mice were fasted overnight and killed by
cervical dislocation with sodium pentobarbital anesthesia, and all
efforts were made to minimize suffering. After killing, blood, liver,
epididymal adipose tissues, cecum, colon, and colon contents
were collected for further analyses.

Analysis of Biochemical Parameters in
Blood and Liver Samples

Blood samples were collected from the orbital venous plexus
of mice under anesthesia. The serum was obtained from blood
samples with the centrifugation at 4,000 x g at 4°C for 10 min
and stored at —80°C for further analysis. The levels of high-
density lipoprotein cholesterol (HDL-C), low-density lipoprotein
cholesterol (LDL-C), total cholesterol (TC), triacylglycerols
(TG), and malondialdehyde (MDA) in serum and liver were
monitored by the corresponding assay kits according to the
manufacturer’s instructions (Nanjing Jiancheng Bioengineering
Institute, China).

Histology Analysis

The liver and epididymal adipose tissues were removed and
fixed in 4% formaldehyde solution, after which the fixed tissues
were paraffin-embedded and the liver and epididymal adipose
tissues blocks were cut into 5-pm sections, and stained with
hematoxylin and eosin.

RNA Extraction and Gene Expression
Analysis

Total RNA from the epididymal adipose tissues was isolated
using Trizol reagent (Invitrogen, United States) and treated
with DNase I (Promega Corporation, Germany) according
to the manufacturer’s instructions. The complementary DNA
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(cDNA) was generated from total RNA according to the
reverse transcription kit (TaKaRa Company, Dalian). The
ABI 7900HT-polymerase chain reaction (PCR) instrument
(ABI Biotechnology, United States) was used to amplify the
samples by using SYBR-Green I dye (Molecular Probes, Eugene,
OR, United States) and using the supporting software (Applied
Biosystem, SDS2.3) for data analysis. The PCR primers sequences
for the corresponding genes were listed in Supplementary
Table 1. The PCR was performed in duplicate at 95°C for 3 min
and subjected to 40 cycles of 95°C for 30's, 55°C for 305, and 72°C
for 45 s. The relative expression levels of target genes cDNA to
B-actin cDNA were calculated as a ratio by the 2724t formula.

DNA Extraction and High Throughput

Sequencing

Metagenomic DNA was extracted using the EZN.A" Soil
DNA Kit (Omega Bio-tek, United States) according to the
manufacturer’s protocols. The V3-V4 regions of the cecal
microbiota 16S rRNA gene were amplified by using specific
primers of (338F: 5 ACTCCTACGGGAGGCAGCAG-3'; 806R:
5'- GGACTACHVGGGTWTCTAAT-3") by ABI GeneAmp PCR
System 9700 (Applied Biosystems, Foster City, CA, United States)
in triplicate. The PCR products were examined and purified
from 2% agarose gels and purified using the AxyPrep DNA
Gel Extraction Kit (Axygen Biosciences, United States) and
quantified by QuantiFluor™ -ST (Promega, United States). The
purified amplicons were pooled in equimolar and ligated with
300-bp paired-end adapters by TruSeq™ DNA Sample Prep
Kit (Illumina, United States), then sequenced on an Illumina
MiSeq platform (Illumina, United States) according to the
standard protocols by Majorbio Bio-Pharm Technology Co., Ltd.
(Shanghai, China).

Bioinformatics Analysis

The raw sequencing data were quality trimmed and filtered by
Trimmomatic and merged with FLASH according to the overlap
sequences. The reads were truncated at any site accepting an
average mass value less than 20 in a 50-bp sliding window
(Wang W. et al., 2019). Operational taxonomic units (OTUs)
were generated by clustering at 97% similarity using USEARCH
v7.0,' and chimeric sequences were identified and removed
using UCHIME (Wang S. et al., 2018). The classification
of each 16S rRNA gene sequence was performed by RDP
Classifier v2.11% according to the SILVA (Release132°) 16S rRNA
database with a confidence threshold of 70%. Alpha diversity
was analyzed using MOTHUR v1.30.2,* and beta diversity was
determined using QIIME. Alpha diversity analysis included
Shannon and Chao index. Beta diversity included unweighted
unifrac distances calculated with 10 times of subsampling, and
these distances were visualized by principal coordinate analysis.
To identify the dimensional gut bacteria and characterize
the microbial differences between different groups, the linear

Uhttp://drive5.com/usearch/
Zhttp://sourceforge.net/projects/rdp- classifier/
3https://www.arb-silva.de/
“https://www.mothur.org/wiki/Download_mothur

discriminant analysis (LDA) effect size analysis was performed.
The non-parametric factorial Kruskal-Wallis sum-rank test
was applied to detect features that were significantly different
between assigned taxa, and the LDA was used to quantify
the effect size of each feature. A significance alpha value of
less than 0.05 and an effect size threshold of 3 were used
for this analysis.

Analysis of Short-Chain Fatty Acids

The contents of colon and fecal samples were collected, and
a mixture of supernatant fluid and 25% metaphosphoric acid
solution (4: 1 ml) was prepared for the determination of
SCFAs (acetic acid, butyric acid, propionic acid, and valeric
acid). Samples were incubated at room temperature and
centrifuged, and the supernatants were filtered by using 0.45-pm
polytetrafluoroethylene syringe filters into chromatographic
glass vials (Agilent Technologies). Gas chromatography was
performed using an Agilent 6890 GC system with a flame
ionizable detector and an automatic liquid sampler (Agilent
Technologies, Santa Clara, CA, United States) as previously
described (Chen et al., 2018).

Statistical Analysis

One-way analysis of variance was used for statistical
analysis using SPSS 25.0 software. Any differences among
treatments were then compared using the Duncan comparison
range tests. The experimental data are expressed as the
means = SEM; P < 0.05 among different groups were considered
statistically significant.

RESULTS

Animal Weight and Food Intake

The HFD group exhibited a 14% higher final body weight as
compared with the NC group (Figure 1A) (P < 0.05). The
HFD-fed mice treated with LBPs reduced body weight by 7%
compared with the HFD group (Figure 1A) (P > 0.05). LBP
supplementation slightly decreased the body weight gain in mice
with HFD feeding (Figure 1B) (P > 0.05). Supplementation
with LBPs has no significant effect on food intake in HFD-fed
mice (Figure 1C) (P > 0.05). The weight of total cecum and
cecum in the HFD group was lower than that of the NC group
(Figures 1D,E) (P < 0.05). In addition, LBP treatment improved
the weight of the cecum in the HFD group (Figure 1E) (P < 0.05).

Serum and Liver Lipid Content

The consumption of dietary fat induces anomalous changes in
lipid content, including TG, TC, HDL-C, and LDL-C. Compared
with the NC group, HFD-fed mice had reduced HDL-C levels
along with increased TG, and TC levels in serum (P < 0.05).
Supplementation with LBPs increased HDL-C level and reduced
the levels of TG, TC, and MDA in HFD-fed mice (Figure 2A)
(P < 0.05). However, the TG, TC, and MDA contents in the liver
were decreased after LBP administration in comparison with the
HED group (Figure 2B) (P < 0.05).
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FIGURE 1 | Effects of Lycium barbarum polysaccharides (LBPs) on (A) body weight, (B) weight gain, (C) food intake, (D) total cecum, and (E) cecum tissues in
HFD-fed mice. *P < 0.05 vs. NC group and #P < 0.05 vs. HFD group.

Lipid Accumulation and Metabolism in

Liver and Epididymal Adipose Tissues
Compared with the NC group, the HFD group increased the
weight of liver, and epididymal adipose tissues. Treatment with
LBPs reduced this parameter in the HFD + LBP group compared
with the HFD group (Figures 3A-C) (P < 0.05). Histology
analysis revealed that fat accumulation occurred in the HFD
group. LBP administration decreased the fat accumulation, and
the size and number of adipocytes in adipose tissues were near to
the NC group (Figures 3B-D).

Adipogenesis-Related Gene Expression
in the Epididymal Adipose Tissues

Administration of LBPs downregulated expression levels of
adipogenesis-related gene including acetyl coenzyme A
carboxylase 1 (ACCI), fatty acid synthase (FAS), synthesis
via stearoyl-CoA desaturase 1 (SCD1), sterol regulatory element-
binding protein 1c (SREBP-1c), peroxisome proliferator-
activated receptor-y (PPARy), and CCAAT/enhancer-binding
protein alpha (C/EBPa) in epididymal adipose tissue compared
with HFD group (Figure 4) (P < 0.05).

Gut Microbiota

Compared with the NC group, the Shannon index was decreased
in the HFD, whereas the administration of LBPs reversed these

indexes in HFD-fed mice (P < 0.05). LBP administration did not
significantly influence the bacterial richness compared with the
HED group (Figure 5A) (P > 0.05). The analysis of OTU in the
fecal showed that 335 OTUs were common between HFD + LBP
and NC groups, whereas 42 OTUs were unique in the HFD group
compared with 98 in the NC group. LBP administration increased
the number of shared OTU from 335 to 358 (Figure 5B). For
unweighted unifrac distance metrics, the NC group exhibited
clustering of microbiota composition distinctly different from
the HFD group. LBP treatment increased the similarity between
the overall gut microbiota compositions of the HFD + LBP and
NC groups, indicating that LBPs improved the structure of gut
microbiota in HFD-fed mice (Figure 5C).

At the phylum level, the top six phyla in the microbial
communities included Firmicutes, Desulfobacterota,
Actinobacteriota,  Bacteroidetes, ~ Campilobacterota, — and
Proteobacteria in the three groups, accounting for almost
99% of total bacteria. The HFD group reduced the relative
abundance of Bacteroidetes and increased the relative abundance
of Firmicutes (P < 0.05). After LBPs treatment, Firmicutes
was reduced by 1.07-fold, whereas Bacteroidetes was increased
by 2.73-fold in the HFD-fed mice compared with non-
treatment mice. The Firmicutes/Bacteroidetes ratio was
significantly increased by the HFD (P < 0.05). Differing
from the HFD group, LBP administration significantly
reduced the ratio of Firmicute/Bacteroidetes (Figure 6A)
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FIGURE 2 | Effects of Lycium barbarum polysaccharides (LBPs) on (A) serum and (B) liver lipids profile in HFD-fed mice. *P < 0.05 vs. NC group and P < 0.05 vs.
HFD group.

(P < 0.05). At the genus level, Lactobacillus, Faecalibaculum,
norank_f__Desulfovibrionaceae, and Bifidobacterium were the
dominant genera in the HFD + LBP group. HFD markedly
increased the relative abundance of Lactobacillus and reduced
the relative abundance of Bacteroides compared with the

NC group (P < 0.05). After LBP treatment, the abundance
of Lactobacillus and Faecalibaculum decreased by 1.16 and
1.27-fold, respectively, whereas Bacteroides was increased by
4.19-fold compared with the non-treatment group (Figure 6B).
LDA effect size uses LDA to estimate the impact of abundance
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of each component on the different effects. Fifteen taxa were
detected in the NC group. The Bacteroides, belonging to the
phylum Bacteroidetes, produced a large effect on the dominant
community, and was markedly enriched in the NC group.
The HFD group was characterized by an increased amount
of Clostridium_sensu_stricto_1, indicating a disruption of gut
symbiosis. The genera of Lachnospiraceae_NK4A136_group,
Marvinbryantia, Butyricicoccus, and Lacticigenium were the
dominant phylotypes that contributed to the differences between
the gut microbiota of HFD + LBP and HFD groups (Figure 6C).

Short-Chain Fatty Acid Production in

Colonic and Fecal Contents

Colonic propionic acid and butyric acid concentrations in the
former were reduced by 11.45 and 19.55%, respectively, in
the HFD group compared with those in the NC group. LBP
treatment increased the levels of colonic acetic acid (by 1.42%),
propionic acid (by 8.67%), butyric acid (by 11.31%) and fecal
acetic acid (by 19.80%), propionic acid (by 4.87%), and butyric
acid (by 57.95%) compared with those in the HFD group
(Figures 7A,B) (P > 0.05). The levels of fecal butyric acid were
found to be higher in the HFD + LBPs group than in the HFD
group (Figure 7B) (P < 0.05).

Correlation Between the Gut Microbiota

and Obesity-Related Parameters

To further identify the potential correlation between gut
microbiota and obesity-related parameters, a heatmap of
Spearman’s correlation between the dominant genera, and
obesity-related parameters was generated. A significant
correlation was observed between the parameters and some
specific taxa, such as Bacteroides, Clostridium_sensu_stricto_1,
and Lacticigenium (P < 0.05). Among the specific genera,
Bacteroides were negatively correlated with parameters such as
epididymal adipose tissues weight, serum TG, serum LDL-C, liver
TC, and liver MDA and positively correlated with serum HDL-C,
colon acetic acid, colon propionic acid, and colon butyric acid.
Clostridium_sensu_stricto_1 was positively correlated with serum
TC. Lacticigenium was positively correlated with SCFAs in the
colon, suggesting it may be a probiotic that produces short-chain
fatty acids (Figure 8).

DISCUSSION

Obesity is strongly associated with lipid metabolism, hepatic
manifestation, metabolic abnormalities, and the composition of
the gut microbiota (Parry and Hodson, 2017; Li et al., 2019;
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FIGURE 4 | Effects of Lycium barbarum polysaccharides (LBPs) on expression of lipid-related genes (ACC1, FAS, PPARy, SCD1, SREBP-1c, and C/EBPa) in
epididymal adipose tissues in HFD-fed mice. *P < 0.05 vs. NC group and *P < 0.05 vs. HFD group.

Zhi et al,, 2019). LBPs have been reported to play an important
role in anti-inflammatory (Wu et al., 2020), immunomodulatory
(Zhu et al,, 2020), and anti-obesity (Jia et al., 2016). We have
previously shown that dietary LBP supplementation can improve
intestinal microbial populations in early-weaned pigs (Chen et al.,
2019). However, the effect of dietary LBPs on lipid metabolism
and the modulation of gut microbiota have not been fully
investigated in HFD-induced obese animal models. In the present
study, we explored how the oral administration of LBPs regulates
lipid metabolism via modulation in high-fat diet-fed mice.

In the current study, we found that HFD feeding increased
the body weight, serum lipid profile, adipose tissue, and
hepatic lipid accumulation in mice compared with the NC
group for 10 weeks. These findings were consistent with some
previous studies on the acceleration effect of HFD feeding
on body weight and fat accumulation (Duan et al., 2019;
Kong et al, 2019). We also found that LBP administration
effectively alleviated HFD-induced dyslipidemia and hepatic
lipid accumulation through decreasing TG, TC, LDL-C, and
MDA in the serum and TG, TC, and MDA levels in the liver
and increasing the serum HDL-C level in HFD feeding mice.
These results are similar to the previous reports that found

crude polysaccharide extracts (crude LBP), okra [Abelmoschus
esculentus (L.) Moench] polysaccharides, Grifola frondosa
polysaccharides, and Cipangopaludina chinensis polysaccharides
reduced the level of serum lipids in the HFD model (Luo et al.,
2004; Li et al., 2019; Liao et al, 2019; Xiong et al, 2019).
The possible mechanism of LBP supplementation alleviating
hepatic triglyceride production and accumulation is through
upregulating lipolysis-degraded enzyme, and boosting fatty acid
B-oxidation and inhibiting lipogenic enzyme production in
the liver (Xiao et al, 2013; Jia et al., 2016). Furthermore,
dysregulated lipid metabolism may induce lipid peroxidation,
directly leading to oxidative stress (Xiao et al, 2014). We
found that LBPs reduced the MDA levels in serum and liver.
These hepatoprotective effects of LBPs were partly attributed to
the activation of nuclear factor kappa B and the inhibition of the
nucleotide-binding and oligomerization domain-like receptor
protein 3/6 inflammasome pathway (Xiao et al., 2018). These
data indicated that LBPs showed a vital role in alleviating HFD-
induced anomalous changes of lipid profile and thus preventing
lipid metabolic disorders.

Adipose tissue is known as an important energy reservoir and
an essential regulator of energy homeostasis (Stolarczyk, 2017).
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Obesity is characterized by increased adipose tissue mass,
which is caused by the increased number, and size of fat
cells (Yang and Kim, 2015). Our results indicated that LBP
treatment decreased the weight of adipose tissues and the
size of adipocytes in epididymal adipose tissues in HFD-fed
mice, which was consistent with the previous study that LBPs,
and fermented Momordica charantia polysaccharides decreased
fat accumulation in epididymal adipose tissues of HFD-fed
mice (Zhao et al, 2016; Wen et al, 2019). Dysfunction
and excessive accumulation of lipid in adipose tissue induce
obesity, which is associated with atherosclerosis, cardiovascular
diseases, dyslipidemia, and other metabolic syndromes (Moseti
et al., 2016). Thus, reducing fat deposit and adipogenesis in
the adipose tissue can prevent the development of obesity,
and its associated diseases. Additionally, in the current study,
LBP supplementation suppressed the upregulated expression
level of ACC1, FAS, PPARy, SCD1, SREBP-1c, and C/EBPu
in adipose tissues of HFD-fed mice. PPARy has been verified
to be a ligand-activated transcription factor that can mediate
the expression of fat-related genes and facilitate the process

of adipogenesis (Lee et al., 2018). C/EBPa is considered an
essential regulator that can induce adipocyte differentiation
and adipogenesis through PPARy (Lee et al., 2019). SREBP-1c
can mediate the expression of fatty acid synthesis genes and
activates lipogenic transcription factors such as ACC-1, FAS,
and SCD1, which subsequently induces lipogenesis and the
accumulation of lipid (Linden et al., 2018; Terzo et al., 2018). In
addition, a recent study found that LBPs inhibited ACC and FAS
expression by activating the SIRT1/adenosine monophosphate-
activating protein kinase pathway and reducing lipid synthesis
(Jia et al., 2016). It is worth noting that HFD feeding decreases
PPARy and C/EBPa expression, whereas Polygonatum odoratum
polysaccharides increase PPARy, and C/EBPa messenger RNA
expression compared with that in HFD-fed mice (Wang Y.
et al., 2018). The reason for inconsistent results may be partially
lie in treatment conditions, diet ingredients, experimental
duration, and species. Our findings fit well with previous
studies reporting that Gracilaria lemaneiformis polysaccharides
downregulate PPARy and C/EBPa expression in the adipocyte
tissues of HFD-fed mice (Sun et al., 2018). Therefore, the
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results showed that LBPs might be involved in decreasing fat
adipogenesis and accumulation in epididymal adipose tissue
mass by downregulating expression levels of adipogenesis-
related genes.

The gut microbiota plays an important role in regulating
energy homeostasis, glucose metabolism, and lipid metabolism in
the host (Schoeler and Caesar, 2019). A variety of polysaccharides
from plants have positive effects on modulating gut microbiota
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FIGURE 7 | Effects of Lycium barbarum polysaccharides (LBPs) on SCFAs production in (A) colonic, and (B) fecal contents. *P < 0.05 vs. NC group and P < 0.05
vs. HFD group.

and preventing the development of obesity (Wang X. et al., 2018).
Lower diversity of bacterial is associated with the probability of
obesity and non-alcoholic fatty liver disease (Schwimmer et al.,
2019; Chen et al., 2020). In our study, the administration of LBPs
increased the diversity of bacteria by increasing the Shannon
index, appearing to be a positive effect on the structure of the
gut microbiota in obese mice. Numerous reports have shown
that an increased Firmicutes/Bacteroidetes ratio promotes more
lipid production and induces the development of abnormal
weight gain, and chronic metabolic disease (Liu et al., 2019; Lu
et al,, 2019). Based on the heatmap of Spearman’s correlation,
the relative abundance of Bacteroides was negatively associated
with obesity cytokines, illustrating the potential ability to
inhibit fat deposition in obese mice. In the present study, HFD
consumption induced an increase in the Firmicutes/Bacteroidetes
ratio, which is consistent with the previous study (Li J. et al,
2020). By contrast, oral administration of LBPs reduced the
Firmicutes/Bacteroidetes ratio in HFD-fed mice, which might
be a mechanism to explain the improvement of LBPs in HFD
induced lipid accumulation in epididymal adipose tissues and

liver. At the genus level, the HFD increased the proportions of
Clostridium_sensu_stricto_l. LBP supplementation modulated
gut microbiota and ameliorated intestinal dysbiosis by
increasing the abundance of Lachnospiraceae_ NK4A136_group,
Marvinbryantia, Butyricicoccus, and Lacticigenium in HFD
fed mice. Clostridium_sensu_stricto_1 is generally perceived
as pathogenic bacteria and interpreted as indicators of
a less healthy microbiota (Huart et al., 2019; Shi et al,
2019). Some studies have reported that the proliferation
of Clostridium_sensu_stricto_1 was correlated with obesity,
rheumatoid arthritis-associated atherosclerosis, dyslipidemia,
and necrotic enteritis (Shi et al., 2019; Yang et al., 2019; Zeng
et al, 2019). In the current study, the relative abundance
of Clostridium_sensu_stricto_1 ~was positively correlated
with obesity, and the administration of LBPs decreased the
relative abundance of Clostridium_sensu_stricto_1. The genus
Lachnospiraceae_NK4A136_group was generally considered
to be an SCFA producer, and its abundance was negatively
correlated to inflammation (Wang J. et al., 2018). The genera
Marvinbryantia are positively correlated to intestinal epithelial
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FIGURE 8 | Heatmap of Spearman’s correlation between dominant genera and obesity-related parameters. *Significance was set at P < 0.05.

cell energy metabolism and butyrate production (Li A. L. et al,,
2020). A butyrate-producing bacterium Butyricicoccus acts as a
biomarker to predict obesity-related metabolic abnormalities,
and the interventions of Butyricicoccus might be beneficial
to weight loss and metabolic risk improvement (Luo et al,
2019; Zeng et al, 2019). It was reported that Lacticigenium,
a lactic acid bacterium, produced acetic acids in addition to
L-lactic acid (Iino et al., 2009). Lacticigenium showed a strong
positive correlation with the produce of SCFAs. These studies
support that supplementation of LBPs can promote the growth
of beneficial bacteria and might contribute to improving gut
dysbiosis induced by HFD.

Dietary polysaccharides can be fermented by gut microbiota
provided with SCFAs, such as acetate, propionate, and butyrate
(Shang et al., 2018). SCFAs are used as endogenous signaling
molecules that could activate the G-protein-coupled receptor
GPR43 associated with energy expenditure, leptin hormone
secretion, and lipid metabolism (Hills et al., 2019; Schoeler
and Caesar, 2019). Especially, butyric acid is able to mediate
hepatic lipogenesis and fat oxidation (Li P. et al., 2020). In the
present study, we found that LBPs increased the concentration
of butyric acid in the feces of HFD-fed mice. Similar findings
have been reported that some polysaccharides can increase SCFA
production (Wang X. et al., 2019; Gu et al., 2020). Butyrate
has the capacity to stimulate glucagon-like peptide-1 production

and activate brown fat tissue, leading to sustained satiety
and fat oxidation enhancement, thereby effectively preventing
diet-induced obesity, insulin resistance, hypertriglyceridemia,
and hepatic steatosis (Li et al., 2018; Vallianou et al., 2019).
In particular, butyrate has been demonstrated to ameliorate
insulin resistance and fatty acid oxidation, activate the adenosine
monophosphate-activating protein kinase-acetyl-coenzyme A
carboxylase pathway, and promote lipid metabolism (Mollica
et al, 2017). Interestingly, some SCFA-producing intestinal
microorganisms, such as Lachnospiraceae_ NK4A136_group and
Lacticigenium, and were enriched in the LBP-treated mice. All
these results indicated that LBPs could increase SCFA production
in the gut and thus benefit gut health, and prevent HFD-
induced obesity.

CONCLUSION

Lycium barbarum polysaccharide supplementation attenuated
epididymal and liver fat accumulation and expression levels of
adipogenesis genes in adipocytes. Furthermore, LBPs increased
the relative abundance of SCFA-producing bacteria and increased
SCFA production in HFD-induced mice. It implied that LBPs
might be regarded as a potential functional food ingredient to
prevent hyperlipidemia and modulate gut microbiota dysbiosis.
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The study investigated the impact of fermented cottonseed meal (FCSM) on growth
performance, immunity and antioxidant properties, nutrient digestibility, and gut microbiota
of weaned piglets by replacing soybean meal with FCSM in the diet. The experimental
piglets were fed with either the soybean meal diet (SBM group) or fermented cottonseed
meal diet (FCSM group) for 14 days after weaning. The digestibility of dry matter (DM),
organic matter (OM), crude protein (CP), gross energy (GE), amino acids and nitrogen
was higher in the FCSM diet than those in the SBM diet (p <0.05). The piglets in the FCSM
group showed greater growth performance and lower diarrhea rate than those in the SBM
group (p<0.05). The concentration of serum immunoglobulin G (IgG) and antioxidase,
intestinal and hepatic antioxidase were increased and the concentration of malondialdehyde
(MDA) in the serum was decreased in those piglets in the FCSM group compared to those
piglets in the SBM group (p<0.05). The piglets in the FCSM group had a higher
concentration of volatile fatty acids (VFAS) in their ileum and cecum and a higher Simpson
index of ileum than piglets in the SBM group (p<0.05). The relative abundance of
Lactobacillus and [Ruminococcus]_torques_group in ileum and Intestinibacter, norank_f_
Muribaculaceae, unclassified_o_Lactobacillales and [Eubacterium]_coprostanoligenes_
group in cecum were enhanced in piglets fed with the FCSM diet, whereas the relative
abundance of Sarcina and Terrisporobacter were increased in piglets fed with the SBM
diet. Overall, FCSM replacing SBM improved the growth performance, immunity and
antioxidant properties, and nutrient digestibility; possibly via the alterant gut microbiota
and its metabolism of weaned piglets.

Keywords: fermented cottonseed meal, growth performance, immunity and antioxidant capacity, gut microbiota,
weaned piglets
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INTRODUCTION

Soybean meal (SBM), an important protein source in the
livestock industry, is highly recognized for its significant protein
content and widespread availability (Azarm and Lee, 2014;
Kim, 2014). However, the price of SBM has increased dramatically
and the supply of high-quality protein feeding ingredients (such
as SBM and fish meal) has been deficient in recent years.
This leads to a higher livestock breeding expense and restricts
the development of animal husbandry. Therefore, there is an
urgent need for more alternative high-quality protein feeding
ingredients to solve the protein source crisis in animal husbandry.

Cottonseed meal (CSM), a by-product obtained from the
process of extracting the oil from cotton seed, is an attractive
alternative protein source for livestock diets (Nagalakshmi et al.,
2007). However, compared to SBM, the application of CSM
as a feed ingredient in animal husbandry is limited due to
the presence of anti-nutritional factors (Lordelo et al., 2007;
Tang et al., 2012) such as free gossypol, cycloproponoic fatty
acids, and crude fiber, which may cause negative effects on
growth performance and organ functionality (Nie et al., 2015;
Swigtkiewicz, 2016). Fermented cottonseed meal (FCSM), a

Abbreviations: BW, Body weight; ADG, Average daily gain; ADFI, Average daily
feed intake; G:F, Gain to feed ratio; IgA, Immunoglobulin A; IgG, Immunoglobulin
G; IgM, Immunoglobulin M; SOD, Superoxide dismutase; GSH-Px, Glutathione
peroxidase; T-AOC, Total antioxidant capacity; MDA, Malondialdehyde; CAT,
Catalase; AA, Amino acid; HPLC, High Performance Liquid Chromatography;
AIA, Acid insoluble ash; AID, Apparent ileal digestibility; VFAs, Volatile fatty
acids; SCFAs, Short chain fatty acids; BCFAs, Branched chain fatty acids; PCR,
Polymerase chain reaction; OTUs, Operational taxonomic units; PCoA, Principal
co-ordinates analysis; LDA, Linear discriminant analysis; LEfSe, Linear discriminant
analysis effect size; PICRUSt, Phylogenetic investigation of communities by
reconstruction of unobserved states.

product produced by mixing solid CSM with liquid phases
and then inoculating the mixture with beneficial microorganisms
(Sun et al., 2014), can reduce free gossypol and improve the
protein quality of CSM with solid state fermentation (Zhang
et al., 2007). It has been suggested that the FCSM partial
replacing SBM (about 6-8%) not only can improve the growth
performance, immune and antioxidant capacity, and digestibility
in broiler chickens (Sun et al, 2013; Nie et al, 2015; Wang
et al, 2017; Niu et al., 2020), but also can reduce the F:G
(the ratio of feed and gain weight) and diarrhea rate in nursery
pigs, growing pigs and finishing pigs (Guan et al., 2017), which
indicated that the FCSM has the potential to be a high-quality
protein source.

Weaned piglet is a critical group in whole pig production,
which consumes a large amount of high-quality protein
ingredients. However, there is a lack of relevant research on
the application of FCSM in weaned piglets. Therefore, the
present study aimed to compare the effects of dietary SBM
and FCSM on growth performance, immunity and antioxidant
properties, nutrient digestibility, and gut microbiota of
weaned piglets.

MATERIALS AND METHODS

The animal handling and all procedures of this study received
approval from the Animal Care and Use Ethics Committee
of the Hunan Agricultural University (Changsha). The FCSM
used in this experiment was provided by the Tycoon Group
(Xinjiang, China). The SBM used in this experiment was
provided by Hunan Lifeng Biological Technology Co., Ltd.
(Hunan, China). Table 1 shows the nutrient composition of
SBM and FCSM.

Frontiers in Microbiology | www.frontiersin.org

40

September 2021 | Volume 12 | Article 734389


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Guetal.

Probiotic Function of Fermented Cottonseed Meal

TABLE 1 | Analyzed composition of the fermented cottonseed meal and
soybean meal (%, as-fed basis).

TABLE 2 | Ingredients composition and nutrient levels of the experimental diets
(%, as-fed basis).

Item SBM FCSM Ingredients SBM FCSM

Dry matter 89.95 93.06 Corn 42.02 41.55

Crude protein 45.11 50.20 Soybean meal 20.00 14.00

Ether extract 1.92 1.36 Extruded full-fat soybean 12.00 12.00

Neutral detergent fiber 13.86 19.45 Soy protein concentrate 4.00 4.00

Acid detergent fiber 9.75 11.70 Fermented cottonseed 0.00 6.00

Ash 6.21 6.65 meal

Calcium 0.35 0.37 Whey powder 8.00 8.00

Phosphorus 0.69 0.98 Soy oil 4.61 5.02

GE, MJ/kg 17.55 17.81 Sucrose 5.38 5.38
) Dicalcium phosphate 1.26 1.29

Indispensable AA Limestone 0.99 0.98

Arginine 3.36 6.09 Salt 0.30 0.30

Histidine 1.28 1.59 Lysine 0.41 0.45

Isoleucine 1.89 1.62 Methionine 0.13 0.13

Leucine 3.29 2.84 Threonine 0.13 0.13

Lysine 2.86 2.36 Tryptophan 0.02 0.02

Methionine 0.63 0.67 Chromic oxide 0.25 0.25

Phenylalanine 2.20 2.81 Vitamin-mineral premix’,

Threonine 1.72 1.78 no antibiotic ° 0.50 0.50

Tryptophan 0.45 0.63 Calculated nutrient levels

Valine 2.06 2.14 Metabolized energy, kcal/

Dispensable amino acids kg 3,400 3,400
) Crude protein 20.04 20.32

Alanine 216 1.97 Standardized ileal

Aspartate 5.21 4.88 digestible lysine 1.35 1.35

Cystme‘ 0.61 0.79 Standardized ileal

Glutamine 784 10.05 digestible methionine 0.39 0.39

G'y?'”e 1.89 1.92 Standardized ileal

Proline 2.06 246 digestible threonine 0.79 0.79

Senng 2.31 2.25 Standardized ileal

Tyrosine 1.68 1.49 digestible tryptophan 0.22 0.22

Analysis conducted in duplicates. SBM, soybean meal; FCSM, fermented cottonseed meal.

Animal Treatment and Experimental Design
A total of 32 Duorcx (Landrace x Yorkshire) growing barrows,
with an average initial body weight (BW) of 7.85+0.49kg,
were allotted to two dietary treatments in a completely
randomized design with 16 repetitions per treatment according
to their body weight. The dietary treatments include SBM diet
and FCSM diet: the FCSM diet was formulated by adding 6%
FCSM to replace the SBM compared with the SBM diet, and
corn and soy oil was changed to balance the energy and protein
levels (Table 2). The experimental diets and vitamin-mineral
premix were configured to meet the nutritional needs of nursery
piglets as recommended by the NRC (2012). The experimental
period lasted for 14days. The house, feed trough and drinker
were thoroughly cleaned and disinfected before starting the
experiment. The temperature of the pig house was kept at
24-28°C, and the relative humidity was controlled at 60-70%.
All the pigs were provided ad Iibitum access to water and
feed. The daily feed intake and BW of each pig were recorded
on day 0 and day 14 to calculate the average daily gain (ADG),
average daily feed intake (ADFI) and feed conversion rate
(ADG:ADFI, G:F). A scoring system was applied to indicate
the presence and severity of diarrhea as following: 1=hard
feces; 2=slightly soft feces; 3=soft, partially formed feces;
4=loose, semiliquid feces; and 5=watery, mucous-like feces.

"The components and contents of the premix providing nutrients for per kg feed are as
follows: Vitamin A, 12,0001U; Vitamin D3, 2,5001U; Vitamin E, 301U; Vitamin K3, 30mg;
Vitamin B12, 12 ug; Ribofiavin, 4mg; Pantothenic acid, 15mg; Niacin, 40mg; Choline chioride,
400mg; Folic acid, 0.7mg; Vitamin B1, 1.6mg; Vitamin B6, 3mg; Biotin, 0.1mg; Manganese,
40mg; Iron, 90mg; Zinc, 100mg; Copper, 8.8mg; lodine, 0.35mg; Selenium, 0.3mg.

SBM, soybean meal; FCSM, fermented cottonseed meal.

Sample Collection

By the end of the experiment, six samples of blood (10ml)
were collected from the precaval veins of each group of piglets
after fasting for 12h. After standing the blood samples for 1h
at 4°C, they were centrifuged at 3,000xg for 15min at 4°C,
whereupon the serum samples obtained were immediately stored
at —80°C for immunoglobulin and antioxidant indices analysis
including immunoglobulin A (IgA), immunoglobulin G (IgG),
immunoglobulin M (IgM), superoxide dismutase (SOD),
glutathione peroxidase (GSH-Px), total antioxidant capacity
(T-AOC), and malondialdehyde (MDA). After the blood
collection, six piglets closest to the average BW from each
group were slaughtered, and then the jejunum, ileum and liver,
were sampled through a sterile laparotomy, which was collected
in centrifuge tubes and immediately placed in liquid nitrogen
and then stored at the temperature of —80°C for analysis of
antioxidant indices levels of SOD, GSH-Px, catalase (CAT),
T-AOC and MDA in jejunal, ileal and liver tissue. Besides,
the ileum and cecum segments were isolated to collect the
digesta samples using centrifuge tubes and a part of them
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immediately placed in liquid nitrogen and then stored at the
temperature of —80°C for analysis of microbiome and metabolite.
The rest of samples were stored at —20°C for subsequent
chemical composition analysis to calculate nutrient digestibility.

Determination of the Digestibility of
Nutrients and Amino Acids

The feed samples and ileal digesta after freeze-drying were
weighed in parallel samples for analysis and determination. Dry
matter (DM), organic matter (OM), crude protein (CP), and
gross energy (GE) contents were determined following the AOAC
(2006) procedures. The amino acid (AA) profiles were detected
by High Performance Liquid Chromatography (HPLC; Agilent
1200, Agilent Technologies, United States). Lysine and threonine
were detected after hydrolyzing with 6 mol/L HCI at 105°C for
24h. Methionine was analyzed as methionine sulfone after cold
performic acid oxidation overnight before hydrolysis. Tryptophan
was determined after hydrolyzing with 4mol/L LiOH at 110°C
for 20 h. The contents of acid insoluble ash (AIA) were determined
in according to the method of Keulen and Young (1977) and
the apparent ileal digestibility (AID) of amino acids and nitrogen
was calculated as described by Stein et al. (2007).

Immunoglobulin and Antioxidant Indices
Analysis

Frozen jejunal, ileal and liver tissue (2mg) in 2ml of phosphate-
buffered saline was homogenized on ice with an Ultra-Turrax
homogenizer (Bioblock Scientific, Illkirch, France) for 10s at
6,800 rpm. The homogenate was centrifuged at 950x g for 10min
at 4°C, and the supernatant was stored in a 2-ml centrifuge
tube at —80°C until analysis. The GSH-Px and CAT activities,
T-AOC, and MDA concentrations in the jejunal, ileal and liver
tissue and serum were assayed wusing a UV/visible
spectrophotometer (UV-2450; Shimadzu, Kyoto, Japan). The assays
were conducted using assay kits purchased from Nanjing Jiancheng
Institute of Bioengineering (Nanjing, Jiangsu, China) and conducted
according to the manufacturer’s instructions. All samples were
measured in triplicate, at appropriate dilutions, and the activities
of the enzymes were estimated from the linear range of standard
curves constructed with the pure enzymes. The protein
concentration of the supernatants was determined using Coomassie
Brilliant Blue G250 (BlueGene, Shanghai, China).

Analysis for VFAs Using a Gas
Chromatographic Method

The concentration of volatile fatty acids (VFAs) including short
chain fatty acids (SCFAs) and branched chain fatty acids (BCFAs)
in digesta were analyzed using a gas chromatographic method.
Briefly, approximately 1.0g of digesta samples were first
homogenized in the 1.5ml deionized water. After being
centrifuged at 15,000x g at 4°C for 10 min, supernatants (1ml
of each) were acidified with 25% metaphosphoric acid at a
1:5 ratio (1 volume of acid for 5 volumes of sample) for
30min while on ice. The sample was injected into a GC 2010
series gas chromatograph (Shimadzu, Japan) equipped with a
CP-Wax 52 CB column 30.0mx0.53mm id (Chrompack,

Netherlands). The injector and detector temperatures were 75
and 280°C, respectively. All procedures were performed in
triplicate and total VFAs were determined as the sum of
analyzed SCFAs (acetate, propionate, butyrate, and valerate)
and BCFAs (isobutyrate and isovalerate).

Analysis for Bacterial Microbiota by 16S
RNA

Total genomic DNA of 12 digesta samples were extracted using
a Stool DNA Isolation Kit (Tiangen Biotech Co., Ltd., Beijing,
China) following the manufacturer’s instructions. The quantity
and quality of extracted DNAs were measured using a NanoDrop
ND-1000 spectrophotometer (Thermo Fisher Scientific,
United States) and agarose gel electrophoresis, respectively. The
genes of bacteria 16S ribosomal RNA in the region of V4-V5
were amplified by using polymerase chain reaction (PCR) with
primers (515F 5'-barcode- GTGCCAGCMGCCGCGG)-3' and
(907R 5'-120CCGTCAATTCMTTTRAGTTT-3"). Electrophoresis
was applied to analyze the integrity of PCR amplicons by
using a Tapestation Instruction (Agilent technologies,
United States). AxyPrep DNA Gel 122 Extraction Kit was
chosen to extract and purify PCR amplicons using 2% agarose
gels (Axygen 123Biosciences, Union City, CA, United States)
and then the production was quantified using QuantiFluor™ -ST
and sequenced on an Illumina MiSeq system. QIIME software
was used to demultiplex and quality-filtered raw Illumina fastq
files. Operational taxonomic units (OTUs) were defined as a
similarity threshold of 0.97 using UPARSE. Then UCHIME
was applied to identify and delete the abnormal gene sequences.
RDP database' was also referenced to take the taxonomy-based
analysis for OUTs using RDP classifier at a 90% confidence
level. The a-diversity indices including Simpson and Chaol
were analyzed by Mothur v.1.30.2. Principal co-ordinates analysis
(PCoA) tools in R language were used for PCoA. The histogram
of linear discriminant analysis (LDA) distribution was
implemented using LDA effect size analysis (LEfSe) software.

