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Editorial on the Research Topic

Nutraceuticals and functional foods in chronic disease prevention

and treatment

In recent years, our understanding of the role nutraceuticals and functional foods

play in the prevention and treatment of chronic diseases has increased significantly. By

providing bioactive compounds and essential nutrients, nutraceuticals and functional

foods modulate inflammation, improve metabolism, enhance immune function, and

reduce risk factors associated with these diseases. This Research Topic of Frontiers in

Nutrition collects original articles and meta-analyses on interventions using various

natural and functional foods or compounds related to cardiovascular health, metabolic

disorders, and associated conditions.

Cardiovascular diseases are currently the leading cause of death worldwide, and their

prevention is a key element of health promotion strategies. In this Research Topic, Jia et al.’s

meta-analysis clearly shows the beneficial effects of consuming polyphenol-rich seeds (e.g.,

Brazil nuts, almonds, and flaxseed) on lipid profiles and inflammatory parameters in

patients with coronary heart disease (CHD). In turn, a meta-analysis by Arjmandfard et al.

summarizes recent studies on the effects of apple cider vinegar on glycemic control and

insulin sensitivity in patients with type 2 diabetes, showing that this intervention reduces

fasting glucose and HbA1c levels and improves insulin secretion in a dose-dependent

manner. A series of meta-analyses, conducted by Jangid et al., complements a study

covering papers published over the past 60 years and highlights the potential of cranberry-

derived bioactive compounds, particularly proanthocyanidins (PACs), in preventing and

treatintg urinary tract infections.

The 21st century has brought about a pandemic of obesity and related complications;

in addition to the meta-analyses mentioned above, the Research Topic includes several

original papers evaluating the potential of nutritional interventions for various metabolic

disorders. Liu et al. demonstrate the beneficial effect of black chokeberry (Aronia

melanocarpa) on oxonic acid-induced hyperuricemia in mice, comparable in efficacy

to allopurinol. Two studies on a mouse model with a high-fat diet (HFD) suggest

the potential of Polygonatum sibiricum insoluble dietary fiber (PIDF) and the natural

disaccharide trehalose to reduce hyperlipidemia, body weight, and improve carbohydrate
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metabolism (Ma et al.; Yeh et al.). As one of the consequences

of the obesity pandemic is an increasing frequency of steatotic

liver disease, this Research Topic includes two original research

studies by Tan et al. and Tang et al., who conducted experimental

studies on the use of nutraceuticals in treating liver diseases.

The first study utilized a mouse model of liver steatosis to

demonstrate the potential of D-psicose (DPS), a sucrose substitute

providing only 0.3% of sucrose’s energy content, in reducing

lipid accumulation, inflammation, and oxidative stress parameters

in this organ. The second study found that the traditional

Chinese herbal formula, Liuweizhiji Gegen-Sangshen Beverage

(LGS), activates the SCFAs/GPR43/GLP-1 pathway, reducing

liver damage in Alcoholic Liver Disease (ALD). Notably, both

nutraceuticals exerted a beneficial effect on the microbiome.

Subsequently, three consecutive articles in this Research Topic are

devoted to dietary interventions that modulate gut microbiota.

A study by Lian et al. demonstrates the beneficial, synergistic

effect of cistanche polysaccharides and acteoside in regulating

gut microbiota diversity and increasing the number of beneficial

bacteria in rats. In turn, Wei et al. show in their work that

restoring normal gut microbiota can be achieved through the use

of a hawthorn postbiotic probiotic, which regulates intestinal water

and sodium metabolism, maintains the intestinal barrier, promotes

epithelial cell proliferation, reduces inflammatory responses, and

improves short-chain fatty acid metabolism. Finally, the work by

Bellomo et al. provides evidence of the potential of milk-based

postbiotics from Lactobacillus plantarum to reduce gliadin peptide-

induced inflammation in vitro and in intestinal organoids from

patients with celiac disease.

We hope that these papers in this Research Topic will inspire

future research on nutraceuticals and functional foods for the

prevention and treatment of chronic diseases.
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