Statistical Analysis

All data were analyzed by the GLM procedure of SPSS 21.0
(SPSS Inc., Chicago, IL, United States), and each piglet was
regarded as a statistical unit. Data are showed as Mean values
with standard error of the total mean (SEM). For all tests,
p<0.05 was considered as significant difference, while
0.05<p<0.10 as a tendency.

RESULTS

Growth Performance

Over the experimental period, it has been noticed that piglets
in the FCSM treatment had higher the final BW, ADG, and
G:F (p<0.05) and lower diarrhea incidence compared to those
in the SBM treatment (p<0.05; Table 3). No difference was
observed in ADFI between the two dietary treatments (Table 3).

'http://rdp.cme.msu.edu/
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TABLE 3 | Effects of two protein source on performance of weaned piglets.

Items SBM FCSM SEM P
Initial BW, kg 7.79 7.78 0.04 0.89
Final BW, kg 11.68 12.04 0.08 0.03
ADG, g 277.86 304.29 712 0.04
ADFI, g 441.05 454.16 9.17 0.46
G:F 0.63 0.67 0.01 0.03
Diarrhea

incidence, % 4.78 2.42 0.47 0.02

Data were shown as the mean with the SEM (n=16). BW, body weight; ADG, average
daily gain; ADFI, average daily feed intake; G:F, ADG:ADFI; SBM, soybean meal; FCSM,
fermented cottonseed meal.

Nutrient Digestibility

As shown in Table 4, the FCSM diet had higher apparent
total tract digestibility and ileal digestibility of nutrients in
terms of DM, OM, CP, and GE than the SBM diet (p<0.05).
Moreover, higher AID of essential AA including histidine,
isoleucine, leucine, phenylalanine, valine, and nonessential AA
including asparagine were discovered in the FCSM group
compared to that in the SBM group (p<0.05, Table 5).
Furthermore, the AID of total nitrogen was enhanced in the
FCSM group in comparison with the SBM group (p<0.05).

Immunity and Antioxidant Properties

The results have shown that piglets in the FCSM group had
higher serum IgG (p<0.05) than those in the SBM group
(Table 6). However, no significant difference was observed in
terms of serum IgA and IgM (p>0.05) of weaned piglets
between the two groups. The effects of FCSM and SBM on
serum, intestine and liver antioxidant enzyme activity and
oxidant products on weaned piglets has been shown in Table 7.
Compared with the SBM group, the SOD and GSH-Px in
serum, jejunum, and ileum were improved on the piglets in
the FCSM group (p<0.05). Moreover, the jejunal T-AOC and
the liver GSH-Px were enhanced on the piglets in the FCSM
group (p<0.05). Furthermore, the serum MDA was reduced
on the piglets in the FCSM group (p<0.05).

VFAs Composition

The VFAs composition in ileal and cecal digesta of weaned
piglets were obtained in Table 8. Compared with the SBM
group, the concentration of acetate, propionate, butyrate,
isobutyrate, isovalerate, and total VFAs in ileal digesta of weaned
piglets were increased in the FCSM group (p<0.05). Similarly,
the concentration of acetate, propionate, valerate, isobutyrate,
isovalerate, and total VFAs in cecal digesta of weaned piglets
were higher (p<0.05) and the concentration of butyrate had
a tendency to increase in the FCSM group (0.05<p<0.1).

Gut Microbiota Diversity

The OTUs of the ileal digesta from SBM and FCSM groups were
152 and 169, respectively, among which 82 common OTUs have
been identified (Figure 1A). On the other hand, the OTUs of
the cecal digesta from SBM and FCSM groups were 743 and

TABLE 4 | Effects of two protein source on apparent total tract digestibility and
ileal digestibility of nutrients of weaned piglets (%).

Item SBM FCSM SEM P
Apparent total tract digestibility of nutrients

DM 84.24 85.55 0.22 0.01
oM 86.08 87.53 0.23 0.01
CP 77.81 80.08 0.23 0.01
GE 84.01 85.35 0.22 0.01
Apparent ileal digestibility of nutrients

DM 86.24 87.85 0.22 0.01
oM 87.88 89.83 0.23 0.01
CP 79.41 82.18 0.23 0.01
GE 85.40 87.55 0.22 0.01

Data were shown as the mean with the SEM (n=6). DM, dry matter; OM, organic matter; CR
crude protein; GE, gross energy; SBM, soybean meal: FCSM, fermented cottonseed meal.

656, respectively, wherein 544 common OTUs have been identified
(Figure 1B). The a-diversity of ileal and cecal microbiota including
Simpson index and Chaol index were presented in Figures 2A-D.
The FCSM diet induced higher Simpson index of ileum than
the SBM (p<0.05), whereas no difference was shown in the other
index between the two dietary treatments neither in the ileum
nor cecum (p>0.05). The pf-diversity of bacterial community
between SBM and FCSM was presented with PCoA (Figures 2E,F),
showing a tendency of different clustering of microbial communities
in cecum (0.05<p<0.1, Figure 2F).

At the phylum level, Firmicutes and Bacteroidetes were the
dominant bacteria in both ileum and cecum. There was no
difference found by the students’ tests in microbiota at the
phylum level between the two treatment groups in ileum
(p>0.05; Figure 3A). However, the proportion of cecal
Proteobacteria was decreased (p<0.05) in the FCSM group
compared with the SBM group (Figure 3C). Besides, at the
genus level (Figures 3B,D), the proportion of ileal Lactobacillus
was enhanced but the ileal unclassified_p_Firmicutes and cecal
Ruminococcus_1 was decreased in the piglets in the FCSM
group rather than that in the SBM group (p<0.05).

The LEfSe analysis was used to identify the significantly
different bacteria in the ileum and cecum between the two
treatment groups from the phylum to genus level (Figures 3E,F).
The relative abundance of Lactobacillus and [Ruminococcus]_
torques_group in ileum and Intestinibacter, norank_f_
Muribaculaceae, unclassified_o_Lactobacillales and [Eubacterium] _
coprostanoligenes_group in cecum were enhanced in piglets fed
with the FCSM diet than those fed with SBM diet, whereas
the relative abundance of Sarcina and Terrisporobacter in ileum
were decreased in piglets fed with the FCSM diet.

DISCUSSION

Cottonseed meal has not been widely used because it contains
a large number of anti-nutritional factors, which result negative
effects on growth performance, immune and antioxidant capacity
and nutrient digestibility in animals (Nagalakshmi et al., 2007;
Nie et al., 2015; Swiatkiewicz, 2016). After going through solid
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TABLE 5 | Effects of two protein source on apparent ileal digestibility of amino
acids and nitrogen of weaned piglets (%).

TABLE 7 | Effects of two protein source on serumal, intestinal and hepatic
antioxidant enzyme activity and oxidant products of weaned piglets.

Items SBM FCSM SEM P Items SBM FCSM SEM P

Essential AA (%) Serum

Arginine 84.39 89.10 2.64 0.25 SOD (U/mli) 110.38 142.56 4.25 0.03

Histidine 93.01 96.48 0.77 0.02 GSH-Px (U/ml) 724.89 796.57 18.26 0.02

Isoleucine 75.80 82.45 1.69 0.03 T-AOC (U/ml) 7.38 8.44 0.54 0.21

Leucine 75.45 81.22 1.43 0.02 MDA (nmol/ml) 4.92 2.87 0.32 0.02

Lysine 90.50 93.21 1.21 0.16 .

Methionine 90.84 93.12 1.16 0.21 pJelunen

Phenylalanine 94.06 96.26 0.62 0.04 SOD (U/mg prot) 129.51 206.25 10.30 0.01

Threonine 77.21 78.65 0.51 0.09 GSH-Px (U/mg prot) 248.40 361.90 15.75 0.01

Tryptophan 78.38 79.06 1.03 0.65 CAT (U/mg prot) 45.43 44.33 2.08 0.72

Valine 80.60 86.79 1.34 0.01 T-AOC (U/mg prot) 54.05 81.28 4.12 0.01
MDA (nmol/mg prot) 3.92 3.17 0.66 0.45

Nonessential AA (%)

Alanine 7155 75.48 1.50 0.11 fleum

Asparagine 66.16 72.31 1.51 0.02 SOD (U/mg prot) 144.49 184.88 6.06 0.01

Cystine 61.97 63.49 274 0.71 GSH-Px (U/mg prot) 275.33 394.29 28.60 0.02

Glutamine 86.67 89.86 1.57 0.20 CAT (U/mg prot) 47.23 39.27 3.86 0.19

Glycine 63.56 64.73 1.17 0.50 T-AOC (U/mg prot) 45.06 60.60 6.03 0.11

Proline 85.28 85.28 1.79 0.99 MDA (nmol/mg prot) 5.31 4.60 0.43 0.29

Serine 80.98 82.85 1.42 0.39 Liver

Tyrosine 75.73 81.27 1.85 0.07

Total nitrogen (%) 79.41 82.18 0.22 <0.01 SOD (U/mg prof) 27.65 84.88 8.47 018
GSH-Px (U/mg prot) 96.34 124.23 6.93 0.02

Data were shown as the mean with the SEM (n=6). AA, amino acid; SBM, soybean CAT (U/mg prot) 9.13 11.81 1.58 0.26

meal; FCSM, fermented cottonseed meal. T-AOC (U/mg prot) 26.09 31.18 3.42 0.33
MDA (nmol/mg prot) 4.38 3.21 0.46 0.11

TABLE 6 | Effects of two protein source on serum immune of weaned piglets (%).

Items SBM FCSM SEM p

19G (/L) 7.82 9.27 0.38 0.03
IgA (g/L) 1.07 1.06 0.04 0.86
IgM (g/L) 0.84 0.91 0.06 0.59

Data were shown as the mean with the SEM (n=6). IgG, immunoglobulin G; IgA,
immunoglobulin A; IgM, immunoglobulin M; SBM, soybean meal; FCSM, fermented
cottonseed meal.

state fermentation, FCSM has much less free gossypol and
other anti-nutritional factors, and definitively improved protein
quality (Zhang et al., 2006, 2007; Sun et al., 2014; Wang et al,,
2017). Sun et al. (2013) reported that the appropriate inclusion
of FCSM replacing SBM improved the growth of yellow-feathered
broiler chickens. Similarly, FCSM supplementation improved
the ADG and G:F ratio of yellow-feathered broilers from the
43rd to 64th and the 21st to 64th day, respectively (Nie et al.,
2015), which indicated that FCSM is beneficial for broilers as
it enhanced their growth performance and digestion. Consistently,
the current study showed that the piglets in the FCSM group
presented greater growth performance and a lower diarrhea
rate than those in the SBM group. The fermentation process
of CSM might be one of the reasons, which effectively decreases
free gossypol level, and increases acid-soluble protein level in
CSM, and therefore further improves the digestive enzyme
activity and nutrient digestibility in weaned piglets (Sun et al.,
2014; Wang et al., 2017). This explanation has been confirmed
by the nutrient digestibility of weaned piglets in FCSM and
SBM treatments. The present results demonstrated that the
apparent total tract digestibility and ileal digestibility of nutrients,

Data were shown as the mean with the SEM (n=6). SOD, superoxide dismutase; GSH-
Px, glutathione peroxidase; CAT, catalase; T-AOC, total antioxidant capacity; MDA,
malondialdehyde; SBM, soybean meal; FCSM, fermented cottonseed meal.

TABLE 8 | Effects of protein source on volatile fatty acids composition in ileal
and cecal digesta of weaned pigs (mg/g digesta).

Items SBM FCSM SEM P
lleum

Acetate 0.70 0.83 0.02 0.01
Propionate 0.35 0.42 0.01 0.01
Butyrate 0.31 0.40 0.01 <0.01
Valerate 0.26 0.26 0.01 0.47
Isobutyrate 0.09 0.05 0.01 <0.01
Isovalerate 0.22 0.17 0.01 <0.01
Total VFAS' 1.93 213 0.01 <0.01
Cecum

Acetate 3.79 4.43 0.07 <0.01
Propionate 2.72 3.36 0.18 0.04
Butyrate 1.77 2.03 0.09 0.07
Valerate 0.75 0.99 0.05 0.02
Isobutyrate 0.41 0.31 0.02 0.01
Isovalerate 0.61 0.47 0.02 0.01
Total VFAS' 10.06 11.60 0.27 0.01

"Total VFAs =Acetate + Propionate + Butyrate + Valerate +Isobutyrate + Isovalerate.
Data were shown as the mean with the SEM (n=6). VFAs, volatile fatty acids; SBM,
soybean meal; FCSM, fermented cottonseed meal.

essential and nonessential AA have been enhanced in piglets
within the FCSM group.

Moreover, the microbial fermentation process can produce
many beneficial substances, such as small-size peptides,
exoenzymes, vitamins, organic acids, which can promote the
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FIGURE 1 | Effects of two protein sources on the ileac (A) and cecal (B) microbes at the operational taxonomic unit (OTU) in piglets. The individual minipig was
regarded as the experimental unit (n=6). SBM, soybean meal; FCSM, fermented cottonseed meal.

immunity of animals (Johnson, 2013; Zhao et al, 2016).
A study have reported that fermentation with Bacillus subtilis
BJ-1 can reduce free gossypol level in CSM and dietary
inclusion of 12% FCSM can improve immunity (Tang et al,
2012). Wang et al. (2017) reported that the dietary
supplementation of FCSM increased serum IgM and IgG levels
compared with SBM groups in broilers. In the present study,
the concentration of serumal IgG was increased in piglets
in the FCSM group in comparison with those in the SBM
group, which might be due to the live microbes in FCSM
acting as probiotics to enhance the humoral immune response
of the animals (Latesh et al., 2013; StaSova et al., 2015).
The immunity of piglets is highly related to antioxidant
capacity (Liu et al, 2021). Besides, antioxidase can improve
the immunity by promoting the bacterial clearance and regulates
phagocyte numbers (Peterman et al, 2015). In addition, a
microbial FCSM increased the antioxidant activity in diets for
Nile tilapia (Lim and Lee, 2011). Similarly, the present study
showed that the antioxidation-related enzymes in serum, jejunum,
ileum and liver were improved in piglets in the FCSM group
compared with that in the SBM group. Additionally, the serum
MDA was reduced in piglets in the FCSM group, which indicated
that FCSM improved the antioxidative abilities compared with
SBM (Wang et al.,, 2017). This may be one of the reasons that
the improvement of growth performance in piglets has found
in the FCSM group (Ma, X. et al,, 2019; Ma, X. K. et al,, 2019).
Many studies suggest that food or feeds fermented by
probiotics may be potentially an effective strategy to regulate
the gut microbiota and its metabolites (Azad et al., 2020; Niu
et al, 2020; Gu et al,, 2021; Li et al., 2021). The VFAs, especially
butyric acid, as a microbial metabolite, can not only improve
the growth performance, but also boost the immunity of piglets

(Fang et al., 2014; Zhao et al., 2018). Zhao et al. (2018) reported
that dietary fiber increases the butyrate-producing bacteria and
improves growth performance of weaned piglets. Tsai et al.
(2019) discovered that feeding sodium butyrate during the
nursery phase tended to alter blood cell count and improve
growth performance of weaned pigs. In the present study, the
VFAs of ileum and cecum were increased in the FCSM group
than that in the SBM group. This may explain the improved
growth performance of piglets. Moreover, VFAs, as important
intermediate products during anaerobic digestion, may influence
the fermentation characteristics of hindgut (Jha and Berrocoso,
2016; Seradj et al., 2018). The protein fermentation metabolites
in the hindgut are amines, SCFAs and BCFAs, among which
amines must be converted from nitrogen-containing groups,
while BCFAs are only produced from the fermentation of three
branched chain amino acids, leucine, isoleucine and valine
(Jha and Berrocoso, 2016; Seradj et al., 2018). Over-fermentation
of protein in the hindgut is an important cause of diarrhea
in piglets. The current study found that FCSM replacing SBM
decreased the isobutyrate and isovalerate of the cecum, suggesting
that FCSM reduced hindgut fermentation, which may
be responsible for the reduced diarrhea rate in piglets.

In recent years, the interaction and connections between
dietary protein, gut microbe and host has received increasing
attention. Segmented exogenous microbiota transplantation
proved the spatial heterogeneity of bacterial colonization along
the gastrointestinal tract, i.e., the microbiota from one specific
location selectively colonizes its homologous gut region (Li
et al., 2020). The number of microorganisms in the hindgut
was higher than that in the foregut (Jamet et al., 2011), which
is consistent with the result in the present study. It has been
previously shown that FCSM enhanced the Simpson index of
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FIGURE 2 | Effects of two protein sources on the a-diversity indexes including Simpson index of ileac (A) and cecal (C) microbes, Chao1 index of the ileac (B) and
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ileum in piglets, which has a great contribution towards the
improvement of intestinal health and maturation in piglets
(Wang, X. et al.,, 2019). Lower protein concentration or better
protein sources in the diets can improve hindgut health by
preventing the proliferation of pathogenic bacteria and reduced
the risk of colitis (Vidal-Lletjos et al.,, 2017; Najafabadi et al.,
2019). Studies have shown that protein fermentation can change
the composition and function of intestinal flora (Lu et al.,
2019; Wang, H. et al.,, 2019). Consistently, in the present study,

the analysis of the PCoA has shown that the microbial
composition between the SBM and FCSM groups are
slightly different.

Firmicutes and Bacteroidetes were the most dominant
phyla in the pig (Chen et al., 2017). In our study, Firmicutes
is the most dominant phyla in ileum and Firmicutes and
Bacteroidetes in cecum. Lactobacillus, as a potential probiotic,
possesses the resistance to pathogen, anti-inflammatory and
antioxidant capacity, and ability to improve of gut microbiota
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FIGURE 3 | Different microbiota comparison by the student t-test on Phylum and Genus of ileum (A,B) and cecum (C,D) was shown in (A-D). LDA effect size
analysis (LEfSe) analysis showed significantly changed bacteria between SBM and FCSM group in ileum (E) and cecum (F). The individual minipig was regarded as
the experimental unit (n=6). SBM, soybean meal; FCSM, fermented cottonseed meal.

profile (He et al., 2019; Yang et al, 2020). Wang et al.
(2017) has discovered that Lactobacilli and total anaerobic
bacteria counts in ceca digesta of birds fed FCSM were

improved compared with birds fed CSM on days 21 and
42. Likewise, the FCSM replacing the SBM has also enhanced
the relative abundance of Lactobacillus of ileum and cecum
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in the present study. He et al. (2019) has found that
Lactobacillus johnsonii L531 reduced pathogen load and
helped maintain SCFA levels in the intestine of pigs challenged
with Salmonella enterica Infantis. Therefore, this might be one
of the reasons that piglets in the FCSM group had higher
level of VFAs than that in the SBM group. On the other
hand, proteobacteria is the largest phylum of bacteria,
including many pathogenic bacteria, such as Escherichia coli,
Salmonella, Vibrio cholerae, Helicobacter pylori and other
well-known species. In the current study, the relative
abundance of Proteobacteria was decreased in piglets in the
FCSM group, suggesting that the FCSM has the potential
function to inhibit harmful bacteria, and improves the gut
microbiota profile than SBM (Wang et al., 2017). In conclusion,
FCSM replacing SBM improved the growth performance,
immunity and antioxidant properties, nutrients digestibility
possibly via the altering gut microbiota profile and its
metabolites in weaned piglets.
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Morchella importuna, as an edible fungus, has various health benefits. However, the
effects of M. importuna on intestinal health are rarely investigated. Hence, this study
aims to ascertain the influences of flavones from the fruiting bodies of M. importuna
(hereinafter abbreviated as MIF) on dextran sulfate sodium (DSS)-induced damage to
intestinal epithelial barrier in C57BL/6J mice. In this (14-day) study, 144 C57BL/6J
mice were divided into four groups: (1) Control; (2) DSS treatment; (3) DSS treatment
+ 100 mg/kg MIF (LMIF); (4) DSS treatment + 200 mg/kg MIF (HMIF). On days 8-
14, mice in the challenged groups were challenged with 3.5% DSS, while the control
group received an equal volume of normal saline. Then, serum and intestinal samples
were obtained from all mice. The results showed that MIF ingestion enhanced intestinal
integrity in DSS-challenged mice, as evinced by the elevated (p < 0.05) abundances
of occludin, claudin-1, and zonula occludens-1 proteins. Meanwhile, MIF ingestion
reduced (p < 0.05) the colonic interleukin-1p (IL-1B), tumor necrosis factor-a (TNF-
a), and interferon-y (IFN-y) concentrations and increased the superoxide dismutase
and catalase activities and Shannon and Simpson indices in DSS-challenged mice.
Moreover, MIF ingestion reduced (p < 0.05) the abundance of phospho-nuclear factor
(NF)-kB and increased the abundance of phospho-Nrf2 in DSS-challenged mice. Taken
together, MIF protects against intestinal barrier injury in C57BL/6J mice via a mechanism
that involves inhibiting NF-kB activation and promoting Nrf2 activation, as well as
regulating intestinal microbiota.

Keywords: Morchella importuna, intestinal barrier function, intestinal microbiota, inflammatory responses,
C57BL/6 mice

INTRODUCTION

The intestinal epithelial barrier is a single layer of cells lining the gut that comprises the apical
cell membrane and intercellular tight junctions of intestinal epithelial cells (Ulluwishewa et al.,
2011; Peterson and Artis, 2014). It acts as a selective barrier that allows the absorption of nutrient
substances while inhibiting the translocation of luminal pathogens (Halpern and Denning, 2015;
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Wang et al., 2015). Hence, treatments aimed at decreasing
intestinal permeability contribute to improved health. Nowadays,
dietary bioactive substances have been found to improve
intestinal barrier function by strengthening the intestinal
barrier, attenuating the inflammatory responses and modulating
microbiota composition (Yang et al,, 2012; Tian et al., 2019;
Wan et al., 2020).

The Morchella mushroom, a type of edible ascomycetous
mushroom, has a unique flavor, as well as a high nutritional
value (Tietel and Masaphy, 2018). Interestingly, some bioactive
compounds have been found in the Morchella mushroom
fruiting body, such as polysaccharides, ergosterol derivatives,
microthecin, and so on (Wang et al., 2019). Modern medical
research demonstrated that the Morchella mushrooms confer
antimicrobial, antioxidant, anti-inflammatory, and antitumor
activities (Kim et al, 2011; Huang et al., 2012; Heleno
et al., 2013). Therefore, the mature fruiting body of Morchella
mushrooms have been used as a traditional herbal medicine
in Asian countries, such as China, India, and Japan (Mau
et al., 2004; Xiong et al., 2017). However, to the best of our
knowledge, the ameliorative effects of Morchella mushrooms
on intestinal barrier function have not been investigated and
warrant exploration.

In the present work, the flavones from the fruiting
bodies of M. importuna (MIF) were prepared. Then, the
protective effects and possible mechanisms of MIF against
the intestinal barrier injury in vivo were investigated using
a sodium glucose sulfate [dextran sulfate sodium (DSS)]-
challenged mouse model.

MATERIALS AND METHODS

Preparation of the Fruiting Bodies of
Morchella importuna

In this study, the MIF were collected from the experimental
field of Sichuan Academy of Agricultural Sciences (Chengdu,
China). The MIF were dried at 37°C, and then 200 g of MIF were
immersed in proportions of 1:20 (w/v) in ethanol at 60°C for 6 h.
After centrifugation at 6,000 x g for 15 min, the sediment was
discarded. Thereafter, the resulting MIF was dried at 60°C and
stored at —20°C before use.

Preliminary Characterization of the

Fruiting Bodies of Morchella importuna

The molecular weight distribution of MIF was determined by
high-performance gel permeation chromatography (HP-GPC).
The operating procedures were Waters 515, high-performance
liquid chromatography equipped with laser detector (LS), and
differential refractive index (DRI); Shodex OHpak series SB-
806 gel chromatographic column (300 mm x 7.8 mm); column
temperature 40°C £ 0.1°C. The mobile phase was 0.05 M
NaH,PO4-NaH, POy buffer (pH 6.7, with 0.02% NaN3). The flow
rate was 0.5 ml/min. The loading amount was 500 1. Then, 0.05
M NaH,PO4-NaH; POy buffer (pH 6.7, with 0.02% NaNj3) is used
to dissolve polysaccharide standards with the molecular weights

of 738, 5,800, 1.22 x 10% 237 x 10% 4.8 x 10% 1.0 x 10°,
1.86 x 10°, 3.8 x 10°, and 8.53 x 10> g/mol, respectively. After
being filtered with 0.45-wm membrane, the determination was
performed according to the above chromatographic conditions.
According to the molecular weight and retention time of
standards, the standard curve was drawn, and then the molecular
weight was calculated according to the retention time.

Animals, Management, and Diet

A total of 144 C57BL/6] mice (initial mass 18.02 £ 0.36 g),
obtained from Dashuo Experimental Animal Co., Ltd. (Chengdu,
China), were divided into four treatments with six pens per
treatment (six mice per pen): (1) Control (fed a normal diet);
(2) DSS treatment (fed a normal diet); (3) DSS treatment +
100 mg/kg MIF (LMIF; fed a normal diet + 100 mg/kg MIF);
(4) DSS treatment + 200 mg/kg MIF (HMIF; fed a normal diet
+ 200 mg/kg MIF). On days 8-14, mice in the challenged groups
were orally administered 3.5% DSS in drinking water, while other
mice were administered normal saline (Bassaganya-Riera and
Hontecillas, 2006). Moreover, all mice were individually caged
under a controlled environment room.

Slaughter and Sample Collection

At the end of the experiment, after 12-h starvation and ether
anesthesia, blood samples from six mice with the average
body weight in each group were collected, centrifuged at
1,500 x g (15 min) to obtain serum, and then stored at
—20°C. Subsequently, the same mice were sacrificed, about 2-cm
segments of the colon were isolated, gently flushed with normal
saline, and then fixed in paraformaldehyde solution (4%) for
morphological analysis. Finally, about 5-cm colonic tissues were
collected and stored at —80°C until analyses.

Serum Biochemical Analysis

The serum diamine oxidase (DAO) activity and D-lactate
concentration were assessed using commercial kits purchased
from Jiancheng Bioengineering Institute (Nanjing, China).
All  measurements performed according to the
manufacturer’s instructions.

were

Intestinal Morphology Analysis

After a 48-h fixation, the colonic segments were dehydrated using
a graded series of alcohol and cleaned with xylene, embedded
in paraffin, cut into cross sections of 5-pm thickness, and then
stained with H&E (Fang et al., 2017). Then, the villus height and
crypt depth were measured, and the ratio of villus height to crypt
depth (VCR) was calculated from the value obtained above.

Intestinal Cytokine Concentration

Determinations

The colonic mucosa was homogenized with normal saline (1:9),
and the homogenate was centrifuged at 1,500 x g (15 min)
to attain supernatant. Then, the concentrations of interleukin-
18 (IL-1B), IL-6, IL-10, tumor necrosis factor-a (TNF-a), and
interferon-y (IFN-y) in the colonic mucosal supernatant were
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assayed by ELISA kits (Zhuo Cai Biotechnology Co., Ltd.,
Shanghai, China).

Intestinal Antioxidant Capacity

Measurements

Superoxide dismutase (SOD) activity, catalase (CAT) activity,
malondialdehyde (MDA) content, and total antioxidant
capacity (T-AOC) in the colonic homogenates were measured.
Measurements were performed by the spectrophotometric
method using commercially available kits (Nanjing Jiancheng
Bioengineering Institute).

Intestinal Microbiota Analysis

Total gDNA from digesta samples was extracted using a Stool
DNA Isolation Kit (Tiangen Biotech Co., Ltd., Beijing, China),
following the manufacturer’s directions. The genes of bacterial
16S rRNA in the region of V4 were amplified by using PCR
with primers (515F/806R). The PCR products were subjected to
electrophoresis on 2% agarose gel, and the mixed PCR products
were purified with AxyPrep DNA Gel Extraction Kit (Axygen
Biosciences, Union City, CA, United States) for sequencing on an
[Mumina MiSeq system. All 16S rRNA gene sequencing data were
saved in the National Center for Biotechnology Information and
can be accessed in the Short Read Archive under the accession
number PRINA679459.!

Quality filtering on the raw reads was performed under
specific filtering conditions to obtain the high-quality clean
reads according to the Cutadapt quality-controlled process
(Martin, 2011). The reads were compared with the reference
database using UCHIME algorithm (Edgar et al, 2011), to
detect chimera sequences, and then removed to get the clean
reads (Haas et al., 2011). Clustered into operational taxonomic
units (OTUs) utilizing Uparse v7.0.1001 at 97% sequence
similarity (Edgar, 2013). Species annotation was carried out
on the OTU representative sequences. For colonic bacteria,
a-diversity index was assessed using QIIME 1.7.0. Principal
coordinate analysis (PCoA) tools in R language were used
for PCoA.

Western Blot Assay

Protein samples were extracted from colonic tissues using lysis
buffer (Beyotime Institute of Biotechnology, Shanghai, China).
The lysates were centrifuged at 12,000 x g for 10 min at 4°C,
and the supernatant was collected. A bicinchoninic acid (BCA)
protein assay kit (Beyotime Institute of Biotechnology) was
used to determine the protein concentration in the supernatant.
Thereafter, 30 g of protein extractions were separated by 10%
sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis
(PAGE) and then transferred to a polyvinyldifluoride (PVDF)
membrane (Merck Millipore Ltd., Tullagreen, Ireland) using
wet Trans-Blot System (Bio-Rad Laboratories, Inc., Hercules,
CA, United States). After blocking with Tris-buffered saline
Tween 20 (TBS/T) containing 5% bovine serum albumin (BSA)
at room temperature for 1 h, the membranes were incubated

Uhttp://www.ncbi.nlm.nih.gov/bioproject/679459

with primary antibodies at 4°C overnight against phospho-Nrf2
(Sigma-Aldrich, St. Louis, MO, United States), Keapl (Sigma-
Aldrich), heme oxygenase-1 (HO-1; Sigma-Aldrich), NAD(P)H
dehydrogenase (quinone 1) (NQO-1; Sigma-Aldrich), occludin
(Sigma-Aldrich), claudin-1 (Proteintech Group, Inc., Wuhan,
China), zonula occludens-1 (ZO-1; Sigma-Aldrich), ZO-2
(Sigma-Aldrich), Toll-like receptor 4 (TLR4; Proteintech Group,
Inc.), MyD88 (Proteintech Group, Inc.), IL-1 receptor-associated
kinase 1 (IRAKI; Proteintech Group, Inc.), TNF receptor-
associated factor 6 (TRAF6; Proteintech Group, Inc.), phospho-
NF-kB (Proteintech Group, Inc.), or P-actin (Proteintech
Group, Inc.). The polyvinylidene fluoride (PVDF) membranes
were washed thrice with TBS/T, then incubated with second
antibodies at room temperature for 2 h, and washed thrice
with TBS/T again. BeyoECL Moon (Beyotime Institute of
Biotechnology) was used to visualize signals. The Image Lab
software (Bio-Rad Laboratories, Inc.) was utilized to quantify
protein abundance.

Statistical Analysis

Individual rat was used as the experimental unit, and all
data were analyzed by SPSS 20.0 (SPSS, Inc., Chicago,
IL, United States). Statistical differences between groups
were determined by Students f-test, while among groups,
differences were determined by Tukey’s multiple-range
test. Results were presented as means =+ standard
deviations. Differences were taken to indicate significance
when p < 0.05.

RESULTS

Molecular Weight and Its Distribution of

Morchella importuna Flavones

From the results of HP-GPC detection, the mass average molar
mass (Mw) of MIF was 6.666 x 10° g/mol, the number average
Molecular Weight (Mn) was 6.118 x 10° g/mol, and the D value
(Mw/Mn) was 1.09. The dispersity ratio was close to 1, and the
molecular weight distribution was narrow, indicating that the
MIF was relatively pure (Table 1).

TABLE 1 | Molecular weight and its distribution of Morchella importuna flavones.

Item MIF
Mw, g/moL 6.666 x 10°
Mn, g/moL 6.118 x 10°
Mw/Mn 1.09
Molecular weight distribution, %

500000.0-522000.0 g/moL 5.30
522000.0-558000.0 g/moL 44.80
558000.0-805000.0 g/moL 37.20
805000.0-1170000.0 g/moL 7.20
1170000.0-2012949.0 g/moL 5.60

MIF, fruiting bodies of M. importuna.
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TABLE 2 | Effects of Morchella importuna flavones on the serum DAO activity and
D-lactate concentration in DSS-challenged mice.

ltem Treatment’

CON DSS DSS + LMIF DSS + HMIF
DAO, U/L 10.15+3.33 15.86 + 4.92* 1115+ 487 11.12 £2.98*
D-Lactate, 1491 £ 3.71 2449 +£528" 16.294+3.84 11.72 £2.47*
pg/mi

0 < 0.050r *p < 0.01.

TCON, control; DSS, dextran sulfate sodium (DSS) treatment; DSS + LMIF, DSS
treatment + 100 mg/kg fruiting bodies of M. importuna (MIF); DSS + HMIF, DSS
treatment + 200 mg/kg MIF. DAO, diamine oxidase.

Serum Indices

DSS challenge enhanced (p < 0.05) the DAO activity and
increased the concentration of D-lactate in C57BL/6] mice
(Table 2). Dietary 200 mg/kg MIF inclusion reduced (p < 0.05)
the serum D-lactate concentration in DSS-challenged mice.

Intestinal Morphology

Relative to the control mice, DSS challenge was found to reduce
(p < 0.05) the colonic villus height without affecting crypt depth
and VCR (Figure 1). Between the DSS-challenged mice, 100 and
200 mg/kg MIF supplementation increased (p < 0.05) the colonic
villus height, and 200 mg/kg MIF supplementation additionally
increased colonic VCR.

Intestinal Antioxidant Capacity

According to Table 3, it is found that DSS challenge decreased
(p < 0.05) the SOD, CAT, and T-AOC activities and increased the
MDA content in the colon of C57BL/6] mice. Supplementation
with 100 and 200 mg/kg MIF increased (p < 0.05) the colonic
SOD and CAT activities in DSS-challenged mice.

Intestinal Cytokine Concentration

Dietary 200 mg/kg MIF ingestion reduced (p < 0.05) the contents
of the IL-18, TNF-a, and IFN-y and increased (p < 0.05) the IL-
10 content in colonic mucosa of DSS-challenged mice (Table 4).
Moreover, 100 mg/kg MIF supplementation increased (p < 0.05)
the colonic mucosal IL-10 concentration in DSS-challenged mice.

Tight Junction Protein Abundances

Figure 2 shows the effects of MIF on tight junction protein
(occludin, claudin-1, ZO-1, and ZO-2) abundances in DSS-
challenged mice. DSS challenge decreased (p < 0.05) the
abundances of occludin, claudin-1, and ZO-1 proteins. Dietary
supplementation with 100 and 200 mg/kg MIF elevated (p < 0.05)
the abundance of claudin-1 protein, and 200 mg/kg MIF also
increased (p < 0.05) the abundances of occludin and ZO-1
proteins in DSS-challenged mice.

Nrf2 Pathway-Related Protein

Abundances

The differences in colonic Nrf2 pathway-related protein
abundances among the four groups are shown in Figure 3.
The colonic protein abundances of p-Nrf2 and HO-1 were

lower in the DSS group (p < 0.05) than that in the control
group. However, supplementation with 100 and 200 mg/kg
MIF increased (p < 0.05) the colonic protein abundances of
p-Nrf2 and HO-1 in DSS-challenged mice. Neither DSS nor MIF
affected (p > 0.05) the Keapl and NQO-1 protein abundances
in C57BL/6] mice.

NF-kB Pathway-Related Protein

Abundances

Figure 4 shows that the DSS challenge elevated (p < 0.05)
the TLR4, MyD88, IRAKI1, TRAF6, and p-NF-kB protein
abundances, whereas supplementation with 200 mg/kg MIF
reduced (p < 0.05) the TLR4, MyD88, IRAK1, TRAF6, and p-NF-
kB p65 protein abundances in DSS-challenged mice. Moreover,
100 mg/kg MIF downregulated (p < 0.05) the TLR4 protein
abundance in DSS-challenged mice.

Intestinal Microbial Diversity

According to Table 5, it is found that DSS treatment decreased
(p < 0.05) the Shannon index and Simpson index of bacteria in
C57BL/6] mice. Supplementation with 200 mg/kg MIF increased
(p < 0.05) the Shannon index and Simpson index of bacteria in
DSS-challenged mice. Neither DSS nor MIF affected (p > 0.05)
the Chaol index or abundance-based coverage estimators (ACE)
index of bacteria in C57BL/6] mice.

As shown in Figure 5, the PCoA revealed that microbial
community was significantly altered after DSS challenge or MIF
supplementation, with an evident separation (p < 0.05) among
the three groups.

Intestinal Microbiota Composition

The bacterial composition was assessed at different taxonomic
levels (Figure 6 and Supplementary Table 1). At the phylum
level, the dominant bacterial groups were Bacteroidetes,
Firmicutes, and Proteobacteria; these were followed by
the bacteria from phyla Verrucomicrobia, Fusobacteria,
Actinobacteria, Deferribacteres, Tenericutes, and Melainabacteria.
DSS challenge decreased (p < 0.05) the abundances of
Bacteroidetes and Verrucomicrobia, increased (p < 0.05)
the abundances of Firmicutes, Proteobacteria, Deferribacteres,
and Melainabacteria. However, 200 mg/kg MIF supplementation
increased (p < 0.05) the abundances of Proteobacteria,
Deferribacteres, and Melainabacteria.

DISCUSSION

Villus height, crypt depth, and VCR serve as criteria that reflect
gross intestinal morphology (Liu et al., 2008; Qin et al., 2018).
At present, the DSS challenge decreased colonic villus height,
which suggests that DSS caused acute damage to intestinal
mucosa. MIF supplementation increased colonic villus height
and VCR, which implies that MIF improved intestinal structure.
The maintenance of intestinal integrity primarily depends on
the tight junctions between the enterocytes. Tight junctions are
composed of several tight junction proteins, such as occludin
and claudins, as well as cytoplasmic ZOs (Anderson et al., 1993).
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FIGURE 1 | Effects of Morchella importuna flavones on colonic morphologies in dextran sulfate sodium (DSS)-challenged mice. (A) Colonic morphological image; (B)
villus height; (C) crypt depth; (D) ratio of villus height to crypt depth (VCR). CON, control; DSS, DSS treatment; LMIF, DSS treatment + 100 mg/kg fruiting bodies of
Morchella importuna (MIF); HMIF, DSS treatment + 200 mg/kg MIF. *p < 0.01.

TABLE 3 | Effects of Morchella importuna flavones on the colonic antioxidant capacity in DSS-challenged mice.

Item Treatment!

CON DSS DSS + LMIF DSS + HMIF
SOD, U/ml 145.20 £ 2.30 93.43 £+ 4.69** 118.46 £+ 5.54** 117.49 £ 2.37*
CAT, U/ml 89.34 +0.88 65.10 + 4.16* 84.70 £+ 3.26* 88.01 £+ 1.53*
T-AOC, U/ml 10.49 + 0.51 4.80 £+ 0.60** 5.70 +0.35 4.67 £+ 0.61
MDA, nmol/ml 3.59 +0.24 454 + 0.32* 414 +0.27 4,08 +£0.15

o < 0.050r *p < 0.01.
TCON, control; DSS, dextran sulfate sodium (DSS) treatment; DSS + LMIF, DSS treatment + 100 mg/kg fruiting bodies of M. importuna (MIF); DSS + HMIF DSS
treatment + 200 mg/kg MIF. CAT, catalase; MDA, malondialdehyde; SOD, superoxide dismutase; T-AOC, total antioxidant capacity.

TABLE 4 | Effects of Morchella importuna flavones on the colonic cytokine concentrations in DSS-challenged mice.

ltem Treatment'

1. CON DSS DSS + LMIF DSS + HMIF
IL-1g, pg/ml 8.77 +1.09 15.02 + 2,50 12,51 + 1.43 10.01 + 1.34*
IL-6, pg/ml 11.80 + 1.77 19.53 4+ 4.64* 14.95 + 3.26 13.45 + 2.41*
IL-10, pg/ml 55.74 £ 5.24 38.70 &+ 3.74* 50.49 £+ 2.88** 53.79 £ 4.72**
TNF-a, pg/ml 83.07 £ 5.20 117.79 £ 7.30" 108.86 + 7.36 107.51 + 6.86*
IFN-y, pg/ml 49.61 + 5.33 77.37 £9.97* 68.91 + 8.16 65.15 4+ 7.65*

0 < 0.050r *p < 0.01.
TCON, control; DSS, dextran sulfate sodium (DSS) treatment; DSS + LMIF, DSS treatment + 100 mg/kg fruiting bodies of M. importuna (MIF); DSS + HMIF, DSS
treatment + 200 mg/kg MIF. IFN, interferon; IL, interleukin;, TNF, tumor necrosis factor.

Of them, occludin and claudins are considered to be the abundances of occludin, claudin-1, and ZO-1 proteins in the
major integral membrane proteins forming continuous tight colon of DSS-challenged mice, indicating that MIF improved the
junction strands (Furuse et al, 1993; Furuse et al, 1998). intestinal barrier integrity. Furthermore, intestinal integrity can
Here, we found that MIF supplementation increased the be assessed by many markers, such as DAO activity and D-lactate
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FIGURE 2 | Effects of Morchella importuna flavones on the abundances of the colonic tight junction proteins in dextran sulfate sodium (DSS)-challenged mice.
(A) Representative Western blot picture; (B) occludin; (C) claudin-1; (D) zonula occludens-1 (ZO-1); (E) ZO-2. CON, control; DSS, DSS treatment; LMIF, DSS
treatment + 100 mg/kg fruiting bodies of Morchella importuna (MIF); HMIF, DSS treatment + 200 mg/kg MIF. *p < 0.05.
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FIGURE 3 | Effects of Morchella importuna flavones on the abundances of the colonic Nrf2 signaling pathway-related proteins in dextran sulfate sodium
(DSS)-challenged mice. (A) Representative Western blot picture; (B) NAD(P)H dehydrogenase (quinone 1) (NQO-1); (C) heme oxygenase-1 (HO-1); (D) Keap1; (E)
p-Nrf2. CON, control; DSS, DSS treatment; LMIF, DSS treatment + 100 mg/kg fruiting bodies of Morchella importuna (MIF); HMIF, DSS treatment + 200 mg/kg MIF.

*p < 0.050r *p < 0.01.
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FIGURE 4 | Effects of Morchella importuna flavones on the abundances of the colonic Toll-like receptor 4 (TLR4) signaling pathway-related proteins in dextran sulfate
sodium (DSS)-challenged mice. (A) Representative Western blot picture; (B) TLR4; (C) MyD88; (D) IL-1 receptor-associated kinase 1 (IRAK1); (E) TNF
receptor-associated factor 6 (TRAF6); (F) p-NF-«kB p65. CON, control; DSS, DSS treatment; LMIF, DSS treatment + 100 mg/kg fruiting bodies of Morchella
importuna (MIF); HMIF, DSS treatment + 200 mg/kg MIF. “p < 0.05 or **p < 0.01.

TABLE 5 | Effects of ethanol extracts from Morchella importuna on the a-diversity
indexes in the colon of DSS-challenged mice.

ltem Treatment'

CON DSS DSS + HMIF
Chao1 index 393.09 + 30.64 371.89 £+ 24.59 364.72 £ 12.33
ACE index 390.55 + 23.95 374.08 £+ 24.29 369.79 + 13.76
Shannon index 6.27 + 0.07 5.71 £ 0.20** 6.04 £+ 0.04*
Simpson index 0.97 £ 0.00 0.94 + 0.01** 0.96 + 0.00**

“p < 0.01.
TCON, control: DSS, dextran sulfate sodium (DSS) treatment; DSS + HMIF DSS
treatment + 200 mg/kg fruiting bodies of M. importuna (MIF).

concentration (Nielsen et al., 2011; Liu et al., 2012). Consistent
with improved intestinal barrier function, MIF improved colonic
barrier integrity in DSS-challenged mice, as evinced by decreased
serum DAO activity and D-lactate concentration.

Intestinal antioxidant activity is closely related to intestinal
health, which in turn is considered to be associated with
intestinal structure (Jia et al., 2019). SOD and CAT are important
antioxidant enzymes that can scavenge free radicals to defend
against oxidative injury (Slavic¢ et al., 2006; Lestaevel et al., 2009).
We found lower SOD and CAT activities in DSS-challenged
mice than in control mice, indicating that DSS challenge causes
severe oxidative damage to the colon in mice. However, MIF
attenuated the DSS-induced reduction of SOD and CAT activities
in the colon, implying that MIF exerts a protective effect

against intestinal oxidative damage caused by DSS challenge.
The elevated antioxidant capacity was also supported by the
expression of several critical antioxidant genes. Nrf2, one of
the key transcription factors, plays a vital role in maintaining
the activities of antioxidant enzymes (Cheng et al., 2015). The
HO-1 is located downstream of the Nrf2 and acts as one of
the key antioxidant enzymes (Han et al., 2017). In this study,
MIF significantly elevated the protein levels of p-Nrf2 and HO-
1 in the DSS-challenged mice, further indicating the antioxidant
capacity of MIF in DSS-challenged mice. These results could
determine that dietary MIF supplementation maintained the
intestinal barrier function of mice under DSS challenge, to some
extent, by enhancing intestinal antioxidant ability.

The unsettled balance between anti- and pro-inflammatory
cytokines has been found to induce intestinal inflammatory
injury in the DSS-challenged mice (Choi et al, 2017;
Yin et al,, 2020). In this study, MIF treatment inhibited
inflammatory responses as evinced by decreasing pro-
inflammatory  cytokine = (IL-1, TNF-a, and IFN-y)
concentrations in the colon following DSS treatment. Contrary
to the aforementioned cytokines, IL-10, as an anti-inflammatory
cytokine, has been demonstrated to protect colonic inflammatory
injury (Hasnain et al., 2013). Interestingly, MIF treatment also
elevated the IL-10 concentration in the colon after DSS challenge.
These results suggest that the beneficial effects of MIF against
DSS-induced intestinal inflammatory injury were related to
the regulation of the production of pro-inflammatory and
anti-inflammatory cytokines. To elucidate the molecular
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FIGURE 5 | Comparison of the colonic microbiota composition among the three groups. A principal coordinate analysis (PCoA) was used to visualize the weighted
UniFrac distances of the fecal samples from the C57BL/6J mice. CON, control; DSS, dextran sulfate sodium (DSS) treatment; HMIF, DSS treatment + 200 mg/kg
fruiting bodies of Morchella importuna (MIF).
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mechanisms by which MIF attenuates intestinal inflammatory
responses, we investigated the TLR4 signaling pathway-related
protein expression.

Activation of TLR4 signaling pathway plays an important
role in defensive responses against invading pathogens via
triggering the secretion of pro-inflammatory cytokines (Wang
et al., 2017). However, the aberrant activation of TLR4 signaling
pathway elicits collateral host intestinal injury (Coll and O’Neill,

2010). In the present study, we observed that colonic protein
abundances of TLR4 and its downstream signals, such as
MyD88, IRAK1, and TRAF6, were reduced in MIF-treated DSS-
challenged mice. NF-kB is a critical nuclear transcription factor
downstream of the TLR4 signaling pathway that regulates the
production of pro-inflammatory cytokines (Sabroe et al., 2008).
The inactivation of NF-kB has been proven to be able to alleviate
the severity of intestinal inflammatory injury (Kang et al., 2017;
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Wan et al., 2019). Here, the colonic protein abundance of p-NF-
kB p65 in DSS-challenged mice was also decreased by MIF
supplementation. These results suggest that MIF attenuates
DSS-induced intestinal inflammatory injury via decreasing pro-
inflammatory cytokine release through inhibiting the TLR4/NF-
kB signaling pathway.

Although the exact pathogenesis of inflammatory bowel
disease is complex, intestinal microbiota disorder is one of
the most important observations (Zhai et al., 2019). As
noted previously, the species, richness, and abundance of
intestinal microbiota were markedly decreased in patients with
inflammatory bowel disease (Zmora et al., 2019). In this study, we
found that colonic microbiota in DSS-treated mice following MIF
supplementation exhibit more diversity of evenness and richness
than those in DSS-treated mice, as they have higher Shannon
and Simpson indices. Low microbial diversity is often regarded
as being associated with some infective intestinal disease, such
as inflammatory bowel disease (Manichanh et al., 2006). Thus,
the increase in microbial diversity induced by MIF may play a
positive role in the colonic health of mice, which partly elucidates
the alleviation of intestinal inflammatory injury in these mice.
Furthermore, we found that MIF increased the abundances of
Proteobacteria, Deferribacteres, and Melainabacteria, suggesting
that these bacteria may play an essential role in MIF treatment of
inflammatory bowel disease.

CONCLUSION

To summarize, our findings indicate that MIF have beneficial
effects on modulating intestinal barrier function and microbiota
in DSS-challenged mice. The reduced inflammatory factor
production and enhanced antioxidant capacity caused by MIF
may be associated with inhibited NF-kB signaling pathway and
activated Nrf2 signaling pathway, respectively. These results offer
a molecular basis for the potential contribution of MIF to the
prevention of intestinal barrier injury.
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Mixture of Five Fermented Herbs
(Zhihuasi Tk) Alters the Intestinal
Microbiota and Promotes the Growth
Performance in Piglets

Yong Li', Tiehu Sun?!, Yuxuan Hong®*#*, Tong Qiao® Yongsheng Wang? Wei Li', Shi Tang’,
Xin Yang?, Jie Li? Xiaowen Li° Zutao Zhou®** and Yuncai Xiao**

"COFCO Feed Co., Ltd., Beijjing, China, 2COFCO Nutrition and Health Research Institute, Bejjing, China, *College of
Veterinary Medicine, Huazhong Agricultural University, Wuhan, China, “State Key Laboratory of Agricultural Microbiology,
Huazhong Agricultural University, Wuhan, China, *Hubei Huada Real Science & Technology Co., Ltd., Wuhan, China

To explore the feasibility of using fermented Chinese herbal mixture Zhihuasi Tk (Z. TK)
supplementation to increase the swine production, the protective effect of dietary
supplementation with Z. Tk on the intestinal oxidative stress model and the regulation of
both growth performance and intestinal microbiota of weaned piglets were investigated
in vitro. Our results showed that the addition of Z. Tk increased the cell viability, prevented
the decrease of glutathione peroxidase, and significantly increased the total antioxidant
capacity and reduced the damage caused by H,O, to the tight junction proteins of the
porcine small intestinal epithelial cell line (IPEC-J2). Furthermore, weaned piglets
supplemented with either 2 kg/ton zinc oxide (ZnO) or 4 kg/ton of Z. Tk in the diet increased
body weight as well as average daily feed intake and daily gain, while the feed conversion
rate and diarrhea rate decreased within 0-35 days. Results of the taxonomic structure of
the intestinal microbiota showed that, in 21 days after weaning, the Firmicutes/Bacteroidetes
ratio in experimental group was increased, while the abundance of beneficial bacteria
such, as Lactobacillus, was increased by Z. Tk, showing inhibitory effect on pathogenic
bacteria such as members of Proteobacteria. In summary, dietary supplementation with
Z. Tk maintained the intestinal microbiota in a favorable state for the host to effectively
reduce the abnormal changes in the intestinal microbial structure and improved growth
performance of weaned piglets. Therefore, Z. Tk may potentially function as a substitute
for ZnO in feed additives for weaned piglets in modern husbandry.

Keywords: weaned piglets, fermented Chinese herbal mixture, antioxidant, growth performance, intestinal
microbiota

INTRODUCTION

In order to meet the production goals in the swine industry, piglets are generally weaned
early prior to the establishment of a constant microbiota and a fully developed immune system
(Odle et al., 1996). As one of the most traumatic stresses in a pigs life, weaning can disrupt
the gut microbial environment and increase susceptibility to post-weaning diarrhea caused by
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bacteria, ultimately leading to significant morbidity and mortality
(Frydendahl, 2002; Campbell et al., 2013). To relieve the adverse
effect of the anxiety on weaned piglets, effective strategies are
needed to enhance gut health and improve the growth
performance of weaned piglets while maintaining the standard
of safety for consumers and farmer’s productivity (Xu et al,
2018; Chen et al., 2020).

Zinc is an essential trace element for animals. Due to its
high efficiency and appropriate price, zinc is commonly used
in the form of ZnO in high doses (2,000-3,000mg/kg diet)
for weaned piglets as an alternative to antibiotics to prevent
intestinal inflammation and increase body weight (Hu et al.,
2012; Kociova et al., 2020). However, the large amount of zinc
cannot be fully utilized by animals, causing severe environmental
pollution (Kociova et al., 2020) and affect the intestinal microbiota
by promoting the antimicrobial resistance (Bednorz et al., 2013;
Rensing et al, 2018). Therefore, it is urgent to identify the
safe alternatives of zinc to enhance the protection of both
animals and environments (Liu et al., 2020).

Traditional Chinese medicine (TCM) commonly used in
feed additives can not only effectively treat various types
of medical disorders but also maintain general health and
prevent disease in animals (Cao et al., 2015; Du et al,
2018; Li et al, 2019). Studies have shown that Codonopsis
pilosula, as one of the traditional Chinese medicinal plants,
has been used to effectively enhance immunity and improve
microcirculation (Fu et al, 2018), while another popular
medicinal herbal plant Radix astragalus has shown
pharmaceutical effects on immunomodulation and anti-
oxidation activation (Gong et al., 2018). It has been reported
that the extract of R. isatidis showed the antioxidant and
anti-inflammatory effects in vitro (Xiao et al, 2014). As
the active ingredients of Atractylodes macrocephala,
Atractylenolides contain the antioxidant and anti-inflammatory
properties (Bailly, 2020). Studies have shown that R. paeoniae
alba contains a large number of pharmacological properties
including anti-inflammatory, antioxidation, improving
immunity (Li et al., 2011; Su-Hong et al, 2015), and
hepatoprotective effect (Zhao et al., 2020). It has been
demonstrated that the mixture of herbal extracts contains
an enhanced biological efficiency than a single extract because
of the synergetic effects between the bioactive constituents
of herbal mixture (Lan et al., 2017). Due to multiple pathogenic
factors regulating many diseases, it is generally challenging
to deal with these medical disorders. Furthermore, the
functions of a single herbal medicine are often limited in
treating these complicated diseases, incapable of efficiently
addressing the multivariate conditions in patients. In the
practice of traditional Chinese medicine, in order to achieve
the enhanced therapeutic effect, several herbal medicines
are commonly combined based on their medicinal properties

Abbreviations: Z. Tk, Fermented Chinese herbal mixture Zhihuasi Tk; ZnO,
Zinc oxide; TCM, Traditional Chinese medicine; IPEC-J2, The porcine small
intestinal epithelial cell line; GSH-Px, Glutathione peroxidase; T-AOC, Total
antioxidant capacity; BW, Body weight; ADG, Average daily gain; ADFI, Average
daily feed intake; FCR, Feed conversion rate; F/B, Ratio of Firmicutes/Bacteroidetes.

to achieve the synergetic functions in treating the complicated
diseases. To date, the explicit molecular mechanisms of
herbal compatibility are still not fully elucidated. Studies
have shown that the synergistic effects of herbal medicines
are achieved by applying a pair of herbs with ingredients
of similar therapeutic functions. For example, the active
ingredients in one herbal medicine enhance the therapeutic
effects of the ingredients in the other herbal medicine by
regulating their absorption, distribution, metabolism, and
excretion (Wang et al, 2012). Moreover, the inactive
ingredients in the herbal medicines used individually become
active used in combination (Wang et al., 2012). These results
suggest that the therapeutic effects observed in our study
are likely achieved by the combined application of these
five herbal medicines.

The gut microbiota regulates physiological functions related
to metabolism, biotransformation, and biosynthesis of biological
ingredients (Krishnan et al., 2015; Kawai et al., 2018). Medical
studies have demonstrated that microbial regulation may play
an important role in the treatment of TCMs (Xu et al., 2015;
Tong et al., 2018). For example, the gut microbiota may enhance
the bioavailability and therapeutic effects of TCMs by regulating
their transformation and absorption from the intestine into
the blood, indicating that TCMs function depending on specific
components of the gut microbiota (Zhang et al, 2020).
Furthermore, TCMs may alter the taxonomic structure and
metabolic production of the gut microbiota. For example, studies
have shown that TCMs change the relative abundance of the
gut microbiota at various taxonomic levels (Wei et al., 2018;
Chen et al., 2018b). Therefore, it is highly speculated that the
therapeutic efficiency of TCMs are, at least partially, attributed
to the alteration in the gut microbiota.

A type of TCM called Zhihuasi Tk (Z. Tk) is a mixture
of five well-known Chinese herbal medicines, including
Codonopsis pilosula (Dangshen), Radix astragalus (Huangqi),
R. isatidis (Banlangen), R. paeoniae alba (Baishao), and
Atractylodes macrocephala (Baizhu), fermented first with
probiotics and then dried and crushed. The purpose of
microbial fermentation is usually to decompose or convert
undesired substances into compatible materials, ultimately
enhancing the product properties by increasing the amount
of biologically effective compounds (Ugural and Akyol, 2020).
Furthermore, the fermentation is revealed to strengthen the
antioxidant effects of some plants (Kusznierewicz et al., 2008;
Ugural and Akyol, 2020). For example, fermentation increases
the content of phenolic in some plant products (Pordevic¢
et al, 2010), and it is reported that the polyphenols are
positively correlated with the antioxidant activities in medicinal
herbs (Shan et al., 2005). Recently, the Chinese herbs have
attracted growing attention as feed additives in animal
production. However, studies on the effects of Chinese herbs
on weaned piglets are sparse. The main purpose of this
study was to explore the protective effect of Z. Tk on the
oxidative damage of the epithelial cell barrier and to investigate
the potential effect of this feed additive on improving the
intestinal microbiota and the growth performance of
weaned piglets.
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MATERIALS AND METHODS

Preparation of Zhihuasi Tk Extracts

The Zhihuasi Tk (Z. Tk) is a mixed combination of five
commonly used TCMs with different proportions including
Codonopsis pilosula (20%), Radix astragalus (30%), R. isatidis
(15%), R. paeoniae alba (25%), and Atractylodes macrocephalae
(10%). The mixture was infiltrated in water to 50% moisture,
heated to 80°C for 1 h, and then cooled to 37°C. Three species
of probiotics (Bacillus subtilis, Enterococcus faecalis, and
Saccharomyces cerevisiae) were simultaneously added into the
processed Chinese herbal mixture, which was fermented for
72 h, then dried, and crushed into powder. We selected the
fermentation based on multi-strain probiotics, instead of a
single-strain probiotics, due to the more comprehensive effects
of multiple bacteria and enzymes, providing higher fermentation
efficiency and richer fermentation products, in particular with
the medicinal fungi and probiotics. The three species of probiotics
(i.e., Bacillus subtilis, Enterococcus faecalis, and Saccharomyces
cerevisiae) used in our study are commonly applied in the
fermentation of Chinese herbal medicines with sound probiotic
properties (Li et al., 2020).

To investigate the effects of Z. Tk on the porcine small
intestinal epithelial cell line (IPEC-J2), a total of 10 g of Z
Tk powder were submerged into 200 pl 100°C sterilized ultrapure
water and incubated for 30 min in a water bath of 100°C.
The large debris in the supernatant was filtered using a 300-mesh
filter and then centrifuged for 30 min at 100 g to remove the
small debris. Then, the supernatant was filtered with a 100-mesh
cell sieve and used for cell culture.

IPEC-J2 Cell Culture

The IPEC-]J2 cell lines were provided by the College of Veterinary
Medicine, Huazhong Agricultural University. These cells were
maintained in the Dulbecco’s Modified Eagle Medium/Nutrient
Mixture F-12, containing 10% fetal bovine serum and 1%
penicillin-streptomycin (Gibco BRL Co., Ltd., United States),
and cultured in an incubator with constant temperature (37°C)
and atmosphere of 5% CO,. The medium was replaced every
3 days. Then, the cells were subcultured with 0.05% trypsin
(Gibco BRL Co., Ltd., United States). The monolayers of cells
were collected after 3 days of incubation for further experiments.

IPEC-J2 Cell Proliferation

The IPEC-J2 cells grown at logarithmic phase were treated
with 0.1% trypsin to prepare a single cell suspension and then
seeded in a 96-well cell culture plate. The number of seeding
was 1 x 10* cells/well and cultivated for 24 h in an incubator
(37°C) with constant concentration of CO, (5%). Then, the
medium was discarded, the wells were washed with sterile
PBS, added with medium containing 0, 1, 5, 10, 50, 100, 200,
500, 800, and 1,000 pM/L H,0,, respectively, and cultured for
24 h (six replicate wells per group). For each well, the culture
medium was discarded, added with 100 pl of medium containing
10% Cell Counting Kit-8 (Biosharp, China), and incubated
for 2 h at 37°C. The OD,5, value was measured with a microplate

reader. The concentration of H,0, applied in the subsequent
experiments was determined based on its reduction of cell
viability by 50% with the cells treated with H,O, for 24 h to
establish a cellular oxidative stress model. For the treatment
of Z. Tk, the cells were treated with the medium containing
1x102%5x 1072 1x107%5x 104 1 x 1074 and 5 x 10™°
dilutions of Z. Tk extracts for 3 h, then added 100 pl of
medium containing 10% Cell Counting Kit-8 (Biosharp, China),
incubated at 37°C for 2 h, and the OD,;, values were measured
with a microplate reader.

Cellular Antioxidant Assay

Based on different treatments, the IPEC-]J2 cells were separated
into four groups, including the control group, the H,0, oxidative
stress group (treated with H,O, for 24 h), the Z. Tk group
(treated with Z. Tk for 3 h), and the Z. Tk + H,O, group
(treated with Z. Tk for 3 h and then H,O, for 24 h) with
each group containing three replicate wells and cultivated for
24 h. The cell culture fluid was collected to detect the total
antioxidant capacity (T-AOC) and measure the content of
glutathione peroxidase (GSH-Px) using the total antioxidant
capacity test kit (Shanghai Biyuntian Biotechnology Company,
Shanghai, China) and the glutathione peroxidase test kit (Shanghai
Biyuntian Biotechnology Company, Shanghai, China) following
the manufacturer’s instructions, respectively. The total RNA
was extracted using the Total RNA Kit (R6812, U.S. Omega
Bio-Tek Company) and used to synthesize cDNA using the
FastKing reverse transcription kit (KR118-02, Beijing Tiangen
Biological Co., Ltd., Beijing, China). The expressions of three
genes (ZO-1, occludin, and claudin) encoding the tight junction
proteins in IPEC-2 cells were determined using qPCR method
with the primers shown in Table 1.

Laboratory Animals

Our study was performed in accordance with the Guide for
the Care and Use of Laboratory Animals Monitoring Committee
of Hubei Province, China with the protocols approved by the
Committee on the Ethics of Animal Experiments of the College
of Veterinary Medicine, Huazhong Agricultural University (No.
HZAUSW-2020-0001).

A total of 135 healthy Duroc x Landrace x Yorkshine hybrid
(Du Changda) weaned boars (weaned at 23 days of age) were
selected and evenly divided into three groups based on their
body weight (BW) with each group of nine replicates and five
piglets per replicate. The negative control (NC) group was fed
with basal diet, the positive control (PC) group was fed with
basal diet plus 2 kg/ton zinc oxide (ZnO), and the experimental
group was fed with the basal diet plus 4 kg/ton of Z. Tk.
The pharmacological dose of 2 kg/ton to feed the weaned
piglets as a positive control was based on a previous study
(Wang et al, 2019). Results of our preliminary experiments
using the concentrations of 1 kg/ton, 2 kg/ton, and 4 kg/ton
showed that 4 kg/ton generated the highest economic benefit.
Therefore, we used 4 kg/ton as the concentration of Z. Tk in
our experiments. No animals were fed with antibiotics. The
nutrient levels of crude protein, calcium, and total phosphorus
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TABLE 1 | Primer sequences for genes amplified in this study. F, forward primer;
R, reverse primer.

Amplified fragment

Gene Primer sequence (5-3
quence (5:3) (op)

B-Actin F: TGCGGGACATCAAGGAGAAG 92
R: AGTTGAAGGTGGTCTCGTGG

claudin F: GGCCCTTACCTTTCGCCTGA 99
R: GCCTCAGGGCTTGGTGTTCT

occludin F: ATCAACAAAGGCAACTCT 74
R: GCAGCAGCCATGTACTCT

ZO-1 F: GCCTCAGGGCTTGGTGTTCT 87

R: GGCCCTTACCTTTCGCCTGA

in the diets of each group were consistent and in accordance
with both the NRC (2012) and the Chinese Pig Feeding Standard
(2004). The detailed feed formula and the nutritional levels
were shown in Supplementary Tables S1 and S2, respectively.

The experiments were carried out at the experimental base
of the Feed Research Institute of the Chinese Academy of
Agricultural Sciences for a total of 35 days. A fully enclosed
pig house was adopted with the temperature (24~26°C), humidity,
ventilation intensity, and the carbon dioxide and ammonia
concentrations in the house automatically controlled. The piglets
were raised in pens each of 1.5 m x 1.5 m in size equipped
with slatted plastic spray floor, adjustable stainless steel troughs,
and nipple drinkers. Animals were fed with pellets and were
free to eat and drink.

Growth Performance

On days 0, 7, 21, and 35, the weaned piglets and feed were
weighed to calculate the growth indices, including average daily
gain (ADG), average daily feed intake (ADFI), and feed
conversion rate (FCR) as follows: ADG = (end weight — initial
weight)/days of experiment, ADFI = (feed amount provided
during the test period — the remaining amount of feed during
the test period)/days of experiment, and FCR = average daily
feed intake/average daily gain of weight.

For the first 3 weeks, the condition of diarrhea of piglets
was recorded twice a day to calculate the diarrhea rate based
on the diarrhea score of each group of piglets. Specifically, 0
point was scored based on the cylindrical shaped soft stools,
mild to moderate diarrhea (showing irregular loose stools with
high water content) was scored as 1 point, and severe diarrhea
characterized as having liquid, irregular, and watery loose stools
was scored as 2 points. The diarrhea rate was calculated as
the (number of piglets with diarrhea)/(number of piglets
tested x total days) x 100%.

Sample Collection, DNA Extraction, and
Sequencing

On days 21 and 35, the feces of the piglets with the same
ear size were collected from nin replicates of the three groups
by rectal massage. The samples were immediately divided into
the cryopreservation tubes and kept in liquid nitrogen tank
(—196°C) for storage.

The total genomic DNA from fecal samples of the weaned
piglets was extracted based on CTAB method (Ahrens, 1992),
examined by 1% agarose gel electrophoresis, and diluted to
1 ng/pl with sterile water. PCR amplification of the V3-V4
region of the bacterial 16S rRNA gene was performed with
the forward primer 341F (5-CCTAYGGGRBGCASCAG-3’) and
the reverse primer 806R (5-GGACTACHVGGGTWTCTAAT-3")
with barcodes. PCR reactions contained 15 pl of Phusion®
High-Fidelity PCR Master Mix (New England Biolabs), ~10 ng
template DNA, and 2 pM of both forward and reverse primers.
PCR procedures were as follows: 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 elongation at 72°C for
30 s” with the final extension of 5 min at 72°C. The PCR
products mixed with the same volume of 1X loading buffer
(containing SYBR green) were detected using electrophoresis
on 2% agarose gel. Then, the mixture of PCR products of
equidensity ratios was purified with Qiagen Gel Extraction
Kit (Qiagen, Germany).

Libraries for high-throughput sequencing were constructed
using the TruSeq® DNA PCR-Free Sample Preparation Kit
(Illumina, United States) following manufacturer’s protocols
with index codes added. The quality of the sequencing libraries
was evaluated by the Qubit@ 2.0 Fluorometer (Thermo Scientific)
and Agilent Bioanalyzer 2,100 system (Agilent Technologies,
United States). Samples with PCR amplified fragment size and
PCR product volume not meeting the requirements for library
construction were eliminated; samples with QC30 > 90% were
selected for further analysis. The library was sequenced on an
Mlumina next-generation sequencing platform NovaSeq to
generate the 250 bp paired-end reads. Furthermore, to avoid
the inclusion of inappropriate genomic data to interfere the
reliability of subsequent analyses, the results of the relative
abundance and beta diversity analysis were used to eliminate
samples showing significant differences within the group.

Sequencing Data Analysis

Paired-end reads were aligned to samples based on their unique
barcodes with the barcode and primer sequences removed.
The reads were merged using FLASH V1.2.7 (Mago¢ and
Salzberg, 2011). The high-quality clean reads were obtained
by filtering the raw reads using the QIIME V1.9.1 with filtering
conditions set as previously reported (Caporaso et al.,, 2010).
The final set of effective reads was obtained by comparing the
clean reads with the reference database SILVA using the UCHIME
algorithm (Edgar et al., 2011) to remove the chimera sequences
(Haas et al., 2011).

Sequences with > 97% similarity were assigned to the same
Operational Taxonomic Units (OTUs) using Uparse v7.0.1001
(Edgar, 2013). Further annotation was performed on the
representative sequence of each OTU screened using the
SSUrRNA database (Wang et al., 2007) of SILVA (Quast et al.,
2013) using the Mothur algorithm with the threshold set at
0.8-1.0. Taxonomic rank and the microbial composition of
each sample at seven ranks of classification (ie., kingdom,
phylum, class, order, family, genus, and species) were obtained
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to evaluate the difference between groups using T-test. Multiple
sequence alignment was performed based on the MUSCLE
Version 3.8.31 (Edgar, 2004) to investigate the phylogenetic
relationship among OTUs and the variations of the abundant
taxa in different samples and groups. The normalization of
the abundance of OTUs was performed prior to the subsequent
analyses of alpha diversity and beta diversity of the gut microbiota.

The complexity of species diversity was evaluated by generating
alpha diversity indices, including the observed-species, the
Chaol estimator, and the Shannon index using QIIME Version
1.7.0 with the results (i.e., the dilution curve, the species
accumulation curve, and the rank abundance curve) displayed
with R software Version 2.15.3, which was also used to draw
the dilution curve, the rank abundance curve, and the species
accumulation curve. The Wilcox test in R software was used
to analyze the difference of the alpha diversity indices
between groups.

Beta diversity analyses on both weighted and unweighted
UniFrac were conducted to evaluate the differences of samples
in species complexity using QIIME Version 1.9.1. The principal
coordinate analysis (PCoA) was performed to evaluate the
principal coordinates and visualize the multidimensional data.
A distance matrix of weighted or unweighted UniFrac among
samples was generated to establish a new set of orthogonal
coordinates, with the maximum variation factor demonstrated
by the first principal coordinate, the second maximum variation
factor by the second principal coordinate, and so on. The
results of the PCoA analysis were displayed by WGCNA, stat,
and ggplot2 packages in R software Version 2.15.3. The
unweighted pair-group method with arithmetic means (UPGMA)
analysis was performed based on the average linkage as a type
of hierarchical clustering method to explain the distance matrix
by QIIME Version 1.9.1.

Statistical Analyses

Statistical analyses were performed using SPSS for Windows,
version 22 (SPSS, Inc., Chicago, IL, United States). Graphs
were generated using GraphPad Prism 5 software (GraphPad,
Inc., California, United States). The data were presented as
the mean * standard error of the mean (SEM) with the
significance levels for all analyses set as p < 0.05 (*) and
p < 0.01 (™).

RESULTS

Effects of H,O, and Z. Tk on Cell Viability
of IPEC-J2

The oxidative stress model of IPEC-J2 cells was established
by the induction of H,0,. Results showed that the cell viability
was significantly reduced under the treatment of 100 pM H,O,,
while the IPEC-J2 cell viability was reduced to below 50%
treated by H,O, of 500-1,000 pM for 24 h in comparison to
the control group (Figure 1A). Therefore, the concentration
of 500 uM was chosen as the optimal content of H,O, for
the following experiments.

Results of the effect of Z. Tk on the viability of IPEC-]2
cells showed that both the high concentration of Z. Tk extract
(ie, 1 x 107%) and longer incubation time inhibited cell
proliferation (Figure 1B), while low concentrations of Z. Tk
extract (e.g, 5 x 107 and 1 x 107*) stimulated cells and
significantly increased cell viability. Specifically, the cell viability
was significantly improved by the stimulation of 3 h of all
three dilutions of Z. Tk (i.e., 1 x 1073, 5 x 1074, and 1 x 107%),
with the dilution of 5 x 10~ achieving the highest cell viability.
Therefore, the dilution of 5 x 10™ of Z. Tk and stimulation
time for 3 h were selected for subsequent experiments.

Antioxidant Effect of Z. Tk

Results of the protective effects of Z. Tk on the IPEC-J2 cells
under oxidative stress showed that after H,O, stimulation, the
content of GSH-Px in the supernatant of IPEC-J2 cells was
decreased significantly in comparison to that of the control
group, while the treatment of both Z. Tk and H,0, significantly
reduced the detrimental effect of H,0,, indicating that Z. Tk
could protect the epithelium of the small intestine to prevent
the decrease of GSH-Px (Figure 2A). Furthermore, the Z. Tk
significantly improved the T-AOC of IPEC-]2 cells (Figure 2B).
The expressions of three genes (ZO-1, occludin, and claudin)
encoding the tight junction proteins were significantly reduced
in IPEC-]2 cells treated with H,O, in comparison to the control
group, while Z. Tk significantly increased the expression of
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FIGURE 1 | Effects of H,O, (A) and Z. Tk (B) of different concentrations on
the viability of IPEC-J2 cells treated with different times. Symbols “*” and “**”
indicate the significant differences compared with the control group set at the
values of p of 0.05 and 0.01, respectively.
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these genes, alleviating the detrimental effects of H,O, on the
tight junction proteins (Figure 2C). It was noted that the
herbal extracts and H,0, were not mixed throughout the entire
process of treatment “Z. Tk + H,0,” group.

Growth Performance of Piglets

The results of growth performance in the piglets are shown in
Table 2. The initial weights of the weaned piglets remained the
same among the three groups of animals. On days 21 and 35,
the BW of the experimental group was significantly higher than

that of the NC group (p < 0.05). On day 35, the BW increased
on average by 17.31 and 13.77% in the experimental and PC
groups, respectively, compared with the NC group, although
the difference was not statistically significant in PC group. In
1-7, 8-21, and 1-35 days, the experimental group showed
significantly higher ADG than that of the NC group (p < 0.05).
In 35 days, the ADG of both the PC and experimental groups
increased by 20.53 and 25.65%, respectively, in comparison to
the NC group. Compared with the NC group, both the experimental
and the PC groups showed increased trend of the ADFI and
decreased trend of diarrhea rate in 1-35 days although the
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FIGURE 2 | Protective effects of Z. Tk on IPEC-J2 cells under oxidative stress as indicated by the content of GSH-Px (A), the T-AOC (B) in the supernatant of
IPEC-J2 cells, and the expression of genes (i.e., ZO-1, occluding, and claudin) encoding the tight junction proteins in IPEC-J2 cells (C). Symbols “*” and “**” indicate
the significant differences set at the values of p of 0.05 and 0.01, respectively.
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difference was not statistically significant. Both the experimental
group (p < 0.05) and PC group (p < 0.01) showed significantly
decreased FCR at 1-35 days, compared to the NC group.

Effect of Z. Tk on the Diversity of the
Intestinal Microbiota of Weaned Piglets
To further explore the effects of Z. Tk on the intestinal microbiota
of weaned piglets, the V3-V4 regions of the 16S rRNA gene
were sequenced based on the genomic DNA extracted from
feces of the weaned piglets. A total of 2,991,714 clean reads
were obtained after screening and splicing of the raw reads
with an average of 55,402 + 835 reads per sample and an
average length of 414 bp per read (Supplementary Table S3).
The representative sequences of OTUs were obtained based
on the clustered clean reads with 97% similarity. The rarefaction
curve of each sample was generally flat, suggesting that the
depth of sequencing was sufficient to cover all species in the
sample (Supplementary Figure S1). Alpha diversity analyses
were conducted based on the OTUs to determine three alpha
diversity parameters, including the observed-species to show
the observed OTUs (Figure 3A), the Chaol index to estimate
the community richness (Figure 3B), and the Shannon’s diversity
index to evaluate the community diversity indices (Figure 3C).

TABLE 2 | Growth performance in three groups of weaned piglets at different
times.

Negative control Positive control

group group Test group
BW (kg)
1d 7.43 +0.45 7.46 +0.37 7.46 £0.37
7d 9.27 + 0.50 10.12 £ 0.52 10.29 + 0.56
21d 14.23 + 0.85% 16.32 + 0.77% 16.89 + 0.72°
35d 2114 + 1142 24.05 + 0.80% 24.80 + 1.12°
ADG (g/d)
1-7d 262.90 + 19.92%  379.21 +25.89%  404.65 + 28.69°
8-21d 354.31 £ 27.30°  438.49 + 23.44° 462.91 + 26.66°
22-35d 493.53 + 37.61 552.23 + 17.83 565.18 + 31.71
1-85d 391.71 £22.69*  472.13 + 14.65° 49217 + 24.01°
ADFI (g/d)
1-7d 427.73 + 20.31 478.21 £ 22.97 465.48 + 25.29
8-21d 527.42 + 37.23 596.90 + 30.87 614.75 + 36.64
22-35d 810.66 + 44.08 883.56 + 30.00 953.38 + 65.27
1-35d 620.78 + 32.55 687.83 + 27.65 720.35 + 44.60
FCR
1-7d 1.70 £ 0.15% 1.29 + 0.077%° 1.16 + 0.048°
8-21d 1.51+£0.07 1.36 + 0.03 1.34 £ 0.06
22-35d 1.65 + 0.05 1.61 +0.05 1.69 + 0.06
1-35d 1.59 + 0.04% 1.45 + 0.025 1.46 + 0.03"%°
Diarrhea rate (%)
1-7d 11.38 £ 4.91 8.16 + 3.83 6.786 + 2.22
8-14d 1116 £+ 5.13 7.41+3.76 6.65 +1.72
15-21d 10.63 + 3.43 411 +2.69 4.64 +2.47
1-21d 6.93 + 2.45 4.29 +2.02 3.96 + 1.28

BW, body weight; ADG, average daily gain; ADFI, average daily feed intake; FCR, feed
conversion rate. Superscript letters a and b and superscript letters A and B in the same
row indicate significant differences at p < 0.05 and p < 0.01, respectively.

Result revealed no significant difference in Shannon diversity
among the NC, PC, and experimental groups on either day
21 or day 35 (p > 0.05), while the NC group on day 35
showed significantly lower Shannon’s diversity index than that
on day 21 (p < 0.01). For the community richness comparison,
no significant difference was revealed in the number of observed
species (OTUs) and estimated community richness (Chaol
index) among the NC, PC, and experimental groups on either
day 21 or 35 (p > 0.05), while the observed-species (p < 0.01)
and the Chaol indices (p < 0.05) in the PC group changed
significantly between days 21 and 35. Compared with the
21-day-old piglets, the community richness and the observed-
species of PC group decreased significantly on day 35.

The effects of Z. Tk on the intestinal microflora profile of
weaned piglets were further investigated using the PCoA based
on weighted UniFrac of OTUs (Figure 4A). Results showed that
in 21 days, the experimental group was relatively separated from
the NC and PC groups on the PCoA scatter plot. In 35 days,
no clear separation was observed among the three groups of
animals, indicating the similarities among the three groups of
gut microbiota. The UPGMA clustering tree based on weighted
UniFrac showed that the six groups of fecal microbial communities
were revealed on two branches corresponding to the ages (ie.,
21 and 35 days) of the piglets (Figure 4B). In 21 days, the
microbial community in the feces of the NC group was closely
related to that of the PC group. This result was consistent with
that revealed by the PCoA. In 35 days, the NC and experimental
groups were clustered into the same branch. The close relationship
between the PC and NC groups indicated that Z. Tk significantly
altered the composition of the intestinal microbiota of weaned
piglets in their early weaning phases.

Effects of Z. Tk on the Taxonomic
Composition of the Intestinal Microbiota in
Weaned Piglets

The taxa with relative high abundance in the three groups of
piglets were analyzed to characterize the changes of the
composition in the gut microbiota. The intestinal bacterial
composition of each of the three groups of piglets was categorized
at the phylum level (Figure 5A). Firmicutes and Bacteroidetes
were the two most abundant bacterial phyla in all groups of
piglets. Among the top five abundant phyla (Figure 5B), the
relative abundance of Firmicutes in the experimental group
was significantly increased compared with that of the NC group
(p < 0.05) in 21 days, while the relative abundance of
Actinobacteriota was increased and other three phyla (ie,
Bacteroidota, Proteobacteria, and Euryarchaeota) was decreased
in the experimental group compared to those of the NC group
(p > 0.05). In comparison with the NC group, the relative
abundance of three phyla (i.e.,, Firmicutes, Proteobacteria, and
Actinobacteriota) in the PC group showed an increasing trend,
while the relative abundance of the other two phyla (ie,
Bacteroidota and Euryarchaeota) showed a decreasing trend.
At the age of 35 days, no significant difference was revealed
in the bacterial composition among the three groups of intestinal
microbiota. However, the relative abundance of Firmicutes and
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FIGURE 3 | Effects of Z. Tk and ZnO on the intestinal microbiota diversity in
weaned piglets in 21 and 35 days based on alpha diversity parameters of
observed species (A), Chao1 index (B), and the Shannon index (C). Symbols
“and “**” indicate significant differences at p < 0.05 and p < 0.01,
respectively. Each of the nine samples is selected from each of the three
groups of piglets, i.e., the positive control (PC), the negative control (NC), and
the test groups, on days 21 and 35, respectively.

Actinobacteriota in the experimental group increased compared
with that of the NC group. Proteobacteria and Euryarchaeota
showed increased relative abundance in the PC group compared
with the NC group, and the relative abundance of Bacteroidota
in the experimental and PC groups decreased in comparison
to the NC group. On day 21, the gut microbiota of the
experimental group was characterized by an increased Firmicutes/
Bacteroidetes ratio (F/B) in comparison to those of the PC
and NC groups (p < 0.05; Figure 5C). On day 35, the difference
in F/B of the three groups was not significantly different.

The effects of Z. Tk on the fecal microbiota in the three
groups of weaned piglets were further evaluated based on the
top 30 genera with the highest relative abundance (Figure 6).
The results showed that at the genus level, the taxonomic structure
of the intestinal microbiota of weaned piglets altered with ages
and was impacted by both Z. Tk and zinc oxide (ZnO). On
day 21, the PC group showed increased relative abundance in
five genera (i.e., Clostridium_sensu_stricto_1, Terrisporobacter,
Succinivibrio, Olsenella, and Agathobacter) and decreased relative
abundance in other six genera (ie., Prevotella, Lactobacillus,
Sarcina, Methanobrevibacter, Megasphaera, and Treponema). In
the experimental group, five genera (Prevotella, Clostridium_
sensu_stricto_1, Methanobrevibacter, Treponema, and Rikenellaceae_
RC9_gut_group) showed decreased relative abundance, while
other five genera (Lactobacillus, Sarcina, Terrisporobacter, Olsenella,
and Agathobacter) showed increased relative abundance compared
to that of the NC group. On day 35, the proportions of abundant
bacteria in the three groups of piglets altered evidently. For
example, three genera (ie, Clostridium_sensu_stricto_1,
Methanobrevibacter, and Succinivibrio) in the PC group showed
increased relative abundance, while seven genera (Prevotella,
Lactobacillus, Sarcina, Megasphaera, Treponema, Rikenellaceae_
RC9_obacter group, and Agathellaceae_RC9_obacter) showed
decreased relative abundance, compared with that of the NC
group. In the test group, seven genera (Prevotella, Clostridium_
sensu_stricto_1, Lactobacillus, ~Sarcina, Methanobrevibacter,
Terrisporobacter, and Olsenella) and four genera (Megasphaera,
Treponema, Rikenellaceae_RC9_gut group, and Agathobacter)
showed increased and decreased relative abundance, respectively,
in comparison to that of the NC group.

DISCUSSION

Chinese herbal feed additives have recently gained increasing
attention due to their caability of enhancing growth
performance by nourshing a healthy gut ecosystem in pigs.
Furthermore, the feed additives of plant resources improve
both the activity of digestive enzymes in the gastrointestinal
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tract and the nutrient absorption in pigs (Zhou et al., 2015).
Chinese herbal medicines are generally the most economical

and labor-effective additives due to

their convenient

preparation and low cost (Lin et al., 2020). The effect of

the fermented herbal additive mixture

Z. Tk containing

Codonopsis pilosula, Radix astragalus, R. isatidis, R. paeoniae

alba, and Atractylodes macrocephala on

pig production is

unclear. Our study was designed to investigate the effects
of Z. Tk on the antioxidant capacity, growth performance,
and intestinal microbiota of weaned piglets.

Studies have shown that the five herbs used in the mixture
in our study contain various types of ingredients with strong
antioxidant effects. Specifically, the pectic polysaccharides in
Codonopsis pilosula could significantly ameliorate the cellular
damage caused by H,O, treatment and increase the activity
of antioxidant enzymes (Zou et al., 2020b). Similarly, the main
biologically active components of Radix astragalus (e.g.,
polysaccharides, astragaloside, flavonoids, and saponins) have
been revealed to show antioxidant effects (Gong et al., 2018).
It has been reported that extracts of R. astragalus can decrease
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FIGURE 5 | Effects of Z. Tk and ZnO on the intestinal microbiota structure at
the phylum level in weaned piglets characterized by the taxonomic
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negative control (NC), and the test groups, on days 21 and 35, respectively.

the inflammatory response induced by lipopolysaccharide in
Escherichia coli, while decreasing the release of reactive oxygen
species (ROS) and increasing the activation of nuclear factor
and the expression of antioxidant cytoprotective factors in cells
(Adesso et al, 2018). As the other ingredient in the mixture
of Z. Tk, Radix isatidis is well-known for its broad antiviral
activities and antioxidant properties. For example, it was reported

that the proteins in R isatidis could eliminate the damage of
free radicals, showing a strong antioxidant effect in vivo (Xiao
et al, 2019). Furthermore, ingredients, such as white peony
polyphenols, isolated from R. paeoniae alba (Zhou et al., 2019)
and atractylenolides isolated from Atractylodes macrocephalae
(Bailly, 2020) are also effective antioxidants. Studies have shown
that polysaccharides from Codonopsis pilosula can protect the
intestinal mucosal immune barrier, potentially maintaining the
intestinal microbiota by stimulating the growth of Lactobacillus
(Fu et al., 2018). The combination of total polysaccharides of
Radix astragalus and C. pilosula was applied to treat 2.5%
dextran sulfate sodium induced acute colitis in mice to restore
the structure of the intestinal microbiota, increasing the level
of Bacteroidetes and decreasing the levels of Firmicutes and
Proteobacteria (Tang et al., 2021). The antiviral activities of R.
isatidis mostly depend on the water-soluble active ingredients,
e.g., amino acids, nucleosides, and sulfur-containing alkaloids,
to eradicate pathogenic viruses and regulate the immune system
(Zhou and Zhang, 2013). Furthermore, the main chemical
components of R. isatidis (i.e., syringic acid, 2-amino-benzoic
acid, and salicylic acid) have shown strong antibacterial activities
against the growth of Escherichia coli, Staphylococcus aureus,
and Shigella dysenteriae (Kong et al, 2008a,b). Studies have
shown that the effective ingredients in R. paeoniae alba include
paeoniflorin, tannin, and paeonol (Yan et al, 2018). As the
most abundant compound reported in R. paeoniae rubra,
paeoniflorin has been shown strong anti-inflammatory,
hepatoprotective, and neuroprotective effects (Yan et al., 2018),
displaying an inhibitory effect on biofilm formation of
carbapenem-resistant Klebsiella pneumoniae (Qian et al., 2020).
The sesquiterpenoids, polyacetylenes, and polysaccharides are
the most abundant bioactive constituents in Atractylodes
macrocephalae, which has been traditionally used to treat
gastrointestinal hypofunction due to its potential functions of
invigorating the spleen and adjusting disordered intestinal
microbiota (Zhu et al, 2018). In rat models with disrupted
intestinal microbiota, an administration of polysaccharides in
A. macrocephalae significantly improved the rat vigor and body
weight, promoting the ability of intestinal bacteria to digest
sugars (Wang et al., 2014). These results suggest that the
biologically active ingredients of the five traditional Chinese
medicines mixed in Z. Tk are of significant importance for
adjusting the function of gastrointestinal tract, affecting the
structure of the intestinal microbiota, and reducing diarrhea
caused by weaning stress in the weaned piglets.

Antioxidant Effect of Z. Tk

Weaning stress causes several health problems (e.g., diarrhea,
growth restriction, and intestinal dysfunction) in piglets, as
the animals are rapidly forced to adjust to the nutritional,
immunological, and psychological changes (Cao et al.,, 2018).
Furthermore, weaning stress disrupts free-radical metabolism
and antioxidative system, causing severe oxidative stress in
animals (Yin et al., 2014; Cao et al., 2018). The intestines are
the main digestive and absorptive organ for nutrients, providing
a selective blockage preventing various types of antigens. It
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has been reported that a healthy intestinal environment plays
an essentially important role in maintaining an organism’s
healthy condition (Thoo et al, 2019; Wan et al., 2019), while
the oxidative stress is generally considered as a critical factor
involved in the disruption of a healthy intestinal ecosystem.
Therefore, it is practically important to identify appropriate
natural feed additives as therapeutic agents to lessen the diseases
related to oxidative stress (Zhuang et al., 2019).

Our results showed that the treatment of Z. Tk with appropriate
concentrations and treatment time significantly increased the
IPEC-J2 cell viability. H,O, significantly downregulated the
expression of GSH-Px, while Z. Tk significantly improved the
T-AOC and the expression of GSH-Px in IPEC-]J2 cells. These
results are consistent with those reported previously, suggesting
that the maintenance of strong antioxidant activities in weaned
piglets is beneficial to support the intestinal barrier function
(Chen et al, 2018a). Furthermore, a healthy intestinal
environment relies on the tight junction proteins, which are
the major factors determining the intestinal barrier function
by sealing the paracellular space among epithelial cells (Nunes
et al., 2019). In our study, the expression of three genes (i.e.,
occludin, claudin, and ZO-1) encoding three major intestinal
barrier proteins (Liao et al., 2017) was significantly decreased
by the treatment of H,O, in the IPEC-]J2 cells. These similar
results were also reported previously (Cao et al, 2020). The
Z. Tk significantly attenuated the dysfunction of the intestinal
barrier by upregulating the expression of genes encoding the
tight junction proteins under H,O,-induced oxidative stress in
the IPEC-J2 cells. In short, the Z. Tk significantly decreased
the H,O,-induced cell damage by increasing the cell viability
and improving the antioxidant capacity in IPEC-J2 cells. It
was reported that two types of polysaccharides isolated from

Codonopsis pilosula (one of the five species of Chinese medicinal
herbs used to make the mixture of Z. Tk) showed antioxidant
ability against intestinal epithelial cells and proved to be effective
prebiotics (Zou et al., 2020c). These results demonstrated that
Z. Tk has shown the potential to attenuate intestinal injury
(i.e., the intestinal barrier disruption) mainly by upregulating
the oxidative status in the cells.

Effects of Z. Tk on Growth Performance in
Piglets

In the swine industry, the feed efficiency is very important
for the growth and fattening of animals. It is desired to generate
a large amount of meat with less consumption of feed.
We investigated the effect of Z. Tk on the growth performance
of weaned piglets was investigagted with the goal to use it as
a substitute for ZnO as a feed additive for weaned piglets. In
our study, the addition of ZnO (p < 0.01) and Z. Tk (p < 0.05)
to the feed both significantly improved the FCR of weaned
piglets during the 1-35 days of post-weaning period, which
effectively improved the economic benefits. Furthermore, the
addition of Z. Tk to the feed significantly increased the BW
at 21 and 35 days (p < 0.05). Our findings showed that the
dietary supplementation of Z. Tk significantly improved the
growth performance of early weaned piglets as demonstrated
by several indicators, including the BW, ADG, ADFI, FCR,
and diarrhea rate, suggesting that Z. Tk effectively helps piglets
overcome the weaning stress at the early production stages.
The similar results were reported previously, suggesting a positive
effect of a diet supplemented with a mixture of Chinese herbal
medicines on the growth performance of pigs (Yeh et al., 2011;
Abdallah et al., 2019). Lan et al. (2017) reported that the
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dietary supplementation of a mixture containing Astragalus,
Codonopsis, and allicin increased the growth performance, the
nutrient digestibility, the intestinal microbial balance (i.e.,
increased amount of Lactobacillus and decreased amount of
E. coli), the immune response, and the meat quality of pigs.

The application of microbial fermentation to Chinese herbal
medicines largely upgrades the functions of microorganisms
and Chinese herbal medicines, showing enhanced effects when
used in combination than applied alone. The active ingredients
in the Chinese herbal medicines are released in the presence
of enzymes provided by the microorganisms, effectively improving
the efficacy of the herbal medicines (Ai et al, 2019; Li et al,
2020). Furthermore, after the microbial fermentation, the active
macromolecular substances in the herbal medicines are
transformed into small molecules that can be directly absorbed
in the animal’s intestines and fully metabolized in the body.
Therefore, the drug residues are partly avoided (Ai et al., 2019;
Li et al., 2020). The prebiotics produced by the herbal medicines
after fermentation promote the reproduction of microorganisms,
while the microorganisms improve the absorption of the herbal
medicines in the body, complementing each other and ultimately
enhancing the therapeutic effect (Ai et al,, 2019). Furthermore,
the process of inactivation of probiotics and degradation of
metabolites after fermentation may affect the active ingredients
in the herbal medicines, which is unfavorable in practice and
should be avoided.

Effects of Z. Tk on the Microbial Diversity
of the Intestinal Microbiota in Piglets

The understanding of the relationship among gut microbiota
and growth performance will help us to effectively enhance the
porcine growth and fattening performance of pigs. The bacterial
communities of the fecal samples were compared among the
NC, PC, and experimental groups of piglets on days 21 and
35 in our study. Results showed that no significant difference
of the alpha diversities was revealed between the three groups
of animals (Figure 3), suggesting that species richness and
diversity of the bacterial communities were not affected significantly
by either ZnO or Z. Tk during the entire experiment of this
study. However, as the animals aged, the alpha diversity indices
(i.e., Chaol, Shannon, and observed-species) of weaned piglets
decreased. Studies have reported various types of changing
patterns in alpha diversity indices. For example, the alpha
diversities of gut microbiota increased with aging in pigs (Upadrasta
et al., 2013; Niu et al,, 2015), while Frese et al. (2015) reported
that the alpha diversities initially increased gradually from birth
to 21 days and then plateaued from 21 to 42 days. Furthermore,
Artken et al. (2020) reported that the microbial diversity and
species richness and evenness were stable or showed slight decline
24 days after birth. These results suggested that the increase in
the diversity and richness of the intestinal flora of piglets mainly
occurs before the 21st day of birth and tends to stabilize or
decrease slightly after weaning. In our study, the microbial alpha
index of piglets at 35 days after weaning (56 days of age)
decreased compared with that of 21 days after weaning (42 days
of age). Results of beta diversity analysis showed evidently the

differences between the NC and experimental groups based on
the PCoA. For example, the NC and PC groups were closely
related to each other on day 21, while the three groups of
piglets were clustered together on day 35, indicating that the
influential effects of Z. Tk on the taxonomic structure of the
intestinal microbiota on day 21 gradually became less evident
as the age increased to 35 days.

Effects of Z. Tk on Taxonomic Composition
of the Intestinal Microbiota in Piglets

Our results revealed that all samples were relatively dominated
by Firmicutes, Bacteroidota, and Proteobacteria at the phylum
level, similar to the results previously reported (Han et al., 2017),
and were dominated by Prevotella, Clostridium_sensu_stricto_1,
and Lactobacillus at the genus level. Studies have shown that the
taxa of Firmicutes and Bacteroidetes dominate the human, mouse,
and pig microbiota (Ley et al,, 2005), while lean and obese pigs
contain different proportions of Firmicutes and Bacteroidetes (Guo
et al,, 2008). Specifically, the levels of Bacteroidetes and Bacteroides
were lower in obese pigs than those of the lean pigs, while
significant difference of the level of Firmicutes was not revealed
between obese and lean pigs. Furthermore, the levels of Bacteroidetes
and Firmicutes in the ceca also differ between obese and lean
mice with the genetically obese mice showing 50% decrease in
the abundance of Bacteroidetes and a proportional increase in
the level of Firmicutes, in comparison to lean mice (Ley et al,
2005). It was reported that the microbiota of obese mice enhanced
energy generation from ingested diet (Turnbaugh et al, 2006),
while the overweight and obese subjects presented low level of
Bacteroidetes (Ley et al., 2006). Generally considered as a biomarker
to evaluate the body weight gain performance (Ding et al., 2019),
the F/B is correlated with body mass index and tends to increase
in stout healthy subjects compared to the lean healthy subjects
(Ding et al, 2019). Similar results were revealed in our study.
Specifically, the F/B of the experimental group increased significantly
in animals with larger BW in 21 days of weaning. In our study,
the weaned piglets supplemented with Z Tk in the diet were
characterized by the increased level of Firmicutes and decreased
level of Bacteroides. These results were consistent with the significant
increase in body weight of the weaned piglets, suggesting that
the mixture of Z. Tk improved the weight of piglets by altering
the bacterial structure of the intestinal microbiota (i.e., Firmicutes
and Bacteroides).

Several studies on animals during their weaning stages have
shown a decreased relative abundance of the Lactobacillus group,
whereas the bacteria in Clostridium, Prevotella, and facultative
anaerobes, such as Proteobacteriaceae (e.g., E. coli) were generally
positively impacted (Gresse et al, 2017). Weaned piglets are
generally supplemented with beneficial bacteria to counteract the
disturbance of the intestinal microbiota. In particular, species of
Lactobacillus are major players in disease prevention, while the
rapid decrease in their relative abundance in the gut microbiota
during weaning transition contributes to an increased risk of
diseases (Konstantinov et al., 2006). In our study, the relative
abundance of Lactobacillus in the experimental group of piglets
fed with Z. Tk showed an increasing trend from days 21 to 35,
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indicating that the supplementation of fermented herbal mixture
is beneficial to the healthy development of the intestinal microbiota
of piglets after weaning. Furthermore, the pathogenic bacteria
decreased in the experimental group (Figure 6). For example,
the relative abundance of Proteobacteria in the experimental group
showed a decreasing state in 21 days. Studies have shown that
Proteobacteria is significantly increased in the intestines of mice
with ulcerative colitis producing a large number of pro-inflammatory
cytokines (Powell et al, 2012). These results suggest that the
chronic enrichment of members of Proteobacteria in the intestine
may represent either an unbalanced and unstable microbial
community structure or the unhealthy state of the host, while
the supplementation of Z. Tk reduces the risk of intestinal diseases.
In our study, Prevotella responded differently to the treatments
of ZnO and Z. Tk. Specifically, the relative abundance of Prevotella
decreased in both periods of 21 days and 35 days under the
treatment of ZnO, whereas decreased in 21 days and then increased
in 35 days under the treatment of Z. Tk. Prevotella contains a
group of Gram-Negative and obligate anaerobic bacilli with the
capability of fermenting carbohydrates to generate short chain
fatty acids including acetate and butyrate, exerting an anti-
inflammatory effect on immune cells and ultimately inhibiting
the growth of potentially pathogenic bacteria (Rivera-Chavez et al.,
2016; Zou et al., 2020a). In the PC group, the relative abundance
of Clostridium_sensu_stricto_1 and Sarcina showed an increasing
and decreasing trends, respectively, in both periods of 21 and
35 days. However, in the experimental group, the relative abundance
of Clostridium_sensu_stricto_1 was not significantly different on
either 21 or 35 days, while Sarcina showed an upward trend.
Studies have shown that the Clostridium_sensu_stricto_1 contains
harmful bacteria with adverse effects on the intestinal tract (Lin
et al, 2018; Zou et al., 2020a). Species in Sarcina are anaerobic
Gram-positive cocci and associated with delayed gastric emptying
(Lam-Himlin et al, 2011), while these microorganisms do not
appear to cause direct mucosal injury but always appear in the
gastrointestinal tract enrichment in the intestines of patients (Chan
et al, 2020). Our results indicate that the treatment of Z. Tk
and ZnO did not show any inhibitory effect on some Gram-
positive pathogenic bacteria, such as Clostridium_sensu_stricto_1I
and Sarcina, while Z. Tk showed inhibitory effect on gram-negative
pathogenic bacteria, such as Proteobacteria, simultaneously,
promoting the relative abundance of beneficial bacteria, such as
Lactobacillus and ultimately helping weaned piglets to smoothly
survive the weaning stress.

CONCLUSION

In this study, we have demonstrated that the fermented Chinese
herbal mixture Z. Tk can not only improve the intestinal antioxidant
capacity and repair the intestinal cell barrier in vitro but also
enhance the growth performance and the taxonomic structure
of the intestinal microbiota of the weaned piglets. The intestinal
microbiota of weaned piglets was altered by the addition of Z.
Tk, mainly increasing the relative abundance of beneficial bacteria,
such as Lactobacillus and inhibiting Gram-negative pathogenic
bacteria such as members of Proteobacteria. More importantly,

these bacteria helped to maintain the intestinal microbiota at a
favorable state for the host, effectively reduced the abnormal
changes in the intestinal structure of microbiota in weaned piglets
and created a favorable microbial community for the subsequent
restoration of a balanced gut microbiota. Our study demonstrates
that Z. Tk is potentially a promising substitute of ZnO for facilitating
the weaning phase and improving production efficiency of piglets.
Specifically, Z. Tk showed significantly improved the growth
performance of weaned piglets in comparison to that of ZnO
additives. We note that because the weaned piglets have not been
slaughtered due to the experimental conditions in this study, more
studies in vivo are needed to verify the antioxidant capacity of
Z. Tk revealed in this study.
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total tract digestibility of dry matter (DM), crude protein (CP), ether extract (EE), crude
ash, and zinc than the control group (0 <0.05). The Gly-Zn and zinc lactate groups had
higher jejunal villus height and a higher villus height:crypt depth ratio than the control
group (p<0.05). In addition, the ZnS0O4, Gly-Zn and zinc lactate groups had a significantly
lower mRNA expression level of jejunal ZRT/IRT-like protein 4 (ZIP4) and higher mRNA
expression level of jejunal interleukin-1p (IL-1p) than the control group (p<0.05). The
MRNA expression level of jejunal zinc transporter 2 (ZNT2) was higher and that of jejunal
Bcl-2-associated X protein (Bax) was lower in the Gly-Zn and zinc lactate groups than in
the control group (p<0.05). Moreover, the zinc lactate group had a higher count of
Lactobacillus spp. in the cecal digesta and higher mRNA expression levels of jejunal
occludin and mucin 2 (MUC?2) than the control group (p<0.05). In conclusion, dietary
supplementation with 100mg/kg ZnSO4, Gly-Zn, or zinc lactate could improve the growth
performance and gut barrier function of weaned piglets. Dietary supplementation with
organic zinc, particularly zinc lactate, had the best effect.

Keywords: zinc source, growth performance, digestibility, gut health, weaned piglets
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Zinc Sources on Gut Health

INTRODUCTION

In the weaning stage, piglets have weak cerebral cortex
development and high metabolism and face high nutritional,
environmental, and psychological stress, resulting in changes
in intestinal digestion and absorption, immunity, and behavior,
which manifest as diarrhea, growth retardation, and even death
(Campbell et al., 2013). In recent years, weaning stress of
piglets has been found to damage the intestinal mucosal barrier
function of piglets and their innate immune response to
pathogenic bacteria (Hu et al, 2013; Mclamb et al, 2013).
The intestine is not only the main organ for the digestion
and absorption of nutrients but also the largest organ in the
immune system of animals. It has two critical functions: acting
as a selective filter for essential nutrients and acting as a barrier
against harmful substances (Karl Kunzelmann, 2002; Blikslager
et al., 2007). Intestinal barrier dysfunction can cause intestinal
microorganisms and endotoxins to break through the intestinal
barrier and enter other organs and the circulatory system,
resulting in intestinal infections and diseases, such as
inflammatory bowel disease, food allergy, diarrhea, and ischemic
disease (Torsten et al., 2001; Turner, 2006).

Zinc is an essential trace element that plays a crucial role
in several biological processes (Bonaventura et al, 2015). It
is an activator or a component of various enzymes in animals
and is involved in intracellular signal transduction and cell
proliferation, thereby affecting cellular function, acid-base
balance, oxidation resistance, immune capacity, and reproduction
(Vallee and Falchuk, 1993; Andreini et al., 2006). Moreover,
zinc is beneficial for the regeneration of injured intestinal
epithelial tissue and is thus necessary for normal intestinal
barrier function (Alam et al., 1994). Dietary supplementation
with zinc has been shown to reduce intestinal permeability
and prevent the loss of intestinal integrity as a result of weaning,
heat stress, malnutrition, and inflammatory bowel disease
(Rodriguez et al., 1996; Zhang and Guo, 2009; Fernandez et al,,
2014). Given these biological functions, zinc may be an attractive
feed additive for improving gut health.

Dietary supplementation with inorganic or organic zinc is
a common industry practice for meeting the dietary requirements
of animals. Inorganic zinc sources, such as zinc sulphate
(ZnSO4), have been used as the main nutrient source in feed
for a long time (Sandra et al., 2020). In organic zinc sources,
zinc binds to organic ligands, typically an organic acid, amino
acid, or protein. Organic zinc sources have a relatively higher
bioavailability than inorganic ones, allowing lower concentrations
to be added to feed (Pearce et al, 2015; Li et al, 2018).
Dietary supplementation with organic zinc has been found to
improve the growth performance and intestinal health of animals
(Levkut et al., 2017; Song et al., 2017; Yan et al., 2017). Zinc
lactate, an organic zinc source, has been used as a new feed
additive in production practices; however, the effect of zinc
lactate on the intestinal health of weaned piglets has not been
systematically studied. Moreover, the effects of zinc lactate on
the growth performance and intestinal health of piglets need
to be compared with those of other zinc sources commonly
used in livestock production. Therefore, the objective of the

present study was to systematically assess the effects of dietary
zinc sources [ZnSO4, glycine zinc (Gly-Zn) and zinc lactate]
on the growth performance, intestinal development, digestion
and absorption, and intestinal barrier function of weaned piglets
in order to further understand the mechanisms underlying
the regulatory effects of different zinc sources on intestinal health.

MATERIALS AND METHODS

Animals, Management, and Diets

ZnSO4 was provided by Chengdu Shuxing Feed Co., Ltd. (No
147 Qingpu Road, Shouan, Sichuan, China). Gly-Zn was provided
by Sichuan jilongda Biotechnology Group Co., Ltd. (No 111
Jinxing Road, Guanghan, Sichuan, China). Zinc lactate was
provided by Sichuan Animtech Feed Co., Ltd. (No.7 Niusha
Road, Chengdu, Sichuan, China).

In total, 96 healthy Duroc x Landrace x Yorkshire (DLY)
weaned piglets (28 days old) with an initial average body weight
of 8.81+0.42kg were randomly divided into four groups, with
six replicates per treatment and four pigs per replicate, according
to their initial body weight and sex. The dietary treatment
groups were as follows: (1) control group, basal diet; (2) ZnSO4
group, basal diet +100mg/kg ZnSO4; (3) Gly-Zn group, basal
diet +100mg/kg Gly-Zn; and (4) zinc lactate group, basal diet
+100mg/kg zinc lactate. The whole trial lasted for 28 days. On
days 25-28, the digestion test was performed using acid insoluble
ash (AIA) as an endogenous indicator.

The basal diets were formulated by using corn and soybean
meal as the main ingredients. The experimental diet was
prepared according to the nutrient recommendations of NRC
(2012) for pigs weighing 7-11kg (Table 1). No antibiotics
were used in any diet. Piglets were penned by replicates in
sties (1.6x 1.5m?). The room temperature and relative humidity
were controlled during the experimental period. All the piglets
had ad libitum access to both feed and water. The health
status of each pig was checked once a day.

Sample Collection

Using the quartering method, about 150g of the experimental
diet was taken for each treatment and stored in a refrigerator
at —20°C until the analysis of nutrient contents. Fecal samples
were collected from days 25 to 28 of the experiment to determine
the apparent total tract digestibility (ATTD). After each collection,
a few drops of toluene and 10% hydrochloric acid were added
to the samples for antisepsis and nitrogen fixation. The fecal
samples collected from days 25 to 28 from each replicate were
thoroughly mixed and dried in a forced air oven at 60°C for
72h. Following this, the dried samples were smashed and stored
at —20°C to measure the nutrient contents.

At the end of day 28 of the experiment, one piglet with
an average body weight was selected in each pen, anesthetized
with 10 mg/kg body weight of Zoletil 50 (Beijing PET Technology
Co., Ltd, Beijing, China), and slaughtered by exsanguination.
Then, the abdomen was opened and the intestinal segments
were rapidly separated. Following this, the intact duodenum,
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TABLE 1 | Composition and nutrient level of basic diet (air dry basis %).

Ingredient Content Composition Nutrient content
Corn 27.79 Calculated
Composition
Extruded corn 28.61 DE (MJ/kg) 3.55
Dehulled soybean 10.33 Crude protein 19.59
meal
Extruded soybean 4.50 Calcium 0.81
Fish meal 0.50 Total phosphorus 0.57
Whey powder 8.00 Available 0.37
phosphorus
Soybean protein 12.00 Lys 1.36
concentrate
Soybean oil 1.90 Met+Cys 0.75
Sucrose 3.50 Thr 0.79
Limestone 0.91 Trp 0.23
Dicalcium 0.74 Analyzed
phosphate composition
Nacl 0.25 Crude protein 19.70
L-Lys-HCI (78%) 0.38 Crude ash 4.80
DL-Met (99%) 0.17 Dry matter 90.90
Trp (98%) 0.05 Ether extraction 6.20
Thr (98.5%) 0.02 Zinc® 0.002
Chloride choline 0.10
Vitamin premix’ 0.05
Mineral premix? 0.20
Total 100.00

"The premix provides following per kg diet:VA 556121U, VD32250 IU, VE 24mg, VK3
38mg, VB2 6mg, VB6 3mg, VB12 24 ug, folic acid 1.2mg, nicotinic acid 14mg, biotin
150 ug, D-pantothenic acid 15mg.

2The premix provides following per kg diet: Fe 100mg, Cu 6mg, Mn 4mg, 1 0.14mg, Se
0.3mg.

SAnalyzed zinc content of experimental diets were as follows: 0.002% (Control group),
0.013% (ZnSO4 group), 0.012% (Gly-Zn group), 0.012% (Zinc lactate group),
respectively.

jejunum, and ileum were taken and stored in 4%
paraformaldehyde solution for intestinal morphology analysis
and goblet cell number determination. The cecal digesta was
then collected into sterile EP tubes for determining the bacteria
count. Finally, the jejunal mucosa were separated for measuring
intestinal development and barrier-related gene expression levels
and immediately stored at —80°C.

Growth Performance

The body weight of each pig was recorded on days 0 and 28;
weighing was performed before the pigs were fed. During the
experiment, the amount of feed offered daily and the quantity
remaining in the feeder the next morning were accurately
recorded for each pen. Feed consumption was calculated as
the amount of feed offered daily — the quantity remaining in
the feeder the next morning — the amount of waste material.
The values were used to calculate the average daily gain (ADG)
and average daily feed intake (ADFI). The feed-to-gain ratio
(F/G) was calculated on the basis of the ADG and ADFI values.

Diarrhea Rate

Diarrhea scores of all the piglets were recorded each afternoon
for 28 days according to the following scoring system: 0 =normal,
firm feces; 1=possible slight diarrhea, soft and formed feces;

2=moderate diarrhea, unformed and slightly fluid feces, and
3=severe diarrhea, very watery feces (Hart and Dobb, 1988).
Pigs with a score of 2 or 3 were considered to have diarrhea.
The diarrhea rate was calculated using the following formula:
diarrhea rate (%) =number of pigs with diarrhea in each pen/
(number of pigs x total observation days)x100 (Huang
et al., 2004).

Histological Measurements

The duodenum, jejunum, and ileum, which were fixed in 4%
paraformaldehyde solution for 8-24h, were dehydrated, made
transparent, and embedded to prepare paraffin sections with
a thickness of 5 pm. Following this, the sections of the intestinal
samples were stained with hematoxylin and eosin. Then, 10
well-oriented slices were selected for each sample and
photographed for morphometric variables detection. The distance
from the villus tip to the crypt mouth (villus height) and that
from the crypt mouth to the base (crypt depth) was measured
using an image processing and analysis system (Media
Cybernetics, Bethesda, MD, United States). Moreover, the number
of jejunal goblet cells was counted using an Olympus optical
microscope after histochemical staining with Alcian blue and
periodic acid-Schiff (Ab-PAS) stains (Kunert et al., 2002).

Apparent Total Tract Digestibility

Samples of the feed and feces were assessed to measure the
contents of zinc (Chinese National Standard, GB/T 13885-
2017), crude ash (method 942.05, AOAC, 1995), CP (method
990.03, AOAC, 1995), EE (method 945.16, AOAC, 1995), and
DM (method 930.15, AOAC, 1995). The ATTD was measured
using AIA as an endogenous indicator. AIA in diets and feces
samples were determined by a method described by Chinese
National Standard (GB/T 23742). ATTD was calculated using
previously published formulae (Diao et al.,, 2017).

Total RNA Extraction, Reverse
Transcription Reaction, and Real-Time
Quantitative PCR

Total RNA was separated from frozen jejunal mucosa using
TRIzol reagent (Takara Bio Inc., Dalian, China), according
to the manufacturer’s instructions. Following this, the RNA
quality and purity were assessed by electrophoresis on 0.1%
agarose gels. Subsequently, eligible RNA samples were reverse
transcribed into complementary DNA using the PrimeScript™
Reverse Transcription Reagent Kit (Takara Bio Inc., Dalian,
China). For the quantification of intestinal development-related
genes (IGF-1, insulin-like growth factor 1; EGE epidermal
growth factor), cell apoptosis-related genes (Bcl-2, B-cell
lymphoma/leukemia-2; Bax, Bcl-2-associated X protein),
intestinal digestion- and absorption-related genes (SGLT-1,
sodium/glucose cotransporter 1; GLUT-2, glucose transporter
type 2; SLC,A,, solute carrier family 7; ZNT1, zinc transporter
1; ZNT2, zinc transporter 2; ZIP4, ZRT/IRT-like protein 4),
and intestinal barrier-related genes (MUCI, mucin 1; MUC2,
mucin 2; occludin; IL-10, interleukin-10; IL-18, interleukin-1p),
real-time PCR was performed using the CFX96 Real-Time

Frontiers in Microbiology | www.frontiersin.org

18

October 2021 | Volume 12 | Article 771617


https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Diao et al.

Zinc Sources on Gut Health

TABLE 2 | Primer sequences and annealing temperature of pigs.

Target gene Forward and reverse primer (5'-3)

Product length

Annealing temperature Accession number

EGF F:ATCTCAGGAATGGGAGTCAACC

R: TCACTGGAGGATGGAATACAGC
IGF-1 F:CTGAGGAGGCTGGAGATGTACT

R: CCTGAACTCCCTCTACTTGTGTTC
Bax F:AAGCGCATTGGAGATGAACT

R: TGCCGTCAGCAAACATTTC
Bol-2 F:TGCCTTTGTGGAGCTGTATG

R: GCCCGTGGACTTCACTTATG
SGLT-1 F:GCAACAGCAAAGAGGAGCGTAT

R: GCCACAAAACAGGTCATAGGTC
GLUT2 F:GACACGTTTTGGGTGTTCCG

R: GAGGCTAGCAGATGCCGTAG
SLC/A, F:TCTTTGCAGGTCGTTTGGGA

R: GGCTGATCACCTGTTGGAGT
DMT1 F:GCAGGTGGTTGACGTCTGTA

R: CACGCCCCCTTTGTAGATGT
ZNT1 F:TGCTCTGCATGCTGTTACTGA

R: TGGAAGGAGTCCGAGAGCAT
ZNT2 F:GAGATGTGATCGTGGTGCTGATG

R: CGCCCAGATATGCAGGTTGTGC
ZIP4 F:CAGGGTCATCTGGGAAAGGAAGC

R: CCGGCACTCAGGCACATCGTG
Occludin F:CAGGTGCACCCTCCAGATTG

R: GGACTTTCAAGAGGCCTGGAT
MUCH F:GTGCCGCTGCCCACAACCTG

R: AGCCGGGTACCCCAGACCCA
MUC?2 F:GGTCATGCTGGAGCTGGACAGT

R: TGCCTCCTCGGGGTCGTCAC
IL-10 F:CCTGGAAGACGTAATGCCGA

R: CACGGCCTTGCTCTTGTTTT
IL-1p F:ACGTGCAATGATGACTTTGTCTG

R: AGAGCCTTCAGCATGTGTGG
p-actin F:TCTGGCACCACACCTTCT

R: TGATCTGGGTCATCTTCTCAC

165 60 NM_214020.1
137 60 NM_001097417.1
121 60 XM_013998624.1
144 60 XM_003121700.4
137 60 NM_001164021.1
149 60 NM_001097417 .1
137 60 NM_001012613.1
100 60 NM_001128440.1

97 60 NM_001139470.1
19 60 NM_001139475.1
101 60 XM_001925360.3
110 60 NM_001163647.2
141 60 XM_001926883.5
181 60 XM_013989745.1
148 60 NM_214041.1
13 60 NM_214055.1
114 60 DQ178122

PCR Detection System (Bio-Rad Laboratories, Richmond, CA,
United States), according to a previously published method
(Zhao et al, 2015). A 10pl quantitative fluorescent PCR
reaction volume was used in the present study; it consisted
of 0.5pul upstream primer, 0.5pl downstream primer, 1pl
c¢DNA, 3l RNase-free H,0, and 5 pl SYBR Premix Ex Taq™.
The reaction cycle conditions were as follows: 30s at 95°C,
10s at 95°C, and 25s at 60°C for a total of 39 cycles. Primer
sequences are shown in Table 2; the primers were commercially
synthesized by Invitrogen (Shanghai, China). The relative
expression level of each gene in the jejunum was computed
using f-actin as the reference gene.

Microbial Population Determination

Digesta from the cecum were collected, and bacterial DNA
was extracted using commercial stool DNA kits (Omega
Bio-Tek, Doraville, CA, United States). Fluorescent
oligonucleotide probes and primers for total bacteria,
Lactobacillus spp., Escherichia coli., Bifidobacterium spp., and
Bacillus spp. were acquired in accordance with previous reports

(Table 3) for the quantitative detection of the aforementioned
bacteria (Fierer et al., 2005; Qi et al., 2011), which were
commercially synthesized by Invitrogen (Shanghai, China).
Quantitative real-time PCR was performed using the CFX96
Real-Time PCR Detection System (Bio-Rad Laboratories,
Richmond, CA, United States) with optical-grade 96-well
plates. A 25pl reaction mixture was used to determine the
total bacterial count, and a 20l reaction mixture was used
to determine the counts of Lactobacillus spp., E. coli.,
Bifidobacterium spp., and Bacillus spp. The PCR conditions
and calculation method were in accordance with those reported
in a previous study (Qi et al., 2011).

Statistical Analysis

The experimental data have been tested for normality prior
to one-way ANOVA was made using SAS software (version
8.2, SAS Inst. Inc., Cary, NC). When the data were recognized
as normally distributed and exhibited homogeneity of variance,
data were analyzed by one-way ANOVA and Duncan’s multiple
comparison. For data analysis, each pen was considered as an
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TABLE 3 | Primes and probes for real-time PCR of bacteria.

Items

Primer/probe name and sequence(5’-3)

Product length/bp

Escherichia coli DC-F,CATGCCGCGTGTATGAAGAA

DC-R,CGGGTAACGTCAATGAGCAAA
DC-P,(FMA)AGGTATTAACTTTACTCCCTTCCTC(BHQ-1)

Lactobacillus

RS-F,GAGGCAGCAGTAGGGAATCTTC

96

126

RS-R,CAACAGTTACTCTGACACCCGTTCTTC
RS-P,(FMA)AAGAAGGGTTTCGGCTCGTAAAACTCTGTT(BHQ-1)

Bifidobacterium SQ-F,CGCGTCCGGTGTGAAAG

SQ-R,CTTCCCGATATCTACACATTCCA
SQ-P, (FMA) ATTCCACCGTTACACCGGGAABHQ-1)

Bacillus

YB-FGCAACGAGCGCAACCCTTGA

YB-R,TCATCCCCACCTTCCTCCGGT
YB-P, (FMA)CGGTTTGTCACCGGCAGTCACCT(BHQ-1)

Total bacteria
Eub518R,ATTACCGCGGCTGCTGG

Eub338FACTCCTACGGGAGGCAGCAG

121

92

200

experimental unit. p values <0.05 were considered statistically
significant. Results are expressed as the means and SEMs.

RESULTS

Growth Performance and Diarrhea Rate
The effects of dietary zinc sources on the growth performance
and diarrhea rate in weaned piglets are shown in Table 4.
Compared with the control group, the F/G decreased in
the Gly-Zn and zinc lactate groups from days 0 to 28
(p<0.05). However, a lower diarrhea rate was observed only
in the zinc lactate group (p<0.05). The ADG tended to
be higher in the ZnSO4, Gly-Zn, and zinc lactate groups
than in the control group (p=0.053). No differences were
observed in the ADFI among the four groups during the
experimental period (p>0.05).

Apparent Total Tract Digestibility

The effects of dietary zinc sources on the ATTD in weaned
piglets are shown in Table 5. The ATTD of DM, CP, EE, and
crude ash was significantly higher in the ZnSO4, Gly-Zn, and
zinc lactate groups than in the control group (p<0.05). The
ATTD of zinc significantly differed among the three groups
receiving dietary zinc supplementation; it was the highest in
the zinc lactate group, followed by the Gly-Zn and ZnSO4
groups (p<0.05).

Relative mRNA Expression Levels of
Jejunal Transporters

As shown in Figure 1, the mRNA expression level of jejunal
ZIP4 was significantly lower in the ZnSO4, Gly-Zn, and
zinc lactate groups than in the control group (p<0.05). The
mRNA expression of jejunal ZNT2 was higher in the Gly-Zn
and zinc lactate groups than in the control group (p<0.05).
However, the mRNA expression level of jejunal ZNT2 did
not differ significantly between the ZnSO4 and control groups
(p>0.05). The mRNA expression level of jejunal ZNT1 tended
to be higher in the ZnSO4, Gly-Zn, and zinc lactate groups

than in the control group (p=0.067). However, the mRNA
expression level of jejunal GLUT-2 tended to be higher only
in the Gly-Zn and zinc lactate groups than in the control
group (p=0.064). Moreover, the mRNA expression levels of
jejunal SGLT-1 and SLC,A, did not differ among the four
groups (p>0.05).

Intestinal Morphology

The villus height, crypt depth, and goblet cell number in small
intestinal tissues are expressed in Table 6 and Figure 2. The
jejunal villus height and villus height:crypt depth ratio were
higher in the Gly-Zn and zinc lactate groups than in the
control group (p<0.05). The numbers of goblet cells in the
ileum (p=0.064) and the villus height of the duodenum (p=0.094)
and ileum (p=0.060) tended to be higher in the zinc lactate
group than in the control group. In addition, the jejunal crypt
depth tended to be lower in the ZnSO4 and zinc lactate groups
than in the control group (p=0.079).

Relative mRNA Expression Levels of
Intestinal Development-Related Genes

The mRNA expression levels of intestinal development-related
genes in the piglets are summarized in Figure 3. The Gly-Zn
and zinc lactate groups had a lower mRNA expression level
of jejunal Bax than the control group (p<0.05). However,
the mRNA expression level of jejunal Bax did not differ
significantly between the ZnSO4 and control groups (p>0.05).
Moreover, the mRNA expression levels of jejunal Bcl-2,
EGF, and IGF-1 did not differ among the four groups
(p>0.05).

Intestinal Barrier Function

As shown in Figure 4, the zinc lactate group had a higher
mRNA expression level of the jejunal occludin gene than
the control group (p <0.05). Moreover, the Gly-Zn and zinc
lactate groups had a higher mRNA expression level of the
jejunal occludin than the ZnSO4 group (p <0.05). The mRNA
expression level of jejunal IL-1P was higher in the ZnSO4,
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TABLE 4 | Effect of dietary zinc sources on the growth performance and
diarrhea rate in weaned piglets.

TABLE 5 | Effect of dietary zinc sources on the apparent total tract digestibility in
weaned piglets.

Items Control ZnSO4 Gly-Zn Zinc SEM P values Items Control ZnS04 Gly-Zn Zinc SEM P values
lactate lactate

Initial BW, 8.68 8.92 8.86 8.82 0.212 0.873 EE 71.32° 76.442 77.72° 78.842 0.954 0.002

kg DM 84.56° 87.592 87.60° 87.712 0.344 0.001

28-day 17.25 18.31 17.87 17.89 0.441 0.444 Crude 60.55° 67.64° 69.452 70.122 0.588 <0.0001

BW, kg ash

ADFI (9) 517.41 534.41 496.54 508.78 16.040 0.442 CP 77.38° 80.972 80.632 81.732 0.544 0.001

ADG (9) 306.16 335.68 321.99 334.02 7.034 0.053 Zinc 2.08° 10.27° 27.91° 42.95° 2.212 <0.0001

F/G 1.69% 1.60%° 1.54° 1.52° 0.031 0.021

Diarrhea 20.242 17.86% 13.53% 10.04° 29017 0.041 Control, basal diet. ZnSO4, basal diet+ 100 mg/kg zinc sulphate. Gly-Zn, basal

rate diet + 100 mg/kg glycine zinc. Zinc lactate, basal diet + 100mg/kg zinc lactate. EE,

Control, basal diet. ZnSO4, basal diet+100mg/kg zinc sulphate. Gly-Zn, basal diet+100mg/kg
glycine zinc. Zinc lactate, basal diet+100mg/kg zinc lactate. BW, body weight. ADFI, average
daily feed intake. ADG, average daily gain. F/G, feed-to-gain ratio. SEM, standard error of the
mean. a,b, Within a row, means without a common superscript letter differ (P<0.05).

ether extract; DM, dry matter; CF, crude protein. SEM, standard error of the
mean. a,b, Within a row, means without a common superscript letter differ

(P<0.05).
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FIGURE 1 | Effect of dietary zinc sources on the relative mRNA expression levels of jejunal digestion- and absorption-related genes in weaned piglets. Control,
basal diet. ZnSO4, basal diet +100mg/kg zinc sulphate. Gly-Zn, basal diet +100mg/kg glycine zinc. Zinc lactate, basal diet +100mg/kg zinc lactate. The relative
mRNA expression levels of jejunal zinc transporter 1 (ZNT1; A), zinc transporter 2 (ZNT2; B), ZRT/IRT-like protein 4 (ZIP4; C), glucose transporter type 2 (GLUT-2;
D), sodium/glucose cotransporter 1 (SGLT-1; E), and solute carrier family 7 (SLC,A; F) were determined by real-time quantitative PCR. &° Within a row, means

Gly-Zn, and zinc lactate groups than in the control group
(p<0.05). In addition, the mRNA expression level of jejunal
IL-10 tended to be higher in the ZnSO4, Gly-Zn, and zinc
lactate groups than in the control group (p=0.087). The
mRNA expression level of jejunal MUC2 was higher in the
zinc lactate group than in the control group (p<0.05).
However, the mRNA expression level of jejunal MUC2 did
not differ significantly among the ZnSO4, Gly-Zn, and
control groups (p>0.05).

As shown in Table 7, the total bacterial count in the
cecal digesta was higher in the ZnSO4, Gly-Zn, and zinc
lactate groups than in the control group (p <0.05). The zinc
lactate group had a higher count of Lactobacillus spp. in
the cecal digesta than the control group (p <0.05). However,
the count of E. coli in the cecal digesta tended to be lower
in the Gly-Zn and zinc lactate groups than in the control
group (p=0.075).

DISCUSSION

Zinc is a component of various enzymes in animals; it has
important physiological and nutritional functions for animal
growth, reproduction, and immunity. It also exhibits cell growth-
promoting and antioxidant effects (Bonaventura et al., 2015).
Zinc depletion tests have confirmed that zinc deficiency can
result in lower ADG, decreased growth hormone synthesis,
and reduced production of IGF-1 induced by growth hormone,
thereby impairing the growth of piglets (Swinkels et al., 1996).
In the present study, the ADG in the zinc supplementation
groups (ZnSO4, Gly-Zn, and zinc lactate groups) was higher
than that in the control group, indicating a beneficial effect
of zinc on growth performance. On comparing different zinc
sources, organic zinc sources were found to have a relatively
higher bioavailability than inorganic ones (Pearce et al.,, 2015;
Lietal., 2018). In a previous study, weaned piglets fed 20-120 mg
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TABLE 6 | Effect of dietary zinc sources on the intestinal morphology and number of goblet cells in weaned piglets.

Items Control ZnS04 Gly-Zn Zinc lactate P values

Villus height, pm 352.75 381.74 412.31 442.35 24.132 0.094
Crypt depth, pm 145.74 139.89 142.07 144.08 6.417 0.925
Villus height: crypt depth 2.59 2.74 2.91 2.95 0.206 0.602
Jeiunum
Villus height, pm 332.86° 354.33% 414.85° 416.922 16.507 0.004
Crypt depth, pm 159.69 125.63 140.91 126.22 9.649 0.079
Villus height: crypt depth 2.46° 2.85% 2.95% 3.212 0.117 0.004
feum
Villus height, pm 300.84 332.10 321.14 382.55 18.325 0.060
Crypt depth, pm 146.44 148.79 147.40 139.51 7.486 0.822
Villus height: crypt depth 2.66 2.78 2.69 3.07 0.132 0.152
Goblet cells 316.56 339.56 330.67 387.72 17.856 0.064

Control, basal diet. ZnS04, basal diet+ 100mg/kg zinc sulphate. Gly-Zn, basal diet+ 100mg/kg glycine zinc. Zinc lactate, basal diet+ 100mg/kg zinc lactate. SEM, standard error of

the mean. a,b, Within a row, means without a common superscript letter differ (P<0.05).

Duodenum

Jejunum

Ileum

Control

FIGURE 2 | Effect of dietary zinc sources on intestinal morphology (images) in weaned piglets. Control, basal diet. ZnSO4, basal diet +100mg/kg zinc sulphate.
Gly-Zn, basal diet +100mg/kg glycine zinc. Zinc lactate, basal diet +100mg/kg zinc lactate.

Gly-Zn

Zinc lactate

Zn/kg in an organic form (zinc amino acid [ZnAA]) were
found to have a lower F/G than those in the unsupplemented
group, while no differences were noted between the inorganic
zinc-supplemented and unsupplemented groups (Zhang et al.,
2017). Under nursery conditions, dietary supplementation with
500mg/kg polysaccharide zinc complex had the same effect
as that supplemented with 3,000mg/kg pharmacological zinc
oxide on enhancing the growth performance of piglets (Case
and Carlson, 2002). In another study, broilers fed diets

supplemented with 60mg/kg ZnAA complexes had a lower
F/G in the starter phase than those fed diets supplemented
with ZnSO4 (Chand et al., 2020; Grande et al., 2020). Similarly,
the organic form of zinc (zinc lactate) was found to be superior
in improving the growth of young grass carp (Song et al,
2017). In the present study, compared with the control group,
the F/G decreased in the organic zinc-supplemented groups
(Gly-Zn and zinc lactate groups) from days 0 to 28; these
findings are generally consistent with those of the aforementioned
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FIGURE 3 | Effect of dietary zinc sources on the relative messenger RNA (MRNA) expression levels of intestinal development-related genes in weaned piglets.
Control, basal diet. ZnSO4, basal diet +100mg/kg zinc sulphate. Gly-Zn, basal diet +100mg/kg glycine zinc. Zinc lactate, basal diet +100mg/kg zinc lactate. The
relative mMRNA expression levels of jejunal Bcl-2-associated X protein (Bax; A), B-cell ymphoma/leukaemia-2 (Bcl-2; B), epidermal growth factor (IGF-1; C), and
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studies. Moreover, zinc deficiency could alter paracellular jonic
conductance, cause perturbed barrier integrity and reduce Cl~
secretion, resulting in increased susceptibility to infection (Sarkar
et al, 2018). Thus, adequate levels are required to maintain
the gut barrier, avoid risk intestinal infections, and prevent
diarrhea. However, a lower diarrhea rate was observed only
in the zinc lactate group in the present study, suggesting that
zinc lactate has a more beneficial effect on intestinal health
than Gly-Zn.

In the present study, the ATTD of DM, CP, EE, and crude
ash was found to be increased in pigs fed 100mg/kg zinc,
regardless of the zinc source. However, the ATTD of zinc
significantly differed among the three groups receiving dietary
zinc supplementation; it was the highest in the zinc lactate
group, followed by the Gly-Zn and ZnSO4 groups. In general,
the improvement in nutrient digestibility is accompanied by
the elevation in growth performance; this was mutually confirmed
by improved growth performance in the present study. Consistent
with our result, dietary supplementation with 60 mg/kg ZnAA
complexes was found to result in better digestibility of zinc
than supplementation with ZnSO4 in young broilers in a
previous study (Zhang et al, 2017). Supplementation with
different zinc sources (zinc lactate, Gly-Zn, and ZnSO4) did
not affect the digestibility of other nutrients (DM, CP, EE,
and crude ash) in the present study; these findings are in
accordance with those of previous studies comparing the
supplementation of Gly-Zn and ZnSO4 (Ma et al., 2011; Kwiecien
et al., 2017). The ZnT family, which is responsible for decreasing
the concentration of zinc ions in the cytoplasm, and the ZIP
family, which is responsible for increasing the concentration

of zinc ions in the cytoplasm, play important roles in the
absorption and transport of zinc ions (Nies, 2007). In the
present study, dietary supplementation with 100 mg/kg ZnSO4,
Gly-Zn, or zinc lactate decreased the mRNA expression level
of jejunal ZIP4 in weaned piglets. The mRNA expression level
of jejunal ZNT2 was higher in the Gly-Zn and zinc lactate
groups than in the control group; these findings are consistent
with those of a previous in vitro study (Huang et al., 2016).
A study conducted using a pig model also revealed that the
addition of zinc lactate to the medium could upregulate the
mRNA expression level of ZNT2 and downregulate the mRNA
expression level of ZIP4 (Wang et al, 2014). It has been
reported that zinc has acquired an insulin-like activity (Tang
and Shay, 2001). A higher mRNA expression level of jejunal
GLUT-2 was observed in the Gly-Zn and zinc lactate groups
in the present study, indicating that organic zinc may stimulate
higher glucose transporter expression and lower blood
glucose levels.

Weaning stress disturbs the intestinal health balance, which
is characterized by villous atrophy and crypt hyperplasia, in
addition to a reduction in epithelial brush border activity and
nutrient digestibility (Montagne et al., 2003; Wang et al., 2006).
Consequently, maintaining intestinal morphological properties
for digesting various nutrients after weaning is important. In
the present study, the jejunal villus height and villus height:crypt
depth ratio were higher in the Gly-Zn and zinc lactate groups
than in the control group. Moreover, the villus heights of the
duodenum and ileum were higher in the zinc lactate group
than in the control group. In accordance with our findings,
dietary supplementation with 100 mg/kg zinc lactate was found
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TABLE 7 | Effect of dietary zinc source on the numbers of Escherichia coli, Lactobacilli spp., Bifidobacterium spp., and Bacillus spp. in the cecal digesta of weaned

piglets (log [copies/g]).

Items Control ZnS04 Gly-Zn Zinc lactate SEM P values
Total bacteria 9.90° 11.05% 11.042 11.532 0.276 0.006
Bacillus spp. 8.17 8.60 8.63 8.50 0.140 0.126
Lactobacillus spp. 6.79° 6.93° 7.50% 8.03% 0.177 0.001
Escherichia coli 9.72 9.77 9.14 9.20 0.198 0.075
Bifidobacterium spp. 5.28 5.72 5.65 5.81 0.290 0.601

Control, basal diet. ZnS0O4, basal diet+100mg/kg zinc sulphate. Gly-Zn, basal diet+100mg/kg glycine zinc. Zinc lactate, basal diet+100mg/kg zinc lactate. SEM, standard error of

the mean. a,b Within a row, means without a common superscript letter differ (p <0.05).

to significantly increase the villus height and decrease the crypt
depth of the duodenum, jejunum, and ileum in weaned piglets
in a previous study, thereby improving the morphology and
function of the intestinal epithelium (Wang et al, 2014).
Similarly, dietary supplementation with 90mg/kg Gly-Zn

increased the villus height of the duodenum and jejunum and
decreased the crypt depth of the jejunum and ileum in 42-day-
old chickens in another study (Ma et al, 2011). Intestinal
morphology is directly proportional to digestibility and,
consequently, to feed conversion efficiency (Collett, 2012).
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Therefore, the improved intestinal morphology may partly
explain the lowered F/G and increased digestibility of zinc on
dietary supplementation with Gly-Zn or zinc lactate. On the
other hand, the improvement in intestinal epithelial morphology
caused by supplementation with organic zinc may be related
to the promotion of intestinal epithelial cell development. In
vitro, zinc lactate could significantly promote the proliferation
of the porcine jejunal epithelial cells IPEC-J2 after 48h of
inoculation, and the proliferation amplitude was elevated with
an increase in zinc lactate concentrations (Han et al.,, 2012).
Meanwhile, zinc lactate could significantly reduce the cell
apoptosis rate and the expression level of apoptotic protein
in IPEC-J2 cells induced by hydrogen peroxide (Tang et al.,
2020). In our present study, a lower mRNA expression level
of jejunal Bax (a pro-apoptotic gene) was observed in the
zinc lactate group, indicating that zinc lactate may promote
intestinal morphology by promoting cell proliferation and
inhibiting cell apoptosis.

Intestinal barrier integrity is primarily maintained by the
tight junctions. Zinc deficiency causes the release of zinc
bound to proteins and increases the content of free zinc
in the cytoplasm, resulting in the inhibition of cell growth,
disruption of tight junction proteins, and the subsequent
impairment of intestinal barrier function (Zhong et al., 2010).
In an in vitro study, compared with ZnSO4, 300 pmol zinc
butyrate could increase transmembrane resistance and
maintain the integrity of tight junctions in IPEC-]J2 cells,
indicating that zinc butyrate could alleviate the increased
permeability of IPEC-J2 cells induced by heat stress (Mani
et al., 2019). Sanz Fernandez et al. (2014) revealed that the
transepithelial resistance of the ileum was 56% higher in
the ZnAA complex group than in the ZnSO4 group (Fernandez
et al., 2014). In grass carp, compared with the 56.9 mg/kg
ZnSO4 group, dietary supplementation with 49.84 mg/kg zinc
lactate upregulated the mRNA expression levels of occludin,
Z0-1, claudin-B, claudin-C, claudin-F, claudin-3, claudin-7A,
claudin-7B, claudin-11, claudin-12, and claudin-15A genes
in the intestine (Song et al., 2017). Consistent with previous
findings, we found that the mRNA expression level of the
jejunal occludin was higher in the zinc lactate group than
in the control and ZnSO4 groups. Myosin light-chain kinase
(MLCK) is the most important calmodulin kinase affecting
the barrier function of the intestinal mucosal epithelium
(Nalle et al., 2011). Tumor necrosis factor-a (TNF-a) induces
the expression of MLCK and phosphorylated myosin light
chains, resulting in a loss of intercellular tight junctions
and further increasing intestinal epithelial permeability
through paracellular pathways (Mckenzie and Ridley, 2007).
Previous studies have demonstrated that organic zinc can
downregulate the expression of TNF-a in the intestine (Li,
2015; Song et al., 2017). Therefore, it is speculated that
organic zinc can maintain the normal tight junctions of
intestinal epithelial cells by inhibiting the TNF-a-induced
upregulation of MLCK expression.

Among the chemical barrier components of the intestinal
mucosa, MUC2, which is mainly secreted by cup cells, is
the main component of intestinal mucus and plays an

important role in lubricating the intestinal tract, in providing
adhesion sites for intestinal antibacterial proteins and
symbiotic flora and in resisting the invasion of intestinal
pathogens and harmful substances (Hasnain et al., 2010).
Compared with ZnSO4, protein-chelated zinc was found to
significantly increase the number of intraepithelial goblet
cells in the duodenum and jejunum of growing-finishing
pigs (Zhou, 2009). In a previous study, dietary supplementation
with 30mg/kg Gly-Zn or ZnSO4 upregulated the mRNA
expression level of jejunal MUC2 in broilers. The mRNA
expression level of MUC2 in the Gly-Zn group tended to
be higher than that in the ZnSO4 group (Levkut et al,
2017); these findings are in accordance with those of the
present study. In the present study, supplementation with
zinc lactate increased the number of goblet cells in the
ileum and upregulated the transcription level of MUC2 in
the intestine, indicating that zinc lactate could also improve
the intestinal chemical barrier function in weaned piglets.
The intestinal tract is the largest organ in the immune
system of animals, and maintaining normal intestinal barrier
function is extremely important for good intestinal health
(Chassaing et al., 2014). Long-term zinc deficiency leads
to the infiltration of inflammatory cells, particularly the
uncontrolled migration of epithelial multinucleated
lymphocytes, in the intestinal mucosa, thereby inducing
mucosal injury and damaging the intestinal immune barrier
(Finamore et al., 2008). Moreover, zinc deficiency can reduce
the proliferation of T lymphocytes and B lymphocytes in
mice, weaken their ability to deal with the invasion of
exogenous pathogenic microorganisms and damage their
immune system (Srinivas et al, 1989). Cytokines have
momentous effects on immune responses and are involved
in regulating intestinal barrier integrity (Al-Sadi, 2009). Zinc
promotes the adhesion of monocytes to endothelial cells;
this is important for the production of inflammatory cytokines,
such as IL-1B, IL-6, and TNF-a (Chavakis et al., 1999).
Consistently, higher mRNA expression levels of jejunal IL-15
and IL-10 were observed following zinc supplementation in
the present study, indicating that dietary supplementation
with 100 mg/kg zinc can improve intestinal immune function
in weaned piglets. Very limited studies have assessed the
effects of different zinc sources on the intestinal immune
barrier. In grass carp, compared with the 56.9 mg/kg ZnSO4
group, dietary supplementation with 49.84 mg/kg zinc lactate
was found to upregulate the mRNA expression level of IL-10
in the intestine (Song et al., 2017). However, there was no
difference in the effect of different zinc sources on
inflammatory cytokines; this could be related to zinc levels,
animal species, period, and health status, among others.
The digestive tract of animals has evolved into a key site
for the coexistence of nutrients and microorganisms. The
intestinal biological barrier is formed by a large number of
normal microflora, and the intestinal microecological balance
is crucial for the normal function of the intestinal biological
barrier (Shanahan, 2002). Zinc is an essential mineral element
involved in the colonization and proliferation of microorganisms
in the host. Chronic dietary zinc depletion induces significant
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taxonomic alterations in the intestinal microflora and decreases
the overall species richness and diversity, thereby establishing
a microbial profile resembling that of various pathological states
(Spenser et al, 2015). In the present study, dietary
supplementation with 100 mg/kg zinc increased the total bacterial
count in the cecal digesta of weaned piglets. As we did not
assess the microbial diversity in the cecal digesta, the effects
of different zinc sources on the intestinal microbial diversity
need to be studied further. Another intriguing finding of the
present study was that the count of Lactobacillus spp. in the
cecal digesta was higher in the zinc lactate group than in the
control group. Moreover, the count of E. coli in the cecal
digesta was lower in the Gly-Zn and zinc lactate groups than
in the control group. The alteration in and balance between
beneficial bacteria (such as Lactobacillus spp.) and harmful
bacteria (such as pathogenic E. coli) in the gut are associated
with the gut health of the host (Diao et al., 2015). E. coli has
been reported to destabilize and dissociate tight junction proteins
(Muza-Moons et al., 2004). In the present study, the increased
mRNA expression level of the occludin gene observed in the
zinc lactate group was in accordance with the decreased E.
coli count. Collectively, these findings suggest that zinc lactate
could maintain the balance of the gut microbiota and improve
the intestinal barrier.

CONCLUSION

In conclusion, dietary supplementation with 100mg/kg ZnSO4,
Gly-Zn, or zinc lactate could improve the growth performance of
weaned pigs, at least partly, by improving the digestion of nutrients,
intestinal morphology, and barrier function. Dietary supplementation
with organic zinc, particularly zinc lactate, was found to have the
best effect. However, the mRNA expression levels of zinc transporters
were not consistent between the groups receiving dietary
supplementation with inorganic and organic zinc, indicating possible
differences in the absorption and transport channels.
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phenylalanine, tyrosine, and tryptophan, and the phosphotransferase system pathways
also were co-regulated at translation and transcription levels, while they showed
opposite expression direction at two levels. Moreover, DEGs involved in the two-
component system, amino acid metabolism, and pyruvate metabolism pathways were
only regulated at the transcription level. And DEGs involved in fructose and mannose
metabolism were only regulated at the translation level. The translation efficiency of
DEGs involved in the biosynthesis of amino acids was downregulated while in quorum
sensing and PTS pathways was upregulated. In addition, the ribosome footprints
accumulated in open reading frame regions resulted in impaired translation initiation
and elongation under osmotic stress. In summary, L. rhamnosus ATCC 53103 could
respond to osmotic stress by translation regulation and control the balance between
survival and growth of cells by transcription and translation.

Keywords: L. rhamnosus, ribosome profiling, osmotic stress, translation regulation, translation efficiency

INTRODUCTION

Lactobacillus rhamnosus Gorbach Goldin (LGG) as a probiotic strain and starter culture strain has
been widely used in various types of fermented and functional food production. Furthermore, it also
plays an important role in modern biotechnological fermentation processes (Moayyedi et al., 2018).
The benefits of LGG were primarily in gastrointestinal health and immune function, including
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adaptation to the human intestinal environment and
reproduction, prevention of colonization by pernicious
organisms, regulation of human intestinal flora, prevention
of diarrhea, relief of lactose intolerance, and improvement
of intestinal function (Sun et al, 2019; Chandrasekharan
et al., 2020; Song et al., 2020). Environmental stress is one of
the greatest challenges to the production and enrichment of
probiotic strains and starter culture strains, especially osmotic
stress (Muruzovic et al., 2018). Osmotic stress appears with
the accumulation of metabolites and continuous addition of
sodium hydroxide neutralizing agent into the medium during
high density culture of strains (Tian et al, 2014). Osmotic
stress results in the water movement from inside the cell to
the outside, changes in the cell volume intracellular solute
concentration, dehydration of cells, and affects cell growth
rate and metabolic activities (Lin et al., 2017; Tian et al.,
2018). Osmotic stress influences the growth and robustness
of probiotic strains and starter culture strains. Therefore, a
clear understanding of how LGG responds to osmotic stress
at the molecular level is crucial to improve the survival
and growth of probiotic and starter culture strains in the
fermentation process.

Many osmotic adaptation sophisticated mechanisms have
been revealed at molecular and physiological levels in lactic
acid bacteria (LAB). A series of anti-osmotic components,
molecular chaperone proteins, genes acting as regulatory factors
and sigma factors and transport proteins have been found
to improve the osmotic adaptation of LAB. GroE-DnaK-DnaJ
has a o® sigma factor promoter, which could bind the HrcA
repressor to improve the adaptation of LAB under osmotic
stress. FoFj-ATPase and KT-ATPase involve in response to
the osmotic stress in LAB. Arginine, ornithine, arginine, and
lysine also involve in the regulation of osmotic stress by
the arginine deiminase pathway in LAB (Bucka-Kolendo and
Sokolowska, 2017). Previous researches were focused on the
expression regulations of genes at transcription level and
the proteins (Palomino et al., 2016; Lv et al., 2017). The
regulation of protein expression levels is vital for LAB in
response to osmotic stress, since most cellular processes are
catalyzed by proteins. Hence, regulation of gene expression
at the translation level from the mRNA pool in response
to osmotic stress are indeed valuable. At present, regulation
of gene expression at the translation level is not fully
understood in the adaptation to osmotic stress during the
fermentation of LAB.

Translation from mRNA to protein depends on cellular
factors and temporally coordinated transient interactions
between tRNA and the ribosome, a two-subunit protein and
RNA complex that orchestrates protein synthesis in the cell
(Shcherbik and Pestov, 2019). Changes in gene expression
levels of specific mRNA depend on the composition of the
actively translating ribosome (Genuth and Barna, 2018).
Translation efficiency (TE) is the metric of ribosome quality
(Brandman et al., 2012). Stresses can trigger both translation
initiation and elongation through different mechanisms (Wek,
2018). Ribosome profiling focuses on measuring ribosome
occupancy, delineating translation regions precisely, revealing

the genome’s full coding potential, and the regulation of genes
expression at translation and transcription levels (Ingolia,
2016). It provides a quantitative, high-resolution translation
profile, identifies previously unknown translation events
through evaluating TE, and describes the specific features
of translation-elongation (Lei et al., 2015). Using ribosome
profiling, the reduction of 21 nt mRNA fragments (RPFs) and
the formation or translocation of peptide were the major factors
in the translation rate-limiting step that was revealed under
hyperosmotic and oxidative stresses in Saccharomyces cerevisiae
(Wu et al, 2019). The ribosome footprints accumulated in
the initiation of open reading frame regions (ORFs) and
the early translation elongation paused under heat stress in
Escherichia coli (Zhang et al., 2017). However, there are barely
studies on translation regulation under environmental stress
in LAB using ribosome profiling, especially under osmotic
stress.

The initial aim of this project was to reveal genome-
wide cellular translation regulation under osmotic stress in
L. rhamnosus ATCC 53103 by using RNA-seq and ribosome
profiling, with the long-term goal of elucidating new strategies
to increase the viability of LAB under environment stress.

MATERIALS AND METHODS

Strain, Growth Conditions, and Osmotic

Stress

L. rhamnosus ATCC 53103 was from the American Type Culture
Collection (Manassas, VA, United States) and cultured in MRS
medium at 37°C. It was revitalized in MRS medium at 37°C
three times before use. Cultures were stored at -80°C in MRS
medium containing 10% glycerol. The growth of L. rhamnosus
ATCC 53103 was monitored by an automatic growth curve
analyzer (Bioscreen Cpro; OY Growth Curves, Finland) at
600 nm (ODggp). For osmotic stress, the cells (ODggpg ~1.8)
were collected by centrifugation (6,000 x g, 10 min, 4°C) and
then resuspended in MRS medium containing 0.2, 0.4, 0.6,
and 0.8 M sodium lactate. The effect of osmotic stress on cell
growth was further monitored by an automatic growth curve
analyzer (Bioscreen Cpro; OY Growth Curves, Finland). The
relevant results were shown in Supplementary Figure 1. Because
a higher sodium lactate concentration (0.8 M) in the MRS
inhibited the growth of L. rhamnosus ATCC 53103. When the
sodium lactate concentration was 0.6 M, the growth rate of
L. rhamnosus ATCC 53103 decreased significantly, while the
viable counts reached 8.66 log;oCFU/mL after 24 h culture.
Therefore, the final concentration of sodium lactate in this
study was 0.6 M.

Total RNA Extraction and Library

Construction

The cultures of control group and osmotic stress group
were harvested by centrifugation (6,000 x g 15 min,
4°C) after 3.5 and 6.5 h (ODgyp ~1.0), respectively. Total
RNAs were extracted using a TRIzol-based method (Life
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Technologies, CA, United States). rRNAs were removed using
the Ribo-Zero Magnetic Gold Kit (Epicenter Biotechnologies,
Madison, WI, United States). RNA quality was checked
using the Agilent 2200 TapeStation system (Agilent
Technologies, Inc., Santa Clara, CA, United States). The
library was constructed using a TruSeq RNA Sample Prep
Kit v2 (Illumina, San Diego, CA, United States), and then
sequenced by using the Illumina HiSeqi™ 2500 platform with
pair-end 150 base reads.

Ribosome Profiling

For Ribo-Seq, chloramphenicol (200 M) was added into the
cultures when ODg reached 1.0, and then cells were harvested
by centrifugation (6,000 x g, 10 min, 4°C) after shaking
for 2 min. Bacterial sludge was washed using resuspension
buffer (20 mL) composed of NH4Cl (100 mM), MgCl,
(10 mM), chloramphenicol (I mM), and Tris-HCl (pH 8.0,
20 mM). The cells were collected by centrifugation (4,000 x g,
5 min, 4°C), and then were mixed immediately with cell
lysis buffer. The resuspended extracts were transferred from
lysis buffer to new microtubes, pipetted several times then
incubated on ice for 10 min. The cells were triturated ten
times through a 26-G needle. The lysate was collected by
centrifugation (20,000 x g, 10 min, 4°C. To prepare RPFs,
RNase I (7.5 pL) and DNase I (5 pL) were added to
lysate (300 pL) to incubate for 45 min with gentle mixing.
Nuclease digestion was stopped by adding RNase inhibitor
(10 pL). RPFs were isolated using the RNA Clean and
Concentrator-25 Kit (R1017, Zymo Research, Orange County,
CA, United States). The Ribo-seq libraries were constructed using
NEBNext® Multiple Small RNA Library Prep Set from Illumina®
(catalog no. E7300S, E7300L). 140-160 bp PCR products were
enriched to generate cDNA libraries and then sequenced using
Ilumina HiSeq™ 2500.

Analysis of Differentially Expressed

Genes

The gene expression level was normalized by the fragments
per kilobase of transcript per million (FPKM) of mapped
reads to control the influence of gene lengths and amount
of sequencing data in calculation of gene expression.
The edgeR package' was used to identify DEGs across
sample groups. Gene ontology (GO) annotation and Kyoto
Encyclopedia for Genes and Genomes (KEGG) pathway
of DEGs were analyzed. According to expressions levels
in translation and transcription, DEGs were classified into
five different groups: unchanged (DEGs were not regulated
at both two levels), homodirection (DEGs were regulated
at the two levels with consistent trends), opposite (DEGs
were regulated at the two levels with opposite trends),
translation (DEGs were only regulated at the translation
level) and transcription (DEGs were only regulated at the
transcription level).

Uhttp://www.rproject.org/

Analysis of Differentially Expressed Gene
Translation Efficiency and Its Correlation
With Differentially Expressed Genes

Expression at the Transcription Level

The TEs of all DEGs were identified, calculated, and compared
using RiboDiff (Zhong et al, 2017). According to DEGs
expression with the changes of TE at the transcription level,
DEGs were classified into five different groups as described
above: Unchanged; Homodirection; Opposite; TE (DEGs only
had change at the TE level); and Transcription.

Data Analysis

Raw data were filtered following the previous study (Langmead
and Salzberg, 2012). Trimmed reads were mapped to
L. rhamnosus reference transcriptome® allowing no mismatches
using Bowtie2 (version 2.2.8). Retained reads were aligned to
the reference genome using Bowtie2. Genes and gene expression
were identified and calculated using RSEM. Genes with|log,(fold
change)] > 1 and a false discovery rate (FDR) < 0.05 were
considered as significant DEGs. Both Ribo-seq and RNA-seq
data types had two biological duplications.

RESULTS
Analysis of Ribo-Seq and RNA-Seq Data

To systematically investigate the effect of osmotic stress on
transcription and translation regulation, RNA-seq and ribosome
profiling were analyzed in the same two sets of parallel
populations of L. rhamnosus ATCC 53103 cells with two different
concentrations of sodium lactate (control vs. 0.6 M). Each
experiment was divided into control group (CG) and osmotic
stress group (OS), respectively (Supplementary Figure 2). The
regulation of transcription and translation under osmotic stress
were examined by deep sequencing of cellular total mRNAs and
RPFs, respectively. A large number of reads were produced by
ribosome footprints and RNA-seq transcripts. The average read
was around 30 bp.

The total reads, ranging from 11,356,406 to 81,788,555
per DNA library, were produced by deep sequencing
(Supplementary Table 1). After filtering, around 30 and 20
million reads were generated from RPF of CG and OS samples,
respectively. Around 26 and 24 million mRNA-seq reads were
generated from CG and OS samples, respectively. These reads
were mapped to L. rhamnosus reference transcriptome data. The
mapping efficiency of RPF samples was ~20%. There are high
correlations between the two biological duplication (R%>0.85)
for both Ribo-seq and RNA-seq data. A total of 5578 and 5616
mapped genes were obtained from RPF samples of CG and
OS, respectively. A total of 5,318 and 5,370 mapped genes were
obtained from CG and OS mRNA samples, respectively.

The length of RPFs in OS and CG samples was around 30 nt
(Figures 1A,B). The triplet periodicity between OS and CG
samples were compared by scanning from the start codon to stop

Zhttps://www.ncbi.nlm.nih.gov/nuccore/NC_013198.1
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25 26 27 28 29 30 31 32 33 34 35
Reads length (nt)

codon, and a strong three-nucleotide periodicity in OS and CG
samples was observed (Figures 1C,D).

Effect of Osmotic Stress on Expression
and the Function of Differentially
Expressed Genes at Translation and

Transcription Levels

To explore how L. rhamnosus ATCC 53103 cells deal with
osmotic stress, both translation and transcription relative
variations between CG and OS were examined. The results
showed that osmotic stress changed gene expression at the
translation and transcription levels (Figure 2). A total of 289
and 614 DEGs were upregulated while 156 and 336 DEGs
were downregulated at the translation and transcription levels,
respectively (Figures 2A-C). About a quarter (11.5 and 12.1%)
of the regulated DEGs were shared between the two levels
(Figures 2D,E). At the translation and transcription levels,
the expression of genes from samples of OS was moderately

correlated (R> = 0.7757; Supplementary Figure 3). GO
annotation and KEGG pathway analysis also showed that
DEGs largely overlapped in GO and many KEGG pathways
which also illustrated a big overlap at these two levels including
ABC transporters, biosynthesis of antibiotics, secondary
metabolites, and metabolic pathways etc. (Figures 3A,B). It
is worthwhile to note that large numbers of DEGs showed
different expression trends and many DEGs of enriched
pathways showed a different response at the two levels.
These results demonstrated that the regulation of DEGs
at the translation level played an important role under
osmotic stress in LGG.

Effect of Osmotic Stress on the Dynamic
Profiles of Translation and Transcription

To obtain the changes of gene expression trends at the translation
and transcription levels simultaneously, DEGs were divided into
different groups based on the fold change of gene expression
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These DEGs were mainly involved in the fatty acid biosynthesis
and metabolism, ribosome assembly, and purine metabolism

(lloga(fold change)| > 1) between CG and OS (Figure 4 and
Supplementary Table 2).

A total of 93 DEGs were upregulated at the two levels and
53 DEGs were downregulated at the two levels (yellow dots).

pathways. The DEGs purD, purH, purN, purM, purQ, purC,
and purK involved in purine metabolism were downregulated
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from 99.37- to 249.25-fold and from 12.25- to 205.53-fold at the
translation level and transcription level, respectively. The DEGs
accA, accD, accCl, accB, pksA, and fabH involved in fatty acid
biosynthesis were downregulated from 4.56- to 14.47-fold and
from 3.52- to 7.35-fold at the translation level and transcription
level, respectively.

A total of 24 DEGs were downregulated at the transcription
level and upregulated at the translation level, while 28 DEGs
were upregulated at the transcription level and downregulated
at the translation level (purple dots). These DEGs were
mainly involved in biosynthesis of phenylalanine, tyrosine,
and tryptophan, protein export, phosphotransferase system
(PTS), ABC transporters, galactose metabolism, and pyrimidine
metabolism pathways. The DEGs fruA and lacF involved in the
PTS pathway were upregulated and downregulated from 2.09- to
2.57-fold and from 7.63- to 8.43-fold at the translation level and
the transcription level, respectively.

A total of 752 DEGs were regulated at the transcription level
only (red dots). These DEGs were mainly involved in biosynthesis
and metabolism of amino acid, the two-component system,
ABC transporters and pyruvate metabolism pathways. The DEGs
tauA, tauB, tcy], and macB2 involved in the ABC transporters
were upregulated from 4.00- to 13.64-fold, respectively. The
DEGs cydA, ciaR, ditC, citF, and citC involved in the two-
component system were downregulated from 2.26- to 8.07-
fold, respectively.

A total of 247 DEGs were regulated at the translation level
only (blue dots). The DEGs levE, fruK, rhaD, sorA, and rhaB
involved in fructose and mannose metabolism were upregulated.
The DEGs licB, bglP, sorA, manX, and mtlF involved in the
PTS pathway also were upregulated. The DEGs rplL, rpmD,
rplF, rpIN, and rplP involved in ribosome assembly were

and 7.69-fold, respectively. Meanwhile, the DEGs cysE, cysK,
hisG, hisZ, nodl, oppA, and macB involved in biosynthesis of
amino acids and antibiotics, and ABC transporters pathway also
were downregulated.

Effect of Osmotic Stress on the Dynamic
Profiles of Translation Efficiency and

Transcription

TEs of 363 and 386 DEGs were upregulated and downregulated,
respectively, which suggested that TE played an important
role in response to osmotic stress in LGG (Figure 5A
and Supplementary Table 3). GO annotation showed that
these DEGs were mainly enriched in cell part, membrane
part, binding, catalytic activity, metabolic process, biological
regulation, localization, cellular, and single-organism process
(Figure 5B). KEGG pathway analysis indicated that these
DEGs were mainly involved in biosynthesis of secondary
metabolites, biosynthesis of antibiotics, amino acids metabolism,
pyruvate metabolism, carbon metabolism, purine metabolism,
glycolysis pathway, ribosome assembly, the two-component
system, ABC transporters, PTS pathways (Supplementary
Table 4). The DEGs rpsD, rpsT, rpmG, rpsQ, rpsC, rpsS,
rps], rpsZ, purD, purH, purN, purK, desR, yvfT, bceB,
ywqE, iphP, htrA, opuCD, opuCC, opuCB, and opuCA were
involved in ribosome assembly, purine metabolism, the
two-component system, and ABC transporters pathways,
and their TEs were downregulated. Other DEGs, such as
secG, dppC, comA, yidC, manZ, and lacF were involved
in quorum sensing and PTS pathways and their TEs
were upregulated.

The calculation and analysis showed that the Pearson
correlation coefficient between mRNA abundance and TE
was -0.5845 (Supplementary Figure 4). This showed that
transcription abundance affected TE. Hence, the distribution
of DEGs was classified into different groups based on the
regulation of TE and gene expression at the transcription
level (Figure 5C). A total of 434 DEGs were regulated
only at the transcription level while their TEs were not
regulated, such as rpsN, rpl], accA, fabZ, pksA, tauA, tcy],
nodl, purF, and trpA. They were mainly involved in the
assembly of ribosomes, fatty acid biosynthesis and metabolism,
PTS, ABC transporters, and metabolism of starch, sucrose,
purine, fructose, mannose, amino sugar, and nucleotide sugar
pathways (Supplementary Table 5). TEs of 233 DEGs were
regulated while their expressions were not regulated at the
transcription level, such as cysE, cysK, sdaAB, ilvE, tpiA, glcK,
kdgK, rhaD, and ssdA. They were mainly involved in the
metabolism of cysteine and methionine, glycolysis, and microbial
metabolism in diverse environment pathways (Supplementary
Table 6). Only 11 DEGs were regulated at the transcription
level, while their TEs were also regulated, and their regulations
had similar trends. These DEGs included fhs, purH, purN,
accD, accB, purD, purK, and potC. They were mainly involved
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in the metabolism of purine, fatty acid, propanoate, carbon,
and pyruvate pathways (Supplementary Table 7). TEs of
286 DEGs were downregulated while their expressions were
upregulated at the transcription level. These DEGs were
mainly involved in pathways of biosynthesis and metabolism
of amino acids, antibiotic biosynthesis, the citrate cycle,
glycolysis, glutathione metabolism, carbon metabolism, amino
sugar metabolism, nucleotide sugar metabolism, pyrimidine
metabolism, and ribosome assembly. Such as the DEGs
dapB and dapH were involved in lysine biosynthesis via
the succinyl-DAP and acetyl-DAP pathways, respectively.
SpeF was involved in arginine and proline metabolism.
The DEGs rpmG, rpsC, rpsD, and rpsT were involved in
ribosome functional group assembly. The mapped reads of these
DEGs are shown in Figures 6A-D. TEs of 219 DEGs were
upregulated and their expressions were downregulated at the
transcription level. These DEGs mainly involved in pathways
of protein export, ABC transporters, and two-component
system (Supplementary Table 8). The DEGs included IspA,
yhel, ecfI, and dltC, and the mapped reads are shown in
Figures 6E-H.

Effects of Osmotic Stress on Ribosomes
Accumulation in Open Reading Frame
Regions

Codon resolution is one of the advantages of ribosome profiling.
To evaluate the translation events, the average occupancy of
ribosomes was calculated around the start and stop codons.
The footprints increased significantly under osmotic stress in
L. rhamnosus ATCC 53103, which mapped to the initiation region
around the 5'-end approximately at the ~15 position (Figure 7A).
In addition, ribosome occupancy from the nucleotide —100 to the
end codon was also higher in OS than that in CG (Figure 7B).
A few typical DEGs had higher ribosome occupancy under
osmotic stress, such as pdhB, pdhD, and metF (Figures 7C-E).
TEs of these DEGs were downregulated under osmotic stress.

DISCUSSION

The total reads were obtained from CG and OS samples,
and the mapping efficiency of RPF samples was relatively
low (~20%) in this study. The present result was similar to
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Saccharomyces cerevisiae (16%) under starvation stress (Ingolia
et al., 2009). It might be due to the large number of rRNAs
that were removed. During translation, ribosome read density
distribution moves three nucleotides simultaneously. Hence the
representative feature of read density distribution is the triplet
periodicity (Ingolia et al., 2009; Guo et al., 2010; Chew et al,,
2013). The three-nucleotide periodicity were clearly observed in
both CG and OS samples. The present result was similar with
yeast, maize, and Arabidopsis under starvation, drought, dark,
and sublethal hypoxia conditions, respectively (Ingolia et al.,
2009; Chew et al,, 2013; Liu et al., 2013; Juntawong et al., 2014;
Lei et al., 2015).

Using RNA sequencing coupled with ribosome profiling,
the changes of genome-wide gene expression were not only
explored at the translation and transcription levels but also
the interactions were revealed between both regulation levels
under osmotic stress in L. rhamnosus ATCC 53103. Many
DEGs were involved in fatty acid biosynthesis and metabolism,
ribosomes, purine metabolism pathways, ABC transporters, and
PTS pathways at the translation and transcription levels. As a
stress sensor, ribosomes mediate the synthesis and attenuation
of proteins in response to stress (Shcherbik and Pestov, 2019).
The DEGs involved in ribosome assembly were upregulated
under osmotic stress in L. rhamnosus ATCC 53103. It is
essential for bacterial survival to strictly regulate fatty acid
biosynthesis and metabolism (Yang et al., 2019). FabH catalyzes
the type II fatty acid initiation biosynthesis reactions (Lai and
Cronan, 2003). FabZ codifies a dehydratase, introduces double
bonds into the carbon chain, and stimulates the production
of unsaturated fatty acid (Siroli et al., 2020). However, these
DEGs involved in fatty acid biosynthesis and metabolism
pathways were downregulated at both levels. This reflected
that L. rhamnosus needed to save cellular metabolic energy
and increase environmental adaptation by limiting fatty acid
biosynthesis (Adu et al., 2018). Purine metabolism was activated
in the bacteria in response to environmental stress (Goncheva
et al, 2019). As the genetic information transmitters and
phosphate group donors, purine intermediates were not only
involved in signal mediation but also ensured the living cell
energy supply in response to environment stress. L. rhamnosus
reduced growth rate under osmotic stress, and the DEGs involved
in the purine metabolism pathway were downregulated at the
translation and transcription levels. The synthesis of purine is
energetically expensive (Peifer et al,, 2012). The reduction of
synthesis of purine maintained the stability of L. rhamnosus
ATCC 53103 intracellular pool size, helped cells save energy, and
keep cells growing slowly under osmotic stress (Shimaoka et al.,
2007). Similarly, downregulated DEGs in the PTS pathway at
the translation level also showed that conservation of energy was
beneficial for L. rhamnosus ATCC 53103 in response to osmotic
stress (Ganesan et al., 2007).

A total of 752 DEGs only were regulated only at the
transcription level and 247 DEGs were regulated only at the
translation level in the present study. These results indicated
that L. rhamnosus ATCC 53103 regulated gene expression at
the two levels independently under osmotic stress. Although
translation regulation was not to generate new mRNA, it could

be regarded as a rapid and direct environmental response
(Sonenberg and Hinnebusch, 2009).  Therefore,  translation
regulation plays a relatively independent and fine-tuning role
in response to stress (Lackner et al.,, 2012). Genes regulated at
the transcription level can be a barometer for the follow-up
translation change (Lei et al., 2015). Genes upregulated only
at the transcription level showed that L. rhammnosus ATCC
53103 regulated mRNA abundance to recover the TE reduction
under osmotic stress. The ample mRNA provided a spare
pool to facilitate the translation regulation immediately when
osmotic stress abates in the future (Shenton et al., 2006).
The interaction between the translation and transcription
response boosts the gene expression flexibility, which makes
for osmotic stress adaptation of L. rhamnosus ATCC 53103.
Severe and rapid stresses might result in response quickly
and independently of gene expression at translation and
transcription levels; while moderate and chronic stresses
might lead to more coordinated regulation at both levels
(Lei et al., 2015).

The intracellular amino acid concentration is crucial for
bacteria in response to osmotic stress (Gaucher et al., 2019).
The DEGs involved in the amino acid biosynthesis pathway
were upregulated at the transcription level under osmotic
stress in the present study. A similar phenomenon was
found under stress in other LAB (Papadimitriou et al,
2016). However, the reduction of TEs of the amino acid
biosynthesis gene cluster resulted in the accumulation of
uncharged tRNAs, lowering its activity and reducing the rates
of overall protein synthesis (Spriggs et al., 2010). TEs of DEGs
related to ribosome assembly were downregulated under osmotic
stress, resulting in decreasing the freely available ribosome
complexes for translation, affecting the mRNA translation,
thereby reducing the production of protein and altering
proteome allocation by the translation regulation (Song et al.,
2018). This regulation would be crucial to the conservation
of energy under osmotic stress. The TEs of DEGs involved
in protein export, ABC transporters, and the two-component
system were upregulated. The two-component system is made
up primarily of a response regulator and histidine kinase, which
associate with the cell membrane. LAB often regulates the
expression of genes enriched in the two-component system to
cope with environmental stress (Zhang et al., 2017). Osmotic
stress showed a significant correlation with biosynthesis and
metabolism of secondary metabolites and antibiotics. These
changes might help L. rhamnosus ATCC 53103 to reprogram
translation to adapt to the osmotic stress. The existence of
various parallel mechanisms at the transcription and translation
levels were to maintain the balance between survival and
growth of L. rhamnosus ATCC 53103 under osmotic stress
(Durfee et al., 2008).

Under osmotic stress, ribosome occupancy in the initiation
region from the nucleotide -100 to the end codon increased
dramatically. Furthermore, it was higher than that of the
normal condition in the present study. It suggested that
ribosomes pausing at initiation and later elongation steps
was a general ribosome reaction under osmotic stress in
prokaryotes (Shalgi et al., 2013). The accumulation of ribosomes
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resulted in increasing the ribosome density and the fraction
of stalled bound ribosomes. This phenomenon would create
traffic jams on all mRNAs and affect the TE (Zhang et al., 2017).
Meanwhile, with the increase of bound ribosomes, the amount
of tRNAs on mRNAs increased and the free tRNAs pool
decreased. The reduction of free tRNAs pool would decrease
translation initiation and elongation rates, reduce genes TE,
and further retard the production of total protein (Shah et al.,
2013). Therefore, translation dynamics of L. rhamnosus ATCC
53103 would change under osmotic stress. The global TE
downregulation would provide another way to reduce the
production of protein and promote survival of L. rhamnosus
ATCC 53103 under osmotic stress.

CONCLUSION

Based on ribosome profiling and RNA-seq, the study focused
on a landscape of highly dynamic translation and transcription
regulation, and revealed the changes of TEs of DEGs under
osmotic stress in L. rhamnosus ATCC 53103. The DEGs involved
in the purine metabolism pathway were downregulated at
the translation and transcription levels under osmotic stress.
The TEs of DEGs involved in fatty acid biosynthesis and
metabolism pathways were not regulated, although these
DEGs were downregulated at the translation and transcription
levels. Abundant DEGs involved in the biosynthesis of amino
acid pathways and ribosome assembly were upregulated at
the transcription level and the TEs of these DEGs were
downregulated. TEs of DEGs related to protein export,
ABC transporters, and the two-component system were
upregulated. The ribosome footprints accumulated in the
ORF regions, resulting in impaired translation initiation and
elongation under osmotic stress. L. rhamnosus ATCC 53103
controlled the balance between cell survival and growth
by using transcription and translation parallel mechanisms
under osmotic stress.
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4% FML supplementation had higher (0 <0.05) average daily gain (ADG) and plasma triglyceride
concentration during days 1-14 of the trial than the other FML supplemented groups. In
addition, dietary 2 and 4% FML supplementation increased (p<0.05) the ADG during days
15-28 of the trial and plasma total protein concentration on day 42 of the trial compared with
the 6% FML supplement. The plasma concentrations of arginine, ethanolamine, histidine,
isoleucine, lysine, methionine, proline, taurine, threonine, and tyrosine were increased (0 <0.05)
in the 4% FML group compared with the other three groups on day 14 of the trial. Dietary
supplementation with 2-6% FML decreased (p <0.05) the plasma urea nitrogen concentration
on day 14 of the trial and the abundance of Escherichia coli in the colon, and dietary 2 and
4% FML supplementation decreased (p<0.05) the abundance of sulfate-reducing bacteria
compared with the control group. In the intestinal contents, a higher concentration of FML
(6%) supplementation decreased (p <0.05) the colonic acetate concentration compared with
the control and 2% FML groups, while 4% FML supplementation increased (p<0.05) the
colonic cadaverine concentration compared with the other three groups. In conclusion, dietary
4% FML supplementation might contribute to the increased amino acids metabolism without
affecting the growth performance of weaned piglets. Moreover, dietary 2 and 4% FML
supplementation were also beneficial to intestinal health via decreasing the abundances of
specific pathogens and increasing the concentrations of microbial metabolites in the gut,
which provides the theoretical basis and data support for the application of FML in pigs.
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Fermented Mao-tai Lees in Pig Production

INTRODUCTION

To reduce production costs, livestock producers have increased
the use of agricultural by-products, including distillers dried
grains with soluble (DDGS) of sorghum, wheat, corn, and rye,
which can replace some conventional feedstuffs. The DDGS from
six different dry grind ethanol plants contains various nutrients,
including 7.89-15.10% oil, 28.01-30.03% crude protein (CP),
37.51-48.74% neutral detergent fiber (NDF), 13.92-18.71% acid
detergent fiber (ADF), and 3.72-4.59% ash (Singh et al., 2002).
Compared with corn and soybean, the DDGS has considerably
more fiber which consists predominantly of 35% insoluble dietary
fiber (Stein and Shurson, 2009) with low fermentation performance,
including arabinoxylans, cellulose, and lignin (Gutierrez et al.,
2014). Mao-tai liquor is famous due to its unique production
process, impressive liquor quality, and complex aromas (Wang
et al., 2016). The production of Mao-tai liquor was 50,235.17 tons
in Kweichow Moutai Co., Ltd. (2020), Guizhou, China (Annual
Report, 2020), and the solid by-products (including lees) are
estimated to be about 150,700tons. After the processing and
production of liquor, a large amount of solid by-products remained
unused, which can cause resource waste and environmental
pollution. Therefore, the comprehensive utilization of Mao-tai
lees (a common DDGS) in animal feed is conducive to the
sustainable development of the wine industry and solves the
problem of feedstuft shortage in animal husbandry.

Piglets are vulnerable to physiological, nutritional, and
environmental weaning stressors due to the transportation, mixing
with other littermates, separation from the sow’s milk, and changes
to solid feed and ambient temperature (Tang et al., 2009; Azad
etal,, 2021). These abrupt changes often cause intestinal microbiota
imbalance, which has been related to decreased growth rate,
changes in gut morphology and microbial populations, and
increased susceptibility to scouring and disease (Reilly et al,
2008). Previous studies indicated that increasing DDGS inclusion
in diets resulted in the reduction of body gain to feed intake
of weaned piglets, which might be due to the increasing unfermented
DDGS inclusion reached to a physical limitation of the gut size,
or by decreasing the density and altering the taste or smell of
the diet, thus reduced the diet palatability (Avelar et al., 2010).
Therefore, it is important to improve the digestibility and nutritional
value of DDGS. Fermentation is a practical way to increase
cellulose and hemicellulose degradation (Yang et al., 2012), lower
phytic acid, and enhance protein digestibility, so fermentation
of DDGS may facilitate higher inclusion levels in animal diets,
especially for mono-gastric animals (Lamsal et al., 2012). Yeasts,
such as Saccharomyces boulardii, have increasingly been used for
fermenting DDGS, providing vital evidence of its efficacy as an
adjuvant agent to treat diarrhea and prevent antibiotic-associated
complications (Buts, 2009). Thus, microbial fermentation can
improve the nutritional values and functional effects of DDGS.

Previous studies mostly focused on the effects of dietary
supplementation with DDGS and fermented DDGS on the
growth performance and digestibility of animals (Stein and
Shurson, 2009; Gutierrez et al., 2014). However, the effects of
dietary supplementation with DDGS on plasma metabolites
and intestinal microbiota and their metabolites have not been

elucidated yet. Our previous studies showed that supplementing
15% fermented Mao-tai lees (FML) to growing-finishing pigs’
diets could improve the gut health via increasing the abundance
of putative beneficial microbiota and straight-chain fatty acid
concentrations, and decreasing the abundances of potential
pathogens in the colon (Li et al, 2019). Therefore,
we hypothesized that the FML could be used as a cost-effective
alternative for feedstuff of weaned piglets owing to its beneficial
to plasma and intestinal metabolites and intestinal microbiota.
Thus, the present study determined the effects of dietary FML
supplementation on growth performance, plasma metabolites,
and intestinal microbiota and metabolites of weaned piglets.

MATERIALS AND METHODS

Preparation of FML

The FML was prepared by the Road Biological Environmental
Co., Ltd., Sichuan, China. After sterilization, Mao-tai liquor lees
containing 55% water were mixed with 5%o Saccharomyces
cerevisiae, 3%o Aspergillus niger, and 0.6%o Bacillus subtilis. The
mixture was incubated at 32°C for 36h under ventilation and
at 32°C for 12h under static and anaerobic conditions. Then,
the incubated mixture was added into 0.5%o acid protease and
0.5%0 neutral protease and further incubated at pH 5.0 and
60°C for 12h. After fermentation, the fermented products were
dried using a fluidized bed dryer at 40°C, pulverized, screened
through a 0.45-mm mesh, and packed for use. The determined
nutrient levels (%) of FML based on dry matter content (92.97%)
were as follows: ash, 9.28; CP, 23.96; ether extract (EE), 5.39;
crude fiber (CF), 17.67; ADFE 38.06; NDE, 47.28; Ca, 0.53; P,
0.55; and gross energy (GE), 18.29M]J/Kg (Li et al.,, 2019).

Animals, Housing, and Treatment

A total of 128 Durocx Landracex Yorkshire piglets weaned
at 21-day old were used in this study. After a 7-day adaptation
period, all piglets at 28-day old with 7.94+0.12kg of average
body weight (BW) were randomly assigned to one of four
groups. The piglets were fed a basal diet (control group), a
basal diet supplemented with 2, 4, or 6% FML, respectively.
The basal diet (Supplementary Table 1) was formulated to
meet the National (2012) nutrient
requirements for weaned piglets. Each group had eight
replicates (pens) with four piglets per replicate. The piglets
were housed individually in an environmentally controlled
room (23+2°C) with a nursery facility with hard plastic
completely slotted flooring. The piglets were fed twice daily
(at 8:00 and 16:00), and water was available ad Ilibitum.
Each pen was equipped with a stainless-steel feeder and a
nipple drinker. The FML was accurately weighed and fully
mixed with the basal feed.

Research Council

Growth Performance

Piglet BW was measured on days 14, 28, and 42 of the trial.
The feed intake and number of piglets with diarrhea were
recorded daily. Average daily gain (ADG), average daily feed
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intake (ADFI), and the ratio of feed intake to BW gain (F/G)
were calculated.

Sample Collection and Preparation

Blood samples (5ml) were collected from the precaval vein
on days 14, 28, and 42 of the trial, respectively. Plasma was
obtained by centrifugation at 3,000xg and 4°C for 10min
and then stored at —80°C until analysis. At the end of the
trial, all the animals were electrically stunned (120V, 200 HZ),
exsanguinated, and eviscerated for sample collection. The
contents of the ileum (10cm above the ileo-cecal junction)
and colon (middle portion) were collected and divided into
two aliquots. One aliquot of the contents (1 g) was immediately
snap-frozen in liquid nitrogen and then stored at —80°C for
analysis of microbial DNA. The other portion (approximately
20g) was stored at —20°C to assay the concentrations of
short-chain fatty acids (SCFAs) and bioamines (only in
the colon).

Analysis of Plasma Metabolites

Plasma concentrations of urea nitrogen (UN), total protein
(TP), total cholesterol (TC), triglyceride (TG), high-density
lipoprotein-cholesterol (HDL-C), and low-density lipoprotein-
cholesterol (LDL-C) were analyzed using a Roche automatic
biochemical analyzer (Cobas c¢311, E Hoffmann-La Roche Ltd.,
Basel, Switzerland) and commercial kits (F. Hoffmann-La Roche
Ltd., Basel, Switzerland) according to the manufacturers’
instructions, as well as the plasma activities of alkaline
phosphatase (ALP), aspartate aminotransferase (AST), and
alanine aminotransferase (ALT; Kong et al., 2007).

Plasma samples (1.00 ml) were blended with the same volume
of 8% 5-sulfosalicylic acid for 30 min and then centrifuged at
12,000xg for 10min at 4°C. The supernatant was filtered
through a 0.45-pm membrane for free amino acids (AAs)
analysis using an auto amino acid analyzer (L8800, Hitachi,
Tokyo, Japan; Hu et al, 2019).

Determination of Microbiota Abundances
in the lleal and Colonic Contents

The abundances of the ileal and colonic microbiota were
analyzed as previously described (Su et al., 2018). Briefly, the
total microbial DNA was extracted and purified by a QIAamp
DNA Stool Kit (Qiagen, Hilden, Germany). The specific primers
(Supplementary Table 2) of targeted microbiota were used to
amplify the targeted gene fragments. The recombinant plasmid
vector of targeted microbiota was constructed and cloned
according to the pMDTMI9-T vector cloning kit (TaKaRa
Biotechnology, Dalian, China) instructions. Quantitative real-
time polymerase chain reaction (QPCR) was performed using
an SYBR Green detection kit (Thermo Fisher Scientific, Waltham,
MA) to determine the abundances of general microbial DNA
from the intestinal contents and above recombinant DNA using
a Lightcycler 48011 instrument (Applied Biosystems; Su et al.,
2018). The standard curves for all determined microbiota were
constructed based on the recombinant DNA of representative

species. The results are presented as the gene copies of microbial
DNA of the intestinal contents.

Determination of Microbial Metabolites

The ileal and colonic SCFAs, including acetate, propionate,
butyrate, isobutyrate, valerate, and isovalerate, were analyzed
according to the method described by Zhou et al. (2014). The
contents of cadaverine, phenylethylamine, putrescine, tryptamine,
tyramine, spermidine, and 1,7-heptyl diamine in the colonic
contents were measured as described previously (Ji et al., 2018),
using an Agilent 6,890 gas chromatography (Agilent Technologies,
Inc., Palo Alto, CA, United States).

Statistical Analysis

Statistical analysis was performed using SAS software version
9.2. The normal distribution and homogeneity of variance of
data were evaluated by the Shapiro-Wilk method and Levene
method. Then, all data were subjected to one-way ANOVA
with Duncan’s multiple range test. The statistical data are
expressed with means and pooled standard error of the means
(SEM) among the four groups. Statistical significance was
defined as p<0.05. Probability values between 0.05 and 0.10
were considered to be trends.

RESULTS

Effects of Dietary FML Supplementation

on Growth Performance and Diarrhea Rate
of Weaned Piglets

To evaluate the effects of FML on the growth performance
of weaned piglets, the BW, ADFI, and F/G were measured at
different stages of the trial. As shown in Table 1, there were
no significant differences (p>0.05) in the initial BW, final BW,
ADFI, and F/G among the four groups. The 4% FML group
had higher (p<0.05) ADG during days 1-14 of the trial than
the other FML supplemented groups. Moreover, the pigs
supplemented with 2 and 4% FML during days 15-28 of the
trial had higher (p<0.05) ADG than the 6% FML group. There
were no significant differences (p>0.05) in the diarrhea rate
of piglets among the four groups during days 1-14, 15-28,
29-42, and 1-42 of the trial (Supplementary Table 3).

Effects of Dietary FML Supplementation

on Plasma Biochemical Parameters of
Weaned Piglets

The plasma biochemical indicators of weaned piglets are shown
in Table 2. On day 14 of the trial, the plasma UN concentration
of the FML groups (2, 4, and 6%) was lower (p<0.05) than the
control group. The plasma TG concentration of the 4% FML
group was higher (p<0.05) than the 2 and 6% FML groups.
On day 28 of the trial, the plasma LDL-C concentration of the
4% FML group was higher (p<0.05) than the 6% FML group.
The plasma TG concentration of the 4 and 6% FML groups
was higher (p<0.05) than the control group. Moreover, dietary
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TABLE 1 | Effects of dietary supplementation with fermented Mao-tai lees (FML) on growth performance of weaned piglets.

Dietary FML level

Items Control SEM p values
2% 4% 6%
Initial BW (kg) 7.93 7.93 7.95 7.95 0.12 1.00
Final BW (kg) 26.46 26.93 27.02 25.95 0.44 0.82
ADFI (gd)
Days 1-14 of the trial 448.22 448.45 448.31 446.69 2.28 0.99
Days 15-28 of the trial 909.13 946.80 891.32 913.65 12.76 0.50
Days 29-42 of the trial 1204.95 1135.23 1224.21 1181.32 21.91 0.54
Days 1-42 of the trial 847.01 866.74 852.26 847.22 5.99 0.63
ADG (gd™)
Days 1-14 of the trial 256.67% 241.63° 267.08% 238.73° 3.64 <0.01
Days 15-28 of the trial 510.34% 519.872 519.39% 488.91° 4.50 0.04
Days 29-42 of the trial 595.76 557.44 583.63 558.93 9.18 0.38
Days 1-42 of the trial 439.57 452.42 452.02 434.57 3.51 0.19
F/G (997
Days 1-14 of the trial 1.82 1.86 1.79 1.84 0.02 0.38
Days 15-28 of the trial 1.79 1.82 1.78 1.87 0.03 0.64
Days 29-42 of the trial 2.04 2.03 2.08 212 0.02 0.82
Days 1-42 of the trial 1.94 1.89 1.92 2.00 0.02 0.15

Data are presented as means with pooled standard error of the means (SEM; n=8). # °Mean values within a row with different superscript letters were significantly different (p <0.05).
ADFI, average daily feed intake; ADG, average daily gain; BW, body weight; and F/G, ratio of feed to gain.

FML supplementation had a trend to decrease (p=0.05) the
plasma TP concentration. On day 42 of the trial, the plasma
LDL-C concentration of the 6% FML group was higher (p<0.05)
than the 2% FML and control groups. The plasma TP concentration
of the 6% FML group was lower (p<0.05) than the other three
groups. In addition, the plasma TC concentration of the 4 and
6% FML groups had an increasing trend (p=0.06) compared
with the control and 2% FML groups. However, there were no
significant differences (p>0.05) in plasma levels in the plasma
concentrations of ALP, ALT, AST, and HDL-C during the entire
trial period among the four groups.

Effects of Dietary FML Supplementation

on Plasma-Free AAs in Weaned Piglets

We further investigated the effects of FML supplementation on
piglets plasma-free AAs profiles. As shown in Table 3, the
plasma concentrations of arginine (Arg), ethanolamine (EOHNH?2),
histidine (His), isoleucine (Ile), lysine (Lys), methionine (Met),
proline (Pro), taurine (Tau), threonine (Thr), and tyrosine (Tyr)
in the 4% FML group were higher (p<0.05) compared with
the other three groups on day 14 of the trial. In addition, the
plasma concentration of sarcosine (Sar) was higher (p<0.05) in
the 4 and 6% FML groups than the control and 2% FML groups.
On day 28 of the trial, the plasma concentrations of cysteine
(Cys; p<0.05) and Tau (p=0.08) of the 4% FML group were
higher than the other three groups. Moreover, on day 42 of
the trial, the plasma concentration of citrulline (Cit) of the 2
and 6% FML groups was lower (p<0.05), as well as the plasma
concentration of EOHNH2 of the three FML groups, while the
plasma Pro concentration of the 2% FML group was higher
(p<0.05), when compared with the control group.

Effects of Dietary FML Supplementation
on Microbiota Abundances in the lleal and
Colonic Contents of Weaned Piglets
The microbiota abundances in the ileal and colonic contents
of weaned piglets are shown in Table 4. There were no significant
differences (p>0.05) in the abundances of Clostridium cluster
1V, Bacteroidetes, Lactobacillus, Escherichia coli (E. coli), and
total bacteria in the ileal contents were observed among the
four groups. The relative abundance of Firmicutes in the 6%
FML group was lower (p<0.05) compared with the control
group. Meanwhile, the ratio of Firmicutes to Bacteroidetes (F/B)
in the 4 and 6% FML groups was lower (p=0.07) compared
with the control and 2% FML groups. Dietary 4% FML
supplementation increased (p<0.05) the abundance of sulfate-
reducing bacteria compared with the control and 2% FML groups.
In the colonic contents, dietary 4% FML supplementation
increased (p<0.05) the F/B ratio compared with the other
three groups. In addition, the relative abundance of E. coli in
the FML groups (2, 4, and 6%) and the relative abundance
of sulfate-reducing bacteria in the 2 and 4% FML groups were
lower (p<0.05) compared with the control group.

Effects of Dietary FML Supplementation

on Intestinal Concentrations of SCFAs and
Bioamines of Weaned Piglets

Ileal and colonic SCFAs concentrations are presented in Table 5.
The piglets fed with 6% FML had lower (p<0.05) colonic
acetate concentration than the control and 2% FML groups.
A higher (p=0.09) straight-chain fatty acid concentration in
the colon was observed in the 2% FML group compared with
the control and 6% FML groups. However, there were no
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TABLE 2 | Effects of dietary supplementation with fermented Mao-tai less (FML) on plasma biochemical parameters in weaned piglets.

Dietary FML level

Items Day of the trial Control SEM p values
2% 4% 6%
ALP (UL 14 509.50 463.00 425.75 357.38 26.00 0.21
28 435.88 353.50 405.00 385.63 21.20 0.59
42 241.33 24517 279.83 274.00 12.78 0.65
ALT (UL™) 14 47.88 56.75 45.75 52.75 2.13 0.26
28 57.25 47.25 55.13 53.75 2.17 0.41
42 39.33 41.17 4217 42.50 2.44 0.33
AST (UL™) 14 71.63 76.75 87.50 86.25 5.43 0.71
28 76.50 67.38 68.38 61.38 3.10 0.40
42 61.33 51.50 61.67 69.50 3.30 0.30
UN (mmolL-") 14 3.22% 2.15° 2.23° 2.31° 0.13 <0.01
28 2.52 2.66 2.16 2.1 0.12 0.27
42 2.62 3.19 2.95 2.24 0.17 0.25
HDL-C (mmolL™") 14 0.61 0.68 0.67 0.62 0.02 0.72
28 0.69 0.76 0.79 0.70 0.02 0.36
42 0.70 0.72 0.93 0.80 0.04 0.12
LDL-C (mmolL-") 14 0.91 0.82 0.80 0.97 0.04 0.34
28 1.02% 1.04% 1172 0.91° 0.03 0.04
42 1.00° 0.88° 1.07%° 1.36° 0.06 0.02
TC (mmolL™") 14 1.66 1.64 1.64 1.70 0.05 0.97
28 1.84 1.90 2.07 1.77 0.05 0.11
42 1.80 1.69 2.07 2.21 0.08 0.06
TG (mmolL™) 14 0.39%® 0.32° 0.48% 0.36° 0.02 0.04
28 0.40° 0.44% 0.632 0.582 0.08 0.04
42 0.27 0.40 0.39 0.26 0.03 0.29
TP (gL™) 14 45.91 39.88 39.68 39.93 1.28 0.24
28 52.64 42.96 42.53 45.83 1.35 0.05
42 55.522 57.722 53.10° 44.98° 1.46 <0.01

Data are presented as means with pooled SEM (n=8). & *Mean values within a row with different superscript letters were significantly different (p<0.05). ALR, alkaline phosphatase;
ALT, alanine aminotransferase; AST, aspartate transaminase; UN, urea nitrogen; HDL-C, high-density lipoprotein-cholesterol; LDL-C, low-density lipoprotein-cholesterol; TC, total

cholesterol; TG, triglyceride; and TF, total protein.

significant differences (p>0.05) in the concentrations of other
SCFAs among the four groups.

Colonic bioamine concentrations of piglets are presented
in Table 6. The 4% FML group had a higher (p <0.05) cadaverine
concentration in the colonic contents than the other three
groups. There were no significant differences (p>0.05) in the
concentrations of other bioamines among the four groups.

DISCUSSION

The nutritional values of DDGS may be improved by microbial
fermentation or enzymatic degradation. Wiseman et al. (2017)
reported that fermented DDGS is beneficial to improve the
growth performance in weaned piglets, possibly due to nutrient
breakdown and normal development of the gut microbiota.
In the present study, dietary FML supplementation regulated
plasma-free AAs metabolism and altered intestinal microbiota
and metabolites of weaned piglets.

The growth performance of weaned piglets can reflect the
subsequent performance and the production profitability to
some extent. In the present study, although there were no
statistical significances in the growth performance of piglets
compared with the control group; however, the dietary
supplementation with 4% FML had a higher ADG than the

other three groups during days 1-14 of the trial. Several
previous studies also showed that dietary DDGS supplementation
with enzymes was not effective in improving the growth
performance of nursery pigs (Jones et al, 2010; Kerr et al,
2013). However, other studies reported that multi-enzyme blends
were tended to improve the growth performance in growing-
finishing pigs fed diets with DDGS (Emiola et al., 2009; Li
et al., 2012). Therefore, the inconsistency might have resulted
from differences in the DDGS source, dietary level of the
DDGS used, supplementing dose and types of the enzymes
or microorganisms used, age of experimental animals, and the
nutrient level of the experimental diet (Swiatkiewicz et al,
2016). The diarrhea rate during the nursery period is an essential
indicator of the gut health status of piglets. Our results showed
that the FML had no adverse side effects on the piglets’ diarrhea
rate. Thus, these findings indicate that the dietary FML could
be used in mono-gastric animals because microbial fermentation
could improve the quality of protein and decrease the CF in
the Mao-tai lees.

Plasma metabolites primarily originate from the digestion
and absorption of the gut. The UN and TP play a critical
role in transamination and reflect the status of protein synthesis
and catabolism (Liu et al., 2015). The UN is the main nitrogenous
product of protein, and its concentration reflects the efficiency
of protein utilization (Chen et al., 2018). Lower UN concentration
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TABLE 3 | Effects of dietary supplementation with fermented Mao-tai less (FML) on plasma concentration of free amino acids in weaned piglets.

Dietary FML level

Items (pmolL-") Day of the trial Control SEM p values
2% 4% 6%
Ala 14 611.14 745.97 816.85 779.94 31.57 0.10
28 695.50 676.26 777.23 759.27 21.86 0.30
42 381.94 590.29 574.96 603.71 34.22 0.08
Arg 14 101.06° 80.45° 150.10° 108.69° 6.83 <0.01
28 124.91 1238.27 143.54 113.44 8.05 0.63
42 103.63 91.01 83.61 91.90 4.07 0.38
Asp 14 32.80 31.37 41.39 30.91 1.77 0.14
28 34.95 32.08 41.26 35.58 2.52 0.65
42 19.48 29.35 25.16 27.16 1.58 0.13
Cit 14 84.51 76.58 77.39 77.67 2.88 0.77
28 70.08 72.65 74.10 76.54 2.07 0.75
42 70.942 57.69% 68.46% 54.33° 2.41 0.03
Cys 14 16.42 10.76 12.81 14.46 1.03 0.24
28 13.81° 11.76° 23.55% 13.15° 1.7 0.05
42 14.13 6.53 5.77 11.96 1.53 0.13
EOHNH2 14 2.94° 3.12° 5.60° 1.86° 0.43 0.02
28 2.69 2.06 4.79 3.83 0.46 0.15
42 4,797 0.92° 1.54° 0.78° 0.42 <0.01
Glu 14 417.43 402.24 519.18 472.22 24.82 0.33
28 361.24 372.61 44416 373.75 18.4 0.38
42 232.74 318.50 274.69 335.74 20.57 0.30
Gly 14 1265.73 1588.42 1337.18 1299.56 63.89 0.27
28 1271.19 1384.78 1280.59 1222.47 44.88 0.65
42 870.66 1026.73 993.20 972.76 48.75 0.71
His 14 11.90° 11.17° 20.182 12.15° 1.18 0.01
28 28.19 24.86 23.42 25.65 1.06 0.47
42 21.19 20.60 19.18 20.35 0.66 0.76
lle 14 113.19° 107.60° 144.312 116.61° 4.74 0.02
28 106.47 110.74 112.05 97.80 2.81 0.30
42 88.34 99.06 91.50 80.23 3.57 0.35
Leu 14 115.68 107.03 139.81 115.99 5.15 0.13
28 189.22 182.89 197.34 170.43 5.21 0.34
42 175.80 198.00 190.53 158.17 6.59 0.17
Lys 14 187.54° 199.89° 303.36% 207.59° 13.82 <0.01
28 300.40 275.16 308.42 310.36 13.14 0.78
42 1565.73 187.96 136.45 168.16 12.42 0.53
Met 14 51.92° 44.14° 87.932 59.79° 4.26 <0.01
28 58.68 55.81 53.15 53.12 2.22 0.80
42 31.59 30.43 34.94 28.46 1.46 0.50
Orn 14 116.66 106.14 140.83 115.56 5.76 0.18
28 137.32 147.60 130.51 122.03 4.68 0.30
42 81.60 79.50 77.59 75.28 3.54 0.95
Phe 14 57.36% 44.83° 68.822 65.25° 2.85 0.01
28 78.74 65.12 71.97 59.25 2.73 0.06
42 64.35 62.88 62.85 60.44 2.51 0.97
Pro 14 254.18° 265.42° 328.20% 270.46° 9.05 0.01
28 294.70 314.08 305.90 334.79 7.93 0.34
42 202.03° 281.912 258.88% 232.56% 11.12 0.04
Sar 14 30.31° 34.36° 47.67° 45.99° 2.24 0.01
28 41.99 44.90 4713 48.82 1.50 0.42
42 38.40 42.35 46.41 39.26 2.30 0.62
Ser 14 198.05 247.47 267.35 244.74 11.65 0.19
28 184.80 199.18 204.12 201.97 7.45 0.81
42 120.94 138.06 125.36 129.5 4.42 0.58
Tau 14 95.20° 92.31° 164.052 104.53° 7.83 <0.01
28 122.77 100.68 142.94 91.77 7.77 0.08
42 78.22 56.44 62.13 62.05 5.57 0.56
Thr 14 79.10° 68.20° 215.142 123.57° 13.48 <0.01
28 85.69 86.64 86.31 79.46 4.50 0.94
42 50.83 52.43 68.66 52.73 3.29 0.17
Tyr 14 61.98° 54.70° 97.122 67.53° 4.51 <0.01
(Continued)
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TABLE 3 | Continued

Dietary FML level

Items (pmolL~") Day of the trial Control SEM p values
2% 4% 6%
28 94.45 84.90 87.79 93.09 3.80 0.81
42 68.39 74.65 59.35 54.32 3.23 0.12
Val 14 127.01 98.00 130.39 110.07 6.05 0.20
28 159.69 150.71 157.95 155.17 5.09 0.94
42 168.13 170.66 166.72 1562.32 6.71 0.76

Data are presented as means with pooled SEM (n=8). **Mean values within a row with different superscript letters were significantly different (p<0.05). Ala, alanine; Arg, arginine;
Asp, aspartic acid; Cit, citrulline; Cys, cysteine; EOHNH2, ethanolamine; Glu, glutamic acid; Gly, glycine; His, histidine; lle, isoleucine; Leu, leucine; Lys, lysine; Met, methionine; Orn,
ornithine; Phe, phenylalanine; Pro, proline; Sar, sarcosine; Ser, serine; Tau, taurine; Thr, threonine; Tyr, tyrosine; and Val, valine.

TABLE 4 | Effects of dietary supplementation with Fermented Mao-tai Lees (FML) on microbiota abundance in ileal and colonic contents of weaned piglets.

Dietary FML level

Items (copies g~7) Control SEM p values
2% 4% 6%

lleum

Clostridium cluster IV (10°) 2.01 2.00 1.97 0.92 0.31 0.51
Bacteroidetes (10°) 3.80 1.85 2.79 3.07 0.60 0.76
Escherichia coli (10°) 5.43 1.09 4.81 0.43 1.00 0.18
Firmicutes (10°) 12.25% 3.78% 4.22% 1.147° 1.60 0.04
F/B 251.15 243.86 74.44 40.37 38.16 0.07
Lactobacillus (10°) 15.06 16.09 9.50 0.34 3.18 0.29
Sulfate-reducing bacteria (10%) 1.13° 0.88° 4.60% 2.37% 0.51 0.04
Total bacteria (10°) 28.35 5.39 40.13 1.93 7.28 0.18
Colon

Clostridium cluster IV (107) 23.42 34.78 7.71 27.90 4.42 0.14
Bacteroidetes (10'°) 2.51 3.56 2.58 3.81 0.33 0.46
Escherichia coli (10°) 33.06° 6.94° 3.25° 1.71° 3.99 0.03
Firmicutes (10°) 9.91 14.42 18.85 18.19 2.03 0.48
F/B 0.45° 0.38° 0.96* 0.59° 0.07 <0.01
Lactobacillus (10°) 18.18 3.19 1.44 6.91 2.45 0.15
Sulfate-reducing bacteria (10%) 9.812 1.27° 2.01° 5.81% 1.14 0.02
Total bacteria (10') 8.59 10.70 4.43 9.88 1.71 0.58

Data are presented as means with pooled SEM (n=8). & *Mean values within a row with different superscript letters were significantly different (p<0.05). F/B, Firmicutes/

Bacteroidetes.

indicates a good balance of AAs (Hahn et al., 1995). In the
present study, dietary FML supplementation decreased the
plasma UN concentration on day 14 of the trial, suggesting
that dietary FML improved the utilization of protein (Zhai
et al, 2018). In addition, dietary 6% FML supplementation
decreased the plasma TP concentration on day 42 of the trial,
which may be due to that the relatively high fiber content
decreased the digestion and absorption of dietary protein. The
ALT and AST are transaminases which play crucial roles in
protein and amino acid metabolism, and their plasma activities
may increase when tissues damage and dysfunction, particularly
in the liver (Canli and Canli, 2015). In the present study,
dietary FML supplementation did not affect the plasma ALT
and AST activities, suggesting that dietary FML had no
detrimental effect on the liver tissue.

The TG plays an important role in nutrient metabolism as
an energy source and transporter of dietary fat. There is no
apparent relationship between the decrease in LDL-C and the

increase in HDL-C (Barter et al., 2010). The LDL can antagonize
the quorum sensing system that upregulates the gene expressions
required for invasive Staphylococcus aureus infection (Peterson
et al, 2008). In the present study, dietary 4% FML
supplementation increased the plasma TG level on day 14 of
the trial and LDL-C level on day 28 of the trial without
decreasing the HDL-C level, which may be useful for promoting
the ADG and inhibiting pathogenic infection.

Plasma proteins mostly exert their physiological functions
in the form of AAs in the body. In the present study, dietary
4% FML supplementation increased the plasma concentrations
of Arg, EOHNH2, His, Ile, Lys, Met, phenylalanine, Pro, Tau,
Thr, and Tyr on day 14 of the trial. These findings indicated
that the AA catabolism was improved by the FML
supplementation, which may be due to high levels of acidic
protein, cellulose, AAs, and organic acids in the FML. The
AAs play important roles in regulating food intake and nutrient
metabolism in animals (Wu et al., 2014). Several AAs (e.g.,
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TABLE 5 | Effect of dietary supplementation with fermented Mao-tai less (FML) on intestinal SCFA contents of weaned piglets.

Dietary FML level

Items Control SEM p values
2% 4% 6%

lleum (mgg™)

Acetate 0.29 0.16 0.40 0.30 0.05 0.33
Propionate 0.02 0.01 0.02 0.02 0.00 0.64
Butyrate 0.038 0.01 0.04 0.03 0.01 0.53
Isobutyrate 0.006 0.009 0.007 0.006 0.00 0.92
Valerate 0.009 0.003 0.007 0.007 0.00 0.43
Isovalerate 0.008 0.01 0.009 0.014 0.00 0.19
Total straight-chain fatty acids 0.35 0.18 0.46 0.36 0.05 0.33
Total BCFA 0.01 0.02 0.02 0.03 0.00 0.57
Total SCFA 0.37 0.20 0.33 0.38 0.04 0.36
Colon (mgg™)

Acetate 3.48 3.89° 3.44% 2.94° 0.1 0.01
Propionate 1.76 2.33 1.86 1.83 0.11 0.18
Butyrate 1.01 1.29 1.28 1.15 0.07 0.40
Isobutyrate 0.11 0.1 0.14 0.11 0.01 0.16
Valerate 0.19 0.26 0.25 0.27 0.02 0.64
Isovalerate 0.18 0.16 0.23 0.18 0.01 0.28
Total straight-chain fatty acids 6.35 7.46 6.72 5.95 0.23 0.09
Total BCFA 0.28 0.27 0.37 0.30 0.02 0.24
Total SCFA 6.69 7.35 7.09 5.90 0.24 0.14

Data are presented as means with pooled SEM (n=8). *Mean values within a row with different superscript letters were significantly different (p<0.05). BCFA, branched-chain fatty

acid; SCFA, short-chain fatty acid.

TABLE 6 | Effects of dietary supplementation with fermented Mao-tai lees (FML) on colonic bioamine concentrations of weaned piglets.

Dietary level of FML

Items (pngg™) Control SEM P values
2% 4% 6%
Cadaverine 8.51° 11.91° 30.522 10.09° 2.53 0.01
1,7-heptanediamine 1.27 0.63 0.94 0.96 0.16 0.53
Phenylethylamine 2.66 1.64 1.15 1.43 0.24 0.12
Putrescine 17.65 15.51 15.15 11.72 1.63 0.64
Spermidine 19.54 15.29 21.07 9.53 2.47 0.46
Spermine 1.05 1.06 2.05 0.75 0.27 0.51
Tryptamine 3.34 3.76 2.56 2.29 0.34 0.42
Tyramine 9.41 4.62 3.35 4.16 1.47 0.46
Total bioamine 63.08 51.80 60.76 38.86 517 0.36

Data are presented as means with pooled SEM (n=8). #°Mean values within a row with different superscript letters were significantly different (p<0.05).

Arg, glutamic acid, glycine, Pro, and leucine) participate in
cell signal transmission and metabolic regulation (Wu et al,
2014). The Tau, a sulfated compound synthesized by the
eukaryotic host, could increase the ADG and hepatic antioxidant
status, while relieve lipopolysaccharide-induced inflammation
of broiler chickens (Han et al, 2020). A constant supply of
sufficient AAs to living cells from the blood is required to
ensure protein accretion in the skeletal muscle of growing
pigs (Regmi et al, 2016). This may be one of the reasons
why the 4% FML supplementation increased the ADG during
days 1-14 of the trial.

In the gut microbiota of pigs, Firmicutes and Bacteroidetes
are the most abundant bacteria (Guo et al., 2008). The piglets
with a higher F/B ratio are easier to obtain energy from food
(Turnbaugh et al., 2006). The present study showed that dietary

4% FML supplementation significantly increased the F/B ratio
in the colon, which may increase the energy utilization of feed.
Clostridium clusters IV produces butyrate as a result of carbohydrate
fermentation (Duytschaever et al., 2012). Lactobacillus is a well-
known probiotic offering diverse applications. Furthermore,
Lactobacillus plantarum plays a role in preventing diarrhea,
lowering cholesterol, reducing irritable bowel syndrome symptoms,
and producing plantaricins (Seddik et al., 2017). In the present
study, dietary 2-6% FML supplementation had no significant
effect on the abundances of Clostridium clusters IV and Lactobacillus
of the weaned pigs. However, our previous studies showed that
dietary 15% FML supplementation could increase the abundance
of Lactobacillus of the growing-finishing pigs (Li et al., 2019).
This discrepancy might be related to the different doses of FML
supplementation and the age of pigs.
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E. coli includes harmless commensal and different pathogenic
variants which can cause enteric diseases, such as diarrhea or
dysentery, and even lead to extra-intestinal infections (Leimbach
et al,, 2013). Therefore, lower levels of pathogenic E. coli in the
gut could reduce the incidence of diarrhea in piglets. Sulfate-
reducing bacteria in the large intestine can produce volatile sulfur
compounds, such as hydrogen sulfide and methanethiol, which
are responsible for fecal odor (Ushid et al., 2002). Sulfate-reducing
bacteria are also a potential player in the etiology of intestinal
disorders, inflammatory bowel diseases, and colorectal cancer in
particular (Carbonero et al, 2012). In the present study, dietary
2 and 4% FML supplementation could decrease amounts of E.
coli and sulfate-reducing bacteria in the colon. Our previous studies
also confirmed that dietary 15% FML supplementation could
decrease the abundance of potential pathogen Escherichia spp. in
pigs at different ages (Li et al, 2019). These findings suggested
that dietary FML supplementation, particularly 4% FML, could
regulate the balance of intestinal microflora.

The SCFAs, especially butyrate, are mainly produced by
microbial fermentation of carbohydrates and non-starch
polysaccharides in the large intestine, where the relative abundances
of microbiota are greater than those in the small intestine (Le
et al,, 2016). Similarly, the concentrations of individual and total
SCFAs were much lower in the ileum than those in the colon.
The SCFAs absorbed in the colon not only serve as an energy
source but also play roles in the regulation of the immune
system, colonic gene expression, gut motility, and metabolic
regulation (Puertollano et al, 2014). Acetate can protect
gastrointestinal mucosa from ethanol-induced injuries via
suppressing gastrointestinal oxidation, inflammation, and apoptosis
(Liu et al, 2017). In the present study, dietary 2% FML
supplementation improved the levels of acetate and straight-chain
fatty acids in the colonic contents than the higher percentage
of FML supplementation (6%), which possibly a lower percentage
of FML benefits to intestinal health of weaned piglets.

Cadaverine is synthesized from the Lys through decarboxylation
by lysine decarboxylase in microbiota and ornithine decarboxylase
1 in mammalian cells (Bekebrede et al., 2020), which is essential
for the maintenance of cell growth and macromolecular biosynthesis
by interacting with nucleic acids, proteins, and membranes
(Millerfleming et al., 2015), and can protect cells from oxidative
stress by scavenging superoxide radicals (Kang et al, 2007). In
addition, cadaverine can regulate the gut physiology of animals
in different ways (Wang et al., 2015). In the present study, dietary
4% FML supplementation increased the colonic cadaverine content
of piglets. Bioamine level could be upregulated through the
phosphorylation of related enzymes by activating mTORCl
(Bekebrede et al., 2020). Therefore, the present study results suggest
that the increased colonic cadaverine level in the dietary 4%
FML group may be via regulating the mTORC1 pathway. However,
the underlying mechanism needs to be further clarified.

CONCLUSION

In summary, dietary FML supplementation (2 and 4%) could
partly improve plasma-free AA levels of the weaned piglets

without affecting the piglets’ growth performance. Furthermore,
dietary 4% FML supplementation was more beneficial to
intestinal health via decreasing the abundances of E. coli and
sulfate-reducing bacteria, and increasing the concentration of
cadaverine in the colon. This study also showed that dietary
4% FML supplementation had more distinct effects than the
dietary 2 and 6% FML supplements. Thus, the FML could
be used as an effective feed additive, which is not only beneficial
to animal health but also resource-conserving and
environment-friendly.
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Supplementation on Jejunal
Morphology, Digestive Enzyme
Activities, Antioxidant Capacity, and
Microbiota in Mice
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Ellagic acid (EA), a plant polyphenol mainly found in nuts and fruits, exhibits
OPEN ACCESS various biological effects. However, the effects of EA on intestinal health remain
Edited by: poorly understood. Hence, the present study aimed to assess the effects of
Zheng Ruan,  EA supplementation on jejunal morphology, digestive enzyme activities, antioxidant
Nanchang University, China . . . . ’ . .
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group than in the CON group. Compared with the CON group, the administration of EA
increased (P < 0.05) the superoxide dismutase and catalase activities but decreased
(P < 0.05) the malonaldehyde content in the jejunum. Moreover, the jejunal messenger
RNA expression levels of nuclear factor-E2-related factor 2 (Nrf2) and haem oxygenase-
1 (HO-7) were higher (P < 0.05) in the 0.3% EA group than in the CON group.
Furthermore, compared with the CON group, the count of Escherichia coli decreased
(P < 0.05), and that of Lactobacillus species increased (P < 0.05) in the 0.3% EA group.
In general, our findings indicate that the administration of EA can enhance the growth
of mice, promote intestinal development, increase the antioxidant capacity, and regulate
the intestinal microbiota.

Keywords: ellagic acid, morphology, digestive enzyme activities, antioxidant, microbiota, Nrf2, HO-1
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INTRODUCTION

The small intestine serves as the crucial site for nutrient digestion
and absorption while simultaneously acting as an important
line of defense against the invasion of antigens and pathogens
(Nagler-Anderson, 2001; Hirata et al., 2007; Barszcz and Skomial,
2011). However, the health status of the intestine in young
animals could be easily deteriorated by many factors, including
pathogen infection, inflammation, and oxidative stress (Liu,
2015; Wan et al., 2021); these factors lead to intestinal mucosal
damage and dysfunction and, in turn, negatively affect the
growth performance and health of animals (Liu et al., 2008).
Interestingly, there is clear evidence that adequate nutrition can
help maintain intestinal integrity in animals (He et al., 2017; Wan
et al., 2018). Thus, it is extremely important to maintain the
structural and functional integrity of the small intestine and to
thereby ensure that its absorptive and protective functions are not
compromised (Yu et al., 2010).

In recent years, there has been increasing interest in
understanding the role of polyphenolic compounds and their
possible mechanisms of action in maintaining intestinal health.
Ellagic acid (EA), a natural phenolic phytochemical antioxidant,
mainly occurs in vegetables and fruits, such as persimmon,
raspberries, blackberries, and strawberries, in addition to nuts
(Derosa et al., 2016). It has important biological activities, such
as antioxidative (Yiice et al., 2007), anti-inflammatory (Marin
et al., 2013), anticancer (Umesalma and Sudhandiran, 2011), and
antidiabetic (Fatima et al., 2017) activities. Previous studies have
shown that EA can scavenge free radicals (Zheng et al., 2020)
and inhibit lipid peroxidation (Kilic et al., 2014). More recently,
EA supplementation has been reported to improve the activity
of antioxidant enzymes and ameliorate intestinal inflammation
in vivo and in vitro (Han et al, 2006; Mishra and Vinayak,
2014). However, little information is available about the effects of
different EA doses and their protective effects on intestinal health
in mice. In light of the earlier information, we assessed the effects
of EA supplementation on jejunal development and antioxidant
capacity in mice.

MATERIALS AND METHODS

Animals and Treatment

The Ethics Review Committee for Animal Experimentation of
Sichuan Academy of Animal Science (Chengdu, China) approved
the animal experimental protocols. The animal experimental
protocols were conducted in accordance with the practical animal
protection law and the Guide for the Care and Use of Laboratory
Animals formulated by the National Research Council (China).
A total of 144 C57BL/6] mice weighing 26-30 g were obtained
from Dossy Experimental Animals Co., Ltd. (Chengdu, China)
and randomly divided into three groups (each group has had 48
mice): the control (CON) group received a standard pellet diet,
the 0.1% EA group received a standard pellet diet plus 0.1% EA,
and the 0.3% EA group received a standard pellet diet plus 0.3%
EA. All the mice were maintained at 25°C with a 12-h light/dark
cycle and given food and water ad libitum for 21 consecutive days.

All the mice were weighed on the morning of days 1 and 22 to
calculate the average daily gain (ADG).

Sample Collection

At the end of the experimental regimen and after 16 h of
fasting, the mice were killed by ether anesthesia. The jejunum was
removed, and the jejunal contents were collected and frozen at
—80°C for microbial DNA analysis. Jejunal tissue samples were
collected, washed in ice-cold physiological saline (0.9%), and
blotted dry. Then, the jejunal section was divided into two pieces:
one was fixed in 4% paraformaldehyde solution for histological
studies, and the other was stored at —80°C for further analysis.

Morphological Examination

The 4% paraformaldehyde solution-fixed jejunal samples were
dehydrated in ethanol and embedded in paraffin. Then, 5-pm
thick transverse sections were cut and stained with hematoxylin
and eosin. The villus height and crypt depth of 10 well-
oriented villi were measured using a BH2 Olympus microscope
(Olympus, Tokyo, Japan).

Jejunal Enzyme Activity Measurements

The jejunal mucosa was homogenized after ensuring that the
weight of the intestinal mucosa (g)/volume of physiological saline
pre-cooled on ice (ml) was 1:9 and was centrifuged at 2,500 x g
for 10 min to obtain the supernatant. Then, the enzyme activities
in the jejunal mucosal supernatant were measured strictly in
accordance with the instructions provided in the respective Kits
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China).

Jejunal Antioxidant Capacity

Measurements

The superoxide dismutase (SOD) activity, catalase (CAT) activity,
malonaldehyde (MDA) content, and total antioxidant capacity
(T-AOC) in the jejunal homogenates were measured using
commercially available kits (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China).

Messenger RNA Abundance Analysis

Total RNA was extracted from the jejunal mucosa using
TRIzol reagent (Invitrogen, Carlsbad, CA, United States),
according to the manufacturer’s instructions. The sequences of
primers used in the present study are provided in Table 1.
The RNA concentration was measured using NanoDrop 1000
(Thermo Fisher Scientific), and the RNA integrity was assessed
by electrophoresis on 1% agarose gel. The reaction mixture
consisted of 5-pl fresh SYBR” Premix Ex Taq II (Tli RNase
H Plus), 0.5-ul forward primer, 0.5-pl reverse primer, 1-pl
complementary DNA, and 3-pl diethylpyrocarbonate-treated
water. The polymerase chain reaction (PCR) protocol was as
follows: 1 cycle at 95°C for 30 s, 40 cycles at 95°C for 5 s and
60°C for 34 s and 1 cycle at 95°C for 15 s, 60°C for 1 min and
95°C for 15 s. The relative expression levels of the target genes to
the housekeeping gene (B-actin) were assessed using the 2744t
method (Che et al., 2017).
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TABLE 1 | Primer sequences of target and reference genes.

Genes Primer sequence (5'-3') Product (bp) GenBank accession
Nrf2 Forward: CCATGTGTGGCAGTCCATGAT Reverse: GCAGGCATACCATTGTGGAT 183 AH006764.2
HO-1 Forward: GAAATCATCCCTTGCACGCC Reverse: CCTGAGAGGTCACCCAGGTA 122 NM_010442.2
Keap1 Forward: GAGTAGAGGTAGGGGTCGCC Reverse: TCACGGTGACTAAGCACAGC 82 NM_016679.4
NQO1 Forward: CATTGCAGTGGTTTGGGGTG Reverse: TCTGGAAAGGACCGTTGTCG 111 NM_008706.5
B-actin Forward: TGAGCTGCGTTTTACACCCT Reverse: GCCTTCACCGTTCCAGTTTT 198 NM_007393.5

Nrf2, nuclear factor-E2-related factor 2, HO-1, heme oxygenase-1; Keap1, kelch-like epichlorohydrin-associated protein 1; NQO1, NADPH quinone acceptor

oxidoreductase 1.

TABLE 2 | Primer sequences of target microbial populations in jejunal contents.

Items Primer sequence (5'-3') Amplicon length (bp)
Bacteroidetes Forward: GGARCATGTGGTTTAATTCGATGAT Reverse: AGCTGACGACAACCATGCAG 126
Escherichia coli Forward: CATGCCGCGTGTATGAAGAA Reverse: CGGGTAACGTCAATGAGCAAA 95
Firmicutes Forward: GGAGYATGTGGTTTAATTCGAAGCA Reverse: AGCTGACGACAACCATGCAC 126
Lactobacillus Forward: AGCAGTAGGGAATCTTCCA Reverse: ATTCCACCGCTACACATG 345

Bacterial DNA Extraction and Real-Time

> 1500
Quantitative Polymerase Chain Reaction 3 b a L CON
Approximately 1-g jejunal content was used for bacterial DNA g b == B8 0.1%EA
extraction using the QIAamp DNA Stool Kit (Qiagen, Hilden, .g 1000F —E Il 03%EA
Germany) according to the manufacturer’s instructions. Bacterial >
DNA extracted from the jejunal contents was used for gene E
sequence amplification by quantitative PCR using the primers g S00r
specified in Table 2. Primer specificity was assessed on the basis £
of the 16S rRNA gene sequence. The reaction conditions for z 0

quantitative PCR were as follows: 50°C for 2 min, 95°C for 5 min
and 40 cycles of denaturation at 94°C for 20 s, primer annealing
at a species-specific temperature for 30 s, and primer extension at
60°C for 1 min (Su et al., 2018).

Statistical Analysis

All results are expressed as the means + standard errors. Data
were analyzed by one-way analysis of variance using the GLM
procedure of SAS software (Version 9; SAS Institute, Inc., Cary,
NC, United States). All statements of statistical significance are
based on a probability of P < 0.05.

RESULTS

Growth Performance

As shown in Figure 1, the mice in the 0.3% EA group
had significantly higher (P < 0.05) ADG than those
in the CON group.

Jejunal Morphology

The jejunal villus height (Figure 2A) was greater in the mice fed
with the EA diet than those fed with the basal diet. The villus
height was greater (P < 0.05) in the 0.3% EA group than in the
CON group (Figure 2B). However, the crypt depth (Figure 2C)
and villus height/crypt depth ratio (Figure 2D) did not differ
among the three groups (P > 0.05).

FIGURE 1 | Effects of ellagic acid (EA) supplementation on growth
performance of mice. Results are presented as means + standard errors.
a.bMean values followed by different letters within a row indicate significant
differences (P < 0.05). CON, control group, mice received a standard pellet
diet; 0.1% EA, mice received a standard pellet diet plus 0.1% EA; 0.3% EA,
mice received a standard pellet diet plus 0.3% EA.

Jejunal Enzyme Activities

The jejunal enzyme activities are presented in Table 3. Compared
with the CON group, the jejunal lactase and sucrase activities
were enhanced (P < 0.05) in the 0.1% EA and 0.3% EA groups.
Moreover, 0.3% EA supplementation was found to increase
(P < 0.05) the jejunal alkaline phosphatase activity.

Jejunal Microbiota

The counts of Bacteroidetes and Firmicutes species in the jejunal
contents did not change significantly (P > 0.05) after EA
supplementation (Table 4). Compared with the CON group,
the count of Escherichia coli decreased (P < 0.05), and that of
Lactobacillus species increased (P < 0.05) in the 0.3% EA group.

Jejunal Antioxidant Capacity

As shown in Table 5, EA supplementation increased (P < 0.05)
the SOD and CAT activities and decreased (P < 0.05) the MDA
content in the jejunum of mice.
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FIGURE 2 | Effects of EA supplementation on jejunal morphology in mice. (A) Image showing jejunal morphology (200x); (B) villus height; (C) crypt depth; (D) villus
height/crypt depth ratio. Results are presented as means + standard errors. @?Mean values followed by different letters within a row indicate significant differences
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TABLE 3 | Effects of ellagic acid (EA) supplementation on jejunal digestive enzyme
activities in mice.

Items Treatment group* P-value
CON 0.1% EA 0.3% EA

Lactase, U/mL 1.86 + 0.19° 3.22 + 0.25° 4.90 +£0.372 <0.001

Sucrase, U/mL 17.85+0.51°  50.51 £0.83%  49.94 + 1.392 <0.001

Alkaline 4.65+010° 975+027% 987 +0.218  <0.001

phosphatase,

U/mL

Results are presented as means =+ standard errors.

a=CMean values followed by different letters within a row indicate significant
differences (P < 0.05).

*CON, control group, mice received a standard pellet diet; 0.1% EA, mice received
a standard pellet diet plus 0.1% EA; 0.3% EA, mice received a standard pellet
diet plus 0.3% EA.

Nuclear Factor-E2-Related Factor 2
Pathway-Related Gene Expressions
Levels

The differences in jejunal nuclear factor-E2-related factor 2
(Nrf2) pathway-related gene expression levels among the three
groups are presented in Figure 3. The jejunal messenger RNA
(mRNA) expression levels of Nrf2 and haem oxygenase-1 (HO-
1) were higher in the 0.3% EA group (P < 0.05) than in the
CON group. However, no significant differences (P > 0.05) were
noted in the mRNA expression levels of Keapl and NQO-1 among
the three groups.

DISCUSSION

The intestine has an enormous surface area that is optimized
to efficiently absorb nutrients, water, and electrolytes from food

TABLE 4 | Effects of EA supplementation on bacteria in jejunal digesta in mice [log
10 (copies per gram)].

Items Treatment group* P-value
CON 0.1% EA 0.3% EA
Bacteroidetes 714 +0.54 6.72 + 0.45 6.41 + 0.49 0.590
Escherichiacoli ~ 8.94+0.362  8.04 £ 0298  6.73+0.40°  <0.001
Firmicutes 7.90 £ 0.44 7.62 +£0.22 7.46 £ 0.26 0.620
Lactobacillus 439+ 0260 475+0.26%° 567 +0.442 0.032

Results are presented as means =+ standard errors.

abMean values followed by different letters within a row indicate significant
differences (P < 0.05).

*CON, control group, mice received a standard pellet diet; 0.1% EA, mice received
a standard pellet diet plus 0.1% EA; 0.3% EA, mice received a standard pellet
diet plus 0.3% EA.

TABLE 5 | Effects of EA supplementation on jejunal antioxidant capacity in mice.

Items Treatment group* P-value
CON 0.1% EA 0.3% EA

SOD, U/ml 7562 +£7.71° 15557 £9.832 171.71 £9.532  <0.001

CAT, U/ml 68.07 +£2.00° 94.00 4+ 2.24° 107.10 £2.442  <0.001

T-AOCC, U/ml 6.00 £ 0.98 6.52 £0.98 6.84 £ 0.33 0.768

MDA, nmol/ml  5.95 4 0.362 4.22 +0.16° 3.89 +0.12P <0.001

Results are presented as means + standard errors.

a8=CMean values followed by different letters within a row indicate significant
differences (P < 0.05).

*CON, control group, mice received a standard pellet diet; 0.1% EA, mice received
a standard pellet diet plus 0.1% EA; 0.3% EA, mice received a standard pellet
diet plus 0.3% EA.

(Konig et al., 2016). Maintaining the normal morphology of
the intestinal mucosa is essential to ensure efficient digestion
and absorption in animals (Mou et al., 2019). The villus height,
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crypt depth, and villus height/crypt depth ratio are the most
direct indices that can reflect the morphology of the small
intestine (Qin et al., 2018). In the present study, the jejunal
villus height was found to be greater in the 0.3% EA group
than in the CON group. This finding was consistent with that
of Sun et al. (2017), suggesting that EA administration can
change the morphological structure of the mouse jejunum and
can promote the development of the small intestine in mice.
It is well known that digestive brush border enzymes mainly
attach to the apical parts of villi (Asp et al., 1975). Moreover,
the proliferation of villi helps more digestive enzymes to enter
the intestine, thereby facilitating the digestion and absorption of
more nutrients (Cao et al., 2015). However, changes in intestinal
morphology are associated with alterations in enzyme activities
(Wan et al,, 2017). In the current study, we found that 0.1 or
0.3% EA supplementation enhanced the jejunal lactase, sucrase,
and alkaline phosphatase activities in mice. BW changes are a
comprehensive reflection of health. In our study, mice fed the
0.3% EA diet had higher ADG than those fed the basal diet.
This is a comprehensive reflection of EA-induced small intestinal
development and improved intestinal nutrient digestion and
absorption capacity.

The intestinal antioxidant capacity is also crucial for
maintaining intestinal health (Kim et al., 2021). The body has
a series of defense mechanisms for controlling oxidative stress;
one of these is the enzymatic antioxidant system (Pari and
Sivasankari, 2008). SOD and CAT are important enzymatic
antioxidants that can provide major antioxidant defenses against
ROS (Bhattacharyya et al, 2014; Shen et al, 2014). In the
present study, the jejunal SOD and CAT activities significantly
increased, whereas the jejunal MDA content decreased in

mice fed EA. These findings suggest that EA can improve
the jejunal antioxidant capacity. Evidence suggests that the
antioxidant effect of EA may be mediated by the stimulation
of Nrf2 and the activation of antioxidant response elements,
such as HO-1 (Ding et al, 2014). Nrf2 is an important
transcription factor that can control the induction of antioxidant
genes (Baluchnejadmojarad et al, 2017). In this study, we
found that EA supplementation increased Nrf2 and HO-1
mRNA expression levels in the mouse jejunum, suggesting
that EA can protect against oxidative stress via the Nrf2/HO-
1 pathway.

The intestinal microflora plays an important role in
maintaining intestinal microenvironment homeostasis (Liu
et al., 2019). Previous studies have revealed an increase in
the abundance of Firmicutes and Lactobacillus species and a
decrease in the abundance of Verrucomicrobia and Bacteroidetes
species in mice after polyphenols supplementation (Kim et al.,
2021; Lu et al, 2021). Our results demonstrated that EA
supplementation decreased the count of E. coli but increased the
count of Lactobacillus species. These results may be attributed
to the bacteriostatic or bactericidal action of polyphenols or
their ability to inhibit the adhesion of pathogenic bacteria
to the intestinal tract cells (Abu Hafsa and Ibrahim, 2018).
Furthermore, the intestinal microflora has been reported to affect
intestinal morphology (Forder et al., 2007). For instance, dietary
Lactobacillus casei supplementation was found to increase the
count of Enterobacteriaceae species and improve the intestinal
villus length in mice (Allori et al., 2000). In the present study,
the increased villus height noted in the 0.3% EA group was
consistent with the increased Lactobacillus count in the jejunum,
similar to previous findings.

Frontiers in Microbiology | www.frontiersin.org

December 2021 | Volume 12 | Article 793576


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Xu et al.

EA Improve Intestinal Health

CONCLUSION

In conclusion, the present study demonstrated that EA
administration could enhance the growth of mice, promote
jejunal development, improve the jejunal antioxidant capacity,
and regulate the intestinal microbiota. These findings provide
guidance on EA supplementation.
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villus height (VH) of jejunum and duodenum, crypt depth (CD), and VH/CD in FAM pigs
was improved compared to the CON group (P < 0.05). The increase (P < 0.05) of goblet
cells in the jejunum of FAM pigs was positively correlated with the expression of MUC-2
gene (R = 0.9150). The expression of genes related to immunity ((RAK4, NF-kB, and IL-
10) and intestinal barrier (Occludin and MUC-2) in the jejunum, as well as the expression
of ZO-1 and MUC-2 in the colon of these pigs, also showed increase (P < 0.05)
compared to CON pigs, which was accompanied by the decrease (P < 0.05) of LPS
concentration in the serum. The elevated proportion of CD3* and CD8™ T-lymphocyte
subsets in spleen (P < 0.05) confirmed the improvement of systemic immune function
in FAM pigs. In addition, FAM pigs have a higher g-diversity of microbial community
(P < 0.05) and promoted enrichment of probiotics such as Lactobacillus that positively
was correlated with acetate concentration in the colon over CON pigs. In summary,
partially replacement of expanded corn and soya protein concentrate with FAM (8%)
may benefit the intestinal barrier and immune function of weaned pigs without affecting
their growth. Our findings also provide evidence of the feasibility of FAM as a dietary
component in pigs to reduce the consumption of grain.

Keywords: weaned pigs, fermented alfalfa meal, intestinal barrier, colonic microbiota, immunity
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Fermented Alfalfa Benefits Pig Gut

INTRODUCTION

The expanding livestock industry has led to an increase in the
demand for grain and its by-products, resulting in deteriorating
food competition between humans and livestock (van Kernebeek
et al., 2016; van Zanten et al., 2018) and adverse environmental
impacts (Schader et al., 2015). In recent years, to meet the
increasing demand for high-quality meat, the swine populations
in China have a rapid growth (Zhuang et al,, 2020), leading
to an increase in the consumption of corn-soybean meal based
commercial feed. Replacing “grain-type” feedstuffs with “non-
grain-type” feed resources is an effective way to ensure the
sustainable development of the swine industry.

Alfalfa, especially Medicago sativa L., is regarded as “the queen
of forages” because of its high content of protein, minerals, and
vitamins and is the most common perennial legume forage in
China (Shi et al, 2017). The annual global output of alfalfa
is more than 300 million tons (Zheng et al., 2018). Alfalfa
meal is commonly used in ruminants as a commercial feedstuft.
However, due to its high content of crude fiber, alfalfa meal is
not considered to be effectively used by pigs. Insoluble dietary
fiber (IDF), such as cellulose, lignin, and xylan, is the main
component of crude fiber in alfalfa, accounting for more than
90% of the total dietary fiber (Knudsen, 1997; Chen et al., 2013).
For pigs, especially weaned piglets with limited tolerance to
crude fiber, high levels of crude fiber from plant cell walls can
reduce the digestibility of nutrients and the palatability of feed.
We have previously reported that the solid-state fermentation
by compound fungal strains can reduce the level of crude fiber
in wheat bran and increase the content of soluble dietary fiber
(SDF), and the supplement of fermented wheat bran in the
diet can improve the intestinal health without affecting the
growth performance in weaned pigs (Luo et al, 2021). The
main purpose of the current study is to evaluate the feasibility
of FAM replacing part of “grain-type” feedstuff in weaned
pigs. Meanwhile, the growth performance, intestinal barrier,
immunity related parameters, and the colonic microbiota were
investigated to discuss the potential effects of FAM on intestinal
health of weaned pigs.

MATERIALS AND METHODS

All experimental procedures and animal care were accomplished
in accordance with the Guide for the Care and Use of
Laboratory Animals provided by the Institutional Animal Care
Advisory Committee for Sichuan Agricultural University. The
experimental protocols used in the present study were approved
by the Sichuan Agricultural University Institutional Animal Care
and Use Committee No. 69130079.

Animals and Diets

A total of 20 Duroc x Landrace x Yorkshire cross-bred weaned
pigs with similar initial body weight (7.20 & 0.27 kg) were
randomly allocated to two groups with 10 replicates per group
and 1 pig per replicate, and each pig was raised in a 1.5
m x 0.7 m x 1.0 m metabolism cage. Pigs in the control

group (CON) were fed a basal corn-soybean meal diet. For
pigs in another group (FAM), a total of 7.2% expanded corn
and 1.8% soya protein concentrate in the diet were replaced
by equivalent FAM, respectively. FAM used in the current
study was prepared according to the method established in our
previous study (Luo et al., 2021). The diets were formulated to
meet the nutrient recommendations of the National Research
Council (2012) and no antibiotics were supplemented (Table 1).
The whole experiment lasted for 40 days, and the diet and
water were available ad Iibitum. The feed intake, mental
status, and health condition of each pig were investigated and
recorded every day.

Sample Collection, RNA Extraction, and

Real-Time PCR

On the early morning of day 41, all pigs were weighed and 10 mL
jugular blood was collected for flow cytometry and biochemical
analysis. After that, pigs were sacrificed under anesthesia by lethal
injection of 200 mg/kg sodium pentobarbital. The abdomen
of each pig was opened immediately and approximately 2 cm
of middle duodenum, jejunum, ileum, and colon was collected
and fixed in 100 mL 10% formaldehyde solution for histology
analysis, respectively, and the mucosa of each segment was
scraped using a sterilized slide and stored in liquid nitrogen
for RNA extraction. Approximate 5 g of colonic digesta was
collected for the analysis of microbiota and concentration
of short chain fatty acids (SCFAs), and 5 g of spleen was
also collected and stored on ice for the determination of
T-lymphocyte subsets.

The RNA of mucosal samples of jejunum and colon from
each pig were extracted using Trizol (TAKARA, Japan). The
mRNA levels of key genes of pattern recognition receptor related
signaling pathway, such as NOD1, NOD2, RIPK-2 (Wan et al.,
2018a), TLR4, MyD88, TRAF6 (Wan et al., 2019), IRAK4 (Islam
et al., 2012), and NF-kB (Tian et al., 2016), and cytokines and
antimicrobial peptides, such as IL-1B, IL-6, IL-10 (Feng et al.,
2015), and pBDI (Cheng et al., 2015), as well as intestinal barrier
related genes, such as ZO-1, Occludin (Wan et al., 2020), and
MUC-2 (Wan et al., 2018b), were quantified by real-time PCR
and the relative expression of each gene was calculated using
the 272 2Ct method (Reid et al., 2011). The extraction of RNA
and procedures of real-time PCR have been described before
(Luo et al., 2021).

Histological and Flow Cytometry

Analysis

The villus height (VH), crypt depth (CD), and VH/CD ratio
of each small intestine sample was measured. The methods of
embedding, staining, and microscopic observation of paraffin
sections have been described before (Luo et al, 2021). The
concentrations of lipopolysaccharide (LPS) and D-lactate in
each serum sample were assayed using a porcine ELISA kit
purchased from Wuhan Meimian Biological Technology Co., Ltd.
(Hubei, China). The proportion of CD3%, CD4™", and CD8"T
lymphocyte subsets in each blood sample was detected following
our reported method (Luo et al., 2021).
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TABLE 1 | The composition and the level of nutrients in the experimental diets
(air-dried basis).

Item CON FAM
Ingredient (%)

Expanded corn 37.19 29.99
Peeled soybean meal 20.55 20.55
corn starch 18.00 18.00
Fish meal 4.50 4.50
Soya protein concentrate 4.30 2.50
Whey powder 5.50 5.50
Sucrose 4.00 4.00
Glucose 3.00 4.00
Soybean oil 0.20 0.20
FAM 0.00 8.00
NaCl 0.30 0.30
L-Lysine-HCI 0.40 0.40
DL-Methionine 0.15 0.15
Threonine 0.14 0.14
Tryptophan 0.03 0.03
Limestone 0.60 0.60
Dicalcium phosphate 0.80 0.80
Chloride choline 0.10 0.10
Vitamin premix’ 0.04 0.04
Mineral premix? 0.20 0.20
Total 100.00 100.00
Nutritional value®

Digestible energy (DE, Mcal/kg) 3.53 3.55
Crude protein (CP, %) 17.45 16.66
Calcium (Ca, %) 1.00 0.79
Total phosphorus (TP, %) 0.63 0.56
Available phosphorus (AP, %) 0.43 0.40
Digestible lysine (D-Lys, %) 1.44 1.33
Digestible methionine (D-Met, %) 0.45 0.43
Methionine + Cystine (D-Met + D-Cys, %) 0.66 0.67
Digestible threonine (D-Thr, %) 0.86 0.81
Digestible tryptophan (D-Trp, %) 0.28 0.20
Crude fiber (CF, %) 1.92 6.64
Neutral detergent fiber (NDF, %) 12.12 14.12
Acid detergent fiber (ADF, %) 10.61 1217
Soluble dietary fiber (SDF, %) 2.10 3.96
Insoluble dietary fiber (IDF, %) 7.83 8.47

" The vitamin premix provided Vitamin A 30,000,000 IU, Vitamin D3 10,000,000
U, Vitamin E 80,000 IU, Vitamin K3 10,000 mg, Vitamin B1 10,000 mg, Vitamin
B2 25,000 mg, Vitamin B6 12,000 mg, Vitamin B12 120 mg, D-pantothenic acid
50,000 mg, folic acid 5,000 mg, and biotin 500 mg per kg of diet.

2The mineral premix (7-25 kg) provided, 350 mg Fe (FeSQO4-H»0), 41.67 mg
Cu (CuS0O4-5H»0), 292.78 mg Zn (ZnSQ4-7H-0), 66.20 mg Mn (MnSO4-H»0),
8.31 mg I (KI), 30.61 mg Se (NaxSeOg3), and 1209.55 mg CaCOgz per kg of diet.
SThe level of CP. CF, NDF, ADF, SDF, and IDF was measured value, while the
content of DE, Ca, TR, AR, D-Lys, D-Met, D-Met + D-Cys, D-Thr, and D-Trp was
calculated value.

CON, control, FAM, fermented alfalfa meal.

DNA Extraction, 16S rRNA Amplicons
Sequencing, and Analysis of Short Chain
Fatty Acids

The genomic DNA in each colonic sample was extracted
using a bead-beating method (Zoetendal et al., 1998). The
subsequent establishment of 16S rRNA amplicons library and
bioinformatics analysis was performed following our described

methods (Luo et al, 2017), and all reads were deposited in
the National Center for Biotechnology Information (NCBI)
and can be accessed in the Short Read Archive (SRA) under
accession number PRJNA763735. The determination of acetate,
propionate, butyrate, valerate, isobutyrate, and isovalerate
concentration in colonic digesta also referred to our published
methods (Luo et al, 2015). In brief, approximate 1 g of
each digesta sample was suspended in 2 mL distilled water
and vortexed, and then centrifuged (12,000 g) at 4°C for
10 min. The supernatant (1 mL) was then mixed with 0.2 mL
metaphosphoric acid, and 1-pwL supernatant was analyzed using
a gas chromatograph (Varian, GC CP3800).

Statistical Analysis

An IBM SPSS Statistics 27 software was used to check
normal distribution of the data. Then, differences in intestinal
morphology related parameters, number of goblet cells, intestinal
permeability indexes, proportion of T-lymphocyte subsets, and
concentration of short-chain fatty acids (SCFAs) between CON
and FAM groups were analyzed with independent sample
t-test. Differences were considered statistically significant when
P < 0.05. The correlation between the concentration of each
SCFA and bacterial species was calculated using Pearson’s
correlational analysis and the results were visualized using the
vegan, ggeor, and dplyr packages of R 4.0.1. The Pearson’s
correlation between the number of goblet cells and relative
expression of MUC-2 gene in jejunum was analyzed and
visualized using a ggplot2 package of R 4.0.1, while the relative
expression of genes in jejunum and colon of pigs in the two
groups was clustered using a pheatmap package.

RESULTS

Influence of Fermented Alfalfa Meal on

the Growth Performance and the
Morphology of Small Intestine in Weaned
Pigs

After 40 days of feeding, no difference in the final body
weight (FBW), ADG, and F/G was found between the two
groups (P < 0.05), but the ADFI of FAM pigs was increased
(P < 0.05, Table 2). According to histological staining and
scoring, comparing with CON pigs, the villus height (VH) in
duodenum (Figure 1A), and the VH/CD in duodenum and
jejunum (Figures 1A,B), except that in ileum (Figure 1C), was
increased (P < 0.05). The number of goblet cells in jejunum
(Figure 1D) was also increased (P < 0.05), while the crypt depth
(CD) in the jejunum (Figure 1B) of FAM pigs was decreased
(P < 0.05).

Effect of Fermented Alfalfa Meal on the
Intestinal Barrier and Immune Related
Indexes in the Intestine of the Weaned

Pigs

As shown above, the feeding of FAM containing diet affected the
intestinal morphology of the weaned pigs, which may further
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TABLE 2 | The growth performance of the weaned pigs.

Item CON FAM SD P-value
IBW (kg) 7.23 717 0.27 0.22
FBW (kg) 19.22 17.21 2.13 0.08
ADG (g) 480.58 430.20 53.24 0.08
ADFI (9) 718.85 722.28 47.50 0.03
F/G 1.51 1.68 0.17 0.65

IBW, initial body weight; FBW, final body weight; ADG, average daily gain; ADFI,
average daily feed intake; F/G, feed/gain;, CON, control; FAM, fermented alfalfa
meal; SD, standard deviation.
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FIGURE 1 | The morphology and number of goblet cells in the small intestine
of the pigs. CON, control; FAM, fermented alfalfa meal. (A=C) The morphology
of duodenum, jejunum, and ileum of the pigs. (D) The number of goblet cells
per square millimeter of intestinal villus in each segment. *P < 0.05.

influence the intestinal barrier and immune function of these
animals. Because both the morphology and number of goblet
cells in jejunum showed marked changes, we selected jejunum
as the representative of small intestine. According to real-time
PCR results, the relative expression of several intestinal barrier
and immunity related genes were increased (P < 0.01 or 0.05)
in the jejunum (Figures 2A,B) and colon (Figures 2C,D) of
FAM pigs compared with CON pigs. Particularly, most of these
up-regulated genes were found in the jejunum (IRAK4, NF-kB,
IL-10, Occludin, and MUC-2) and only two (ZO-1 and MUC-2)
presented in the colon. Consistent with this, the concentration of
LPS in the serum of FAM pigs was lower (P < 0.05) than that
in CON pigs (Figure 2E). Because goblet cells are the producer
of mucin in the gut (Grondin et al., 2020), we further analyzed
the correlation between the number of goblet cells and the

relative expression of MUC-2 in jejunum, indicating a significant
(R =0.92) correlation between them (Figure 2F).

Effect of Fermented Alfalfa Meal on the
Proportion of T-Lymphocyte Subsets in

Serum and Spleen of the Weaned Pigs

The difference in the concentration of serum LPS may reflect
the change in intestinal permeability and immunity of the pigs.
We thus compared the proportion of T-lymphocyte subsets in
the blood of pigs between the two groups. The results of flow
cytometry showed that the proportion of CD3* (P < 0.01) and
CD8*' (P < 0.05) T lymphocyte subsets in the spleen of FAM
pigs was decreased compared to CON pigs (Figure 3B). However,
we did not observe any differences in the proportion of CD4™"
T-lymphocyte subsets and ratio of CD4*/CD8" in the blood
(P > 0.05) of pigs between the two groups (Figure 3A).

Effect of Fermented Alfalfa Meal on the
Microbial Community and Metabolites in

the Colon of the Weaned Pigs

The utilization of fiber in the hindgut of pigs mainly depends on
the fermentation of microorganisms. Therefore, we examined the
composition of microbial community and the concentration of
main metabolites (SCFAs) in the colon of the pigs. Sequencing
based on 16S rRNA amplicons showed no difference (P > 0.05)
in the a-diversity of colonic microbial community between the
two groups (Table 3), but a difference (P = 0.038) in B-diversity
was found (Figure 4A).

Except for those unidentified phyla, a total of 22 and 25
known phyla were identified in the colonic digesta of CON
and FAM pigs (Figure 4B), respectively. Of these phyla,
Firmicutes (62.63~70.38%), Bacteroidetes (22.01~29.10%),
and Proteobacteria (2.13~2.60%) were the most predominant
bacteria in relative abundance. The difference of colonic
microbial composition between the two groups was mainly
reflected in the genus level. Among the top 20 genera, the
abundance of Lactobacillus showed significantly different
(P = 0.013) between the two groups, which was absolutely
higher in FAM (22.58%) pigs compared to CON (1.48%)
pigs (Figure 4C). Linear discriminant analysis (LDA)
and LDA coupled with effect size (LefSe, o = 0.01, LDA
score > 2.0) showed 34 and 21 taxa enriched in CON and
FAM pigs (Figure 4D), respectively. Of these taxa, 8 known
genera including Pyramidobacter, Lactifluus, Oxalobacter,
Buryricimonas, vadinCA11, Sutterella, Ruminobacter, and YRC22
were particularly abundant in CON pigs, while 7 other known
genera, Lysinibacillus, Enterococcus, Ureibacillus, Bacillus,
Trichococcus, Veillonella, and Lactobacillus, were specifically
abundant in FAM pigs (Figure 4D).

Among the six measured SCFAs, the concentration of acetate
showed increased (P < 0.05) in the colonic digesta of FAM
pigs compared to CON pigs (Figure 4E). Further Pearson’s
correlation showed multiple correlations between the abundance
of specifically enriched taxa and the concentration of SCFAs
(Figure 4F), highlighting the contribution of these bacteria to
microbial metabolites in the colon of these pigs.
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FIGURE 2 | The relative expression of barrier and immunity relating genes and the permeability of intestine in the weaned pigs. (A) The relative expression of genes
in jejunum. (B) The expression of genes in the jejunum of each pig visualized by heatmap. (C) The relative expression of genes in colon. (D) The expression of genes
in the colon of each pig visualized by heatmap. (E) The concentration of LPS and D-lactate in serum. (F) The correlation between the relative expression of MUC-2
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DISCUSSION

In the past, the application of forage grass was mostly limited to
ruminants. The digestive physiological structure of monogastric
livestock such as pig determines that they cannot effectively use
forage. The rational development of non-grain feed resources
is a feasible way to remit the contradiction between increasing
population and the shortage of food. In the current study, we
proved the feasibility of small-amount substitution of expanded
corn and soybean protein concentrate by FAM in the feed
of weaned piglets.

Limited studies focused on the utilization of alfalfa meal in
swine feed. For example, the daily gain of growing pigs housed
in a cold (10°C), thermoneutral (22.5°C), or hot (35°C) thermal
environment can be reduced by 1, 3, and 5% by the supplement of
10% dehydrated alfalfa meal in their feed (Stahly and Cromwell,
1986). Similar result is also found in sows fed 20% alfalfa meal

containing feed (Pond et al,, 1980). When the proportion of
alfalfa meal in feed ranges from 20 to 60%, its negative effect
on daily gain and feed/gain in growing-finishing pigs is dose-
dependent (Powley et al., 1981), which may be due to the high
concentration of crude fiber in alfalfa meal. It is worth noting that

TABLE 3 | The a-diversity indexes of microbial community in the colonic digesta of
the weaned pigs.

Index CON FAM SD P-value
Chaot 11825.18 10962.04 1898.304 0.55
Observed species 5088.77 5022.37 509.10 0.87
PD whole tree 310.58 309.38 28.27 0.96
Shannon 9.12 8.91 0.67 0.72

CON, control; FAM, fermented alfalfa meal; SD, standard deviation.
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the alfalfa meal used in these studies is not specially processed
(e.g., fermentation). In this study, the proportion of FAM was
8%, resulting in an increase of crude fiber from 1.95 (CON) to
3.64 (FAM) in formula feed. Meanwhile, the concentration of
extruded corn and soya protein concentrate in the feed of FAM
group was 7.2 and 1.8% lower than that of CON group. However,
no significant changes in most growth performance related
parameters, except for increased ADFI, were found in FAM pigs
after a continuous feeding for 40 days. These findings suggest that
partially replacing expanded corn and soybean protein with 8%
FAM has no effect on the growth of weaned pigs.

Our study highlighted the role of FAM containing diet on
intestinal health of the weaned pigs. The intestinal epithelium
has strong plasticity (de Sousa E Melo and de Sauvage, 2019).
Changes in villus density and height, crypt depth, as well as the
renewal rate of epithelium are regarded as common parameters
to assess host response to nutrients, pathogens, and stress (Kopf
and Sixt, 2019). Crypt in intestinal epithelium is considered as a
villus workshop due to its internal stem cells (De Gregorio et al.,
2018). We found that comparing with pigs fed basal diet, pigs
fed FAM containing diet had higher villus height and ratio of
villus height/crypt depth, especially in jejunum and duodenum,
indicating a promotion of FAM on the development of villi in the
small intestine. Interestingly, we further found that the number
of goblet cells in the jejunum of pigs fed FAM diet is remarkably

higher than that of pigs in the control group, which was positively
correlated with the expression of MUC-2 gene. It is well known
that goblet cells, existing in the single columnar epithelium of
small and large intestine, secrete mucin 2 (Pelaseyed et al., 2014)
that works with water, inorganic salt, and antibacterial peptide
to form viscous gel-like network in the gut (Kim and Ho, 2010).
Our result thus suggests an enhanced intestinal mucus barrier
in pigs fed FAM. In addition, the increased expression of tight
junction protein (e.g., Occludin and ZO-1) genes in the jejunum
and colon suggested an improved intestinal mechanical barrier in
pigs fed FAM containing diet. The lower concentration of LPS in
the serum provides further evidence for FAM diet improving the
intestinal barrier function of these pigs.

As the “pioneer” of pathogens invading body, LPS triggers the
immune response of the host by activating the signal pathway
related to pattern recognition receptors such as TLR4 (Szabo
et al, 2010). We found that after feeding FAM containing
diet, the expression of IRAK4, NF-kB, and IL-10 genes in the
jejunum of pigs was elevated compared to the CON group.
IRAK4 can activate downstream inhibitor of NF-kB kinase
(IKK) and mitogen activated protein kinase (MAPK) pathway
by inducing the binding of IRAK1 and tumor necrosis factor-
associated factor 6 (TRAF6) (Madera-Salcedo et al., 2013), which
in turn promotes the nuclear translocation of NF-kB (Sina
et al, 2010). Among all NF-kB-induced cytokines, IL-10 is
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a well-known anti-inflammatory cytokine that can stimulate
natural and specific immunity (de Vries, 1995). Therefore, our
findings indicate that the supplement of FAM in the diet may
enhance the immune function of the weaned pigs through
MyD88 dependent LPS/TLR4 signal pathway. This inference was
also confirmed by the results of flow cytometry, that is, the
proportion of CD3™ and CD8" T lymphocytes in the spleen of
pigs fed FAM diet was decreased compared to control.

Gut microbiota constitutes another important intestinal
barrier. The composition of microflora is an important factor
affecting intestinal homeostasis of the host (Ohland and
Jobin, 2015). In the current study, 16S rRNA based amplicon
sequencing revealed similar a-diversity but different composition
of microbial community in the colon between FAM and CON
pigs. Genera that may contain large amounts of probiotics, such
as Lactobacillus and Enterococcus, were enriched in the colon
of FAM pigs. Interestingly, Lysinibacillus, a genus with a strong
ability to degrade lignocellulose (Ayeronfe et al., 2019), was also
found more abundant in pigs fed FAM diet. It is speculated that
the changed microbiota in colon of FAM pigs contributed to the
fermentation ability more than CON pigs, which was confirmed
by the markedly higher concentration of acetate in the colon
of these pigs. A study in growing pigs also shows that with the
increase of alfalfa meal in the diet, the pH value of ileal digesta
and the concentration of acetate in feces is increased (Chen et al.,
2013). Our results of correlation analysis proved that the distinct
microbial species enriched in the colon of the pigs contributed to
the different concentration and composition of SCFAs between
the two groups. Moreover, although the level of crude fiber in
FAM diet was as high as 6.64% (vs. 1.92% in CON diet), no
decrease in the growth performance of the animals was observed
in this study, which may be related to the improvement of
microbial composition and metabolites in the hindgut. However,
the direct effect of the dietary fiber composition of FAM on
intestinal microbiota in pigs remains to be explored.

CONCLUSION

In the current study, we showed that the supplement of FAM
in the diet improved the morphology and reduced the mucosal
permeability of small intestine without affecting the growth of
weaned piglets. The interaction between increased number of
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suspensions (1 x 10'0 CFU/mL) both before and after partial hepatectomy. The
results showed that L. plantarum AR113 administration 2 weeks before partial
hepatectomy can accelerate liver regeneration by increased hepatocyte proliferation
and tumor necrosis factor-a (TNF-a), hepatocyte growth factor (HGF), and transforming
growth factor-B (TGF-B) expression. Probiotic administration enriched Lactobacillus
and Bacteroides and depleted Flavonifractor and Acetatifactor in the gut microbiome.
Meanwhile, L. plantarum AR113 showed decline of phosphatidylethanolamine (PE),
phosphatidylcholine (PC), phosphatidyl serine (PS), and lysophosphatidyl choline
(LysoPC) levels in the serum of the rats after the L. plantarum AR113 administration.
Moreover, L. plantarum AR113 treated rats exhibited higher concentrations of L-leucine,
L-isoleucine, mevalonic acid, and lower 7-0xo-8-amino-nonanoic acid in plasma than
that in PHx. Spearman correlation analysis revealed a significant correlation between
changes in gut microbiota composition and glycerophospholipid. These results indicate
that L. plantarum AR113 is promising for accelerating liver regeneration and provide
new insights regarding the correlations among the microbiome, the metabolome, and
liver regeneration.

Keywords: Lactiplantibacillus plantarum, partial hepatectomy, liver regeneration, gut microbiota, plasma
metabolites, glycerophospholipid
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INTRODUCTION

Liver diseases are a major medical problem for health care
systems worldwide (Chowdhury et al., 2021). Partial hepatectomy
and liver transplantation are currently the only curable methods
for patients with hepatocellular carcinoma and cirrhosis (Yagi
et al., 2020). However, complications like biliary leakage with
consecutive bacterial peritonitis have a severe negative impact on
the post-operative course (Tanemura et al., 2018). Therefore, the
liver’s remarkable capacity to regenerate after surgery determines
the long-term prognosis and quality of life of patients.

Liver regeneration is an orchestrated biological process
that includes sequential changes in gene expression, growth
factor production, and tissue remodeling (Michalopoulos and
Bhushan, 2021). Following liver resection, hepatocytes, which
are not terminally differentiated, exhibit substantial proliferative
capacity. Many cytokines, notably HGE, epidermal growth factor,
transforming growth factor-a (TGF-a), interleukin-6 (IL-6), and
TNF-a, which are involved in liver regeneration, have been
identified and extensively reviewed (Hoffmann et al, 2020).
However, liver regeneration research has typically focused on
signaling pathways intrinsic to the liver, overlooking those
derived from the gut.

Due to the intestinal-liver axis interaction, there are natural
and close links between the gut and the liver in terms of
anatomical structure and physiological function. Gut microbiota
play an important role in different liver diseases (such as non-
alcoholic fatty liver disease, cirrhosis, hepatocellular carcinoma,
alcoholic liver disease, etc.) (Trebicka et al., 2021). For example,
in decompensated liver cirrhosis, gut microbiota composition is
changed due to factors such as liver function decline, decreased
bile secretion, and hepatic portal hypertension (Crismale
and Friedman, 2020). On the contrary, intestinal mucosal
permeability is increased, bacterial overgrowth and translocation
of intestinal bacteria leads to endogenous infection, which is a
common complication of end-stage cirrhosis (Li et al., 2018). It
has been noted that liver regeneration is closely associated with
alterations in gut microbiota. In the absence of gut microbiota,
the normal regeneration function of the liver was significantly
inhibited (Adolph et al., 2018). Gut microbiota may indirectly
interfere with liver regeneration after partial hepatectomy by
inducing systemic or local inflammatory responses through

Abbreviations: L. plantarum, Lactiplantibacillus plantarum; PHx, 70% partial
hepatectomy; SD, Sprague-Dawley; TNF-a, tumor necrosis factor-o; HGE
hepatocyte growth factor; TGF-B, transforming growth factor-p; PE, phosphatidyl
ethanolamine; PC, phosphatidyl choline; PS, phosphatidyl serine; LysoPC,
lysophosphatidyl choline; TGF-a, transforming growth factor-a; IL-6, interleukin-
6; BAs, bile acids; MRS, Man-Rogosa-Sharpe; PBS, phosphate buffer saline;
H&E, hematoxylin-eosin; TBil-V, total bilirubin; ALT, alanine aminotransferase;
AST, aspartate aminotransferase; ALB II, albumin II; Glo II, globulin II; TP,
total protein; PCoA, principal coordinates analysis; LEfSe, linear discriminant
analysis effect size; LDA, linear discriminant analysis; PCA, principle component
analysis; OPLS-DA, orthogonal partial least-squares-discriminant analysis;
VIP, variable importance in the projection; KEGG, Kyoto Encyclopedia
of Genes and Genomes; ANOVA, analysis of variance; Leu, leucine; Ile,
isoleucine; Val, valine; PIs, glycerophosphoinositol; PCs, glycerophosphocholines;
PSs, glycerophosphoserines; PGs, glycerophosphoglycerols; GPE,
glycerophosphoethanolamine; GPC, glycerophosphocholine; GPCRs, G protein-
coupled receptors; GPI, glycosylphosphatidylinositol; ARA, arachidonic acid; TG,
triacylglycerol.

bacterial or endotoxin translocation (Cornide-Petronio et al.,
2020). In addition, gut microbiota affects intestinal signaling
and enterohepatic circulation of bile acids (BAs) which have
been identified as key metabolic signals during liver regeneration
(Liu et al., 2015).

Probiotics supplementation is associated with modulation
of the gut microbiota to reduce the inflammation cascade
and enhance the immune system associated with liver surgery
(Nishida et al., 2018). Pediococcus pentoseceus, Lactococcus
raffinolactis, and Lactobacillus paracasei 19 inhibited bacterial
translocations after liver resection in rats, and induced hepatocyte
mitosis which was delayed by colonic anastomosis (Seehofer
et al., 2004). Treatment with the Linex containing Lactobacillus
and Bifidobacterium alleviated hepatic injury and restored
liver function in chronic liver disease patients (Rodes et al,
2014). Although these selected strains have been shown
to prevent bacterial infections following abdominal surgery,
thus far, the experience with selected probiotics in patients
after PHx is limited.

The present study aimed to evaluate the effects of L. plantarum
ARI113 in liver regeneration. The results showed that
L. plantarum ARI13 intervention 2 weeks prior to partial
hepatectomy significantly promoted liver regeneration and
reduced mortality in animals. In addition, comprehensive
analyses of cytokines, gut microbiome, and serum metabolites
composition were performed to explore the mechanism
underlying the beneficial effects of L. plantarum AR113 during
the late phases of liver regeneration. In general, our data suggest
that L. plantarum AR113 administration before PHx may be a
promising strategy to accelerate liver regeneration.

MATERIALS AND METHODS

Bacterial Cultures and Growth

Conditions

Lactiplantibacillus plantarum AR113 was obtained from the
Shanghai Engineering Research Center of Food Microbiology,
University of Shanghai for Science and Technology (Shanghai,
China), which was kept at the China General Microbiological
Culture Collection Center, preservation number, CGMCC No.
13909). L. plantarum AR113 was stored in 30% glycerol tubes at
—80°C. The bacteria were first streaked on Man-Rogosa-Sharpe
(MRS) agar plates and cultured in an anaerobic station at 37°C.
After 3 days of culture, single colonies of bacteria were activated
in MRS liquid medium for 2 generations and cultured at 37°C for
16 h. The bacteria were centrifuged (8,000 x g, incubated at 4°C
for 10 min) and resuspended with sterile phosphate buffer saline
(PBS, pH 7.4) until the final concentration was 110! CFU/mL.

Animals and Partial Hepatectomy

The animal protocol was reviewed and approved by the Animal
Care Committee of Institute of Bast Fiber Crops, Chinese
Academy of Agricultural Sciences (no. 2020-016). SD rats
were housed in steel microisolator cages at 22°C with a 12-
h light/dark cycle. Food and water were provided ad libitum
throughout study. A total of 120 male rats were randomly
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divided into five groups: (A) control, (B) sham hepatectomy,
the sham hepatectomy consisted of laparotomy and mobilization
of the liver, (C) PHx, 70% liver resection procedures were
performed, (D) AR113+4+PHx, L. plantarum AR113 was given
by gastric gavage, which was started 14 days before partial
hepatectomy, and continued until 3 or 7 days after the PHx. (E)
PHx+ARI113, L. plantarum AR113 was given by gastric gavage,
which was started at partial hepatectomy, and continued until 3
or 7 days after the operation. For rats in groups (C-E), 70% liver
resection procedures were performed according to the method
published by Higgins and Anderson (Higgins and Anderson,
1931). L. plantarum AR113 (suspended in physiological saline)
was given to rat by oral gavage at a dose of 10'° CFU/mL. Rats in
Groups A and B were gavaged the same volume of physiological
saline. Rats were killed 3 or 7 days after 2/3 PHx surgery covering
the time when hepatocytes are actively proliferating. At the end
of the experiment, animals were sacrificed, and liver, blood, and
fecal samples were collected.

Hepatic Regeneration Rate

Measurement

The liver regeneration rate was calculated as remnant liver
weight/estimated whole liver weight, which was calculated as
follows:

Liver Regeneration Rate
= [Wc— (Wa— Wb)]/[Wa— Wb] x 100
Wa = Wb/70%

Where Wa is the initial weight of rat liver at the start of PHx,
and Wb and Wc are the actual weights of the surgically excised
liver tissue and the residual liver tissue at the time points of 3 and
7 days after reperfusion.

Liver Histology

After rats were sacrificed, a portion of each excised liver
was formalin-fixed and sliced into 5 pm thick sections. The
sections were then stained with Hematoxylin-Eosin (H&E) for
morphological examination. Three H&E-stained levels/sections
were examined per specimen. Images were then taken at
20x magnification.

Immunohistochemistry was carried out for Ki-67 to estimate
liver proliferation. The sections were incubated with rabbit anti
mouse Ki-67 (1:100 Abcam, Cambridge, United Kingdom) as
primary antibodies overnight at 4°C. After washing, the sections
were incubated with second antibodies HRP polymer detection
kit. Digital images were taken around the central vein by using an
AxioM1 light microscope (Carl Zeiss, Germany). The number of
Ki-67-positive hepatocytes was manually counted in 20 random
visual fields at 200X magnification.

Liver Biochemistry

The concentrations of liver plasma total bilirubin-V (TBil-
V), alanine aminotransferase (ALT), aspartate aminotransferase
(AST), IL-6, albumin II (ALB II), globulin II (Glo II), total

protein (TP), TNF-a, TGF-f, and HGF were determined
by using commercial kits as described in the references
(Cassano and Dufour, 2019).

Analysis of the Gut Microbiota

Fecal DNA was manually extracted using QIAamp DNA
Stool Mini Kit (Qiagen, Germany). The extracted DNA
from each sample was used as the template to amplify the
V3 and V4 hypervariable regions of ribosomal 16S rRNA
genes on a 454-Junior Genome Sequencer (Roche 454 Life
Sciences, Branford, CT, United States) as described. The
16S rRNA genes were amplified by the universal primers
F  (5-ACTCCTACGGGAGGCAGCAG-3') and R (5-
GGACTACHVGGGTWT-CTAAT-3'). The PCR products were
purified with AMPure XP beads (Agencourt, Beckman Coulter,
Brea, CA, United States) and were sequenced on an Illumina
MiSeq platform (Illumina, San Diego, CA, United States). The
clean data were clustered into operational taxonomic units
(OTUs) with a 97% threshold by Vsearch software (v2.3.4,
Vsearch). OTUs were annotated with RDP classifier as described
to the Ribosomal Database Project (RDP, database v.11.3). The
Chaol index, Shannon index, and principal coordinates analysis
(PCoA) were calculated by QIIME software (version 1.8.0).
Linear discriminant analysis effect size (LEfSe) analysis was
performed on the Galaxy web platform to identify discriminant
taxa among groups. Linear discriminant analysis (LDA) score
was used to estimate the effect size of different taxon. Results with
LDA score greater than 3.5 were defined as discriminative taxa.

Plasma Metabolites Analysis

Each 200 pL serum was added to 600 WL pre-cooled
methanol: acetonitrile (2:1 = v:v) and vortexed for 1 min.
After centrifugation at 2 x 10%* g for 20 min, supernatant
was transferred to a new tube and freeze-dried. The dried
samples were re-constituted with 10% aqueous methanol, filtered
through 0.22 pm polyvinylidene fluoride membrane, and used
for subsequent LC-MS/MS analysis.

To identify the metabolites from plasma, samples were
analyzed by LC-MS/MS analysis, which was described in our
previous study (Heinrich et al., 1988). The extracts were analyzed
by ACQUITY UHPLC system (Waters) coupled to a Xevo
G2-XS Q-TOF mass spectrometer, operating in both positive
and negative ionization mode. The sample was loaded onto an
ACQUITY UPLC BEH C18 (100 mm x 2.1 mm, 1.7 um) column
held at 45°C. The mobile phase consisted of 0.1% (v/v) formic
acid (solution A) and acetonitrile contained 0.1% formic acid
(solution B), with a flow rate of 0.4 mL/min. The elution profile
was set as following: 0 min, 1% B; 1 min, 5% B; 2 min, 30% B; 3.5
min, 60% B; 7.5 min, 90% B; 9.5 min, 100% B; 12.5 min, 100% B;
and 12.7 min, 1% B; 16 min, 1%, flow rate, 0.40 mL/min.

The ion source condition settings were as follows: desolvation
temperature set at 350°C; capillary voltage set at 30 V; mass
spectrometry data range was from 100 to 1,200 m/z. The raw
data from the LC-MS/MS were analyzed using the progenesis
QI software (Waters Corporation, Milford, United States). The
internal standard was used for data QC to test reproducibility
of analysis methods. Principle component analysis (PCA) and
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orthogonal partial least-squares-discriminant analysis (OPLS-
DA) were performed using SIMCA-P+12.0.1.0 chemometrics
software to visualize the metabolites alterations among the
samples. The statistical criteria for preliminary selection of
characteristic metabolites were threshold of variable importance
in the projection (VIP) from the OPLS-DA greater than 1.0 and
g-value < 0.05 in a t-test. Enriched metabolic pathways were
performed using MetaboAnalyst! based on the pathway library
from Kyoto Encyclopedia of Genes and Genomes (KEGG).

Statistical Analysis

Student’s t-test was used for comparisons of metabolite levels
using the statistical computer package GraphPad Prism version
6 (GraphPad Software Inc., San Diego, CA, United States).
Results in the present study were shown as means £+ SEM.
Statistical comparisons were made using two-way analysis of
variance (ANOVA) with Tukey’s post hoc test. P-values < 0.05
were considered as statistical significance. Columns with different
letters differ significantly.

RESULTS

L. plantarum AR113 Administration
Increased Hepatocyte Proliferation and
Accelerated Liver Regeneration of 70%

Partial Hepatectomy Rats
In order to investigate the effect of L. plantarum ARI113
administration on liver regeneration, hepatocyte proliferation
and hepatic regeneration rate were analyzed. The proliferation
of hepatocytes at different groups after two-thirds PHx was
evaluated in rats by Ki67 staining. Remarkably, pretreatment
with L. plantarum AR113 before PHx significantly increased the
cell proliferation rate compared with the PHx group at 3 days
after PHx (Supplementary Table 1). Because the proliferation
of liver cells occurs within 3 days after surgery, there was no
significant difference in cell proliferation rates between the PHx
group and L. plantarum AR113 pretreatment group at 7 days after
PHx (Supplementary Table 1). Therefore, in vivo proliferation
analyses demonstrated that proliferation of hepatocytes was
enhanced in the presence of L. plantarum AR113 administration.
Rats were sacrificed 3 and 7 days after PHx and their livers
were collected and analyzed. Intriguingly, Table 1 shows that
L. plantarum ARI113 pretreatment can significantly reduce rat

!www.Metaboanalyst.ca

TABLE 1 | The hepatic regeneration rate and rat mortality after PHx.

Hepatic regeneration rate Rat mortality (%)

3 days after PHx 7 days after PHx
PHXx 45.5% + 0.572 58.2% + 0.83° 40%
AR113+PHXx 46.49% + 1.092 67.72% + 1.372 25%
PHx+AR113 40.32% + 0.65P 62.51% + 0.982 35%

Different letters indicate significant differences, P < 0.05 (ANOVA followed by
Tukey’s HSD test).

Sham 3d

Control 7.d‘ .

FIGURE 1 | H&E staining 3 and 7 days after PHx of the liver tissue sections of
Control, Sham, PHx, AR113+PHXx, and PHx+AR113 groups. Scale
bar = 50 wm for H&E.

mortality during PHx. In addition, we also found that hepatic
regeneration rate in L. plantarum AR113 pretreatment rats was
significantly accelerated compared to PHx rats at 7 days after
PHx, but there was no significant difference in the hepatic
regeneration rate between these two groups at 3 da<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>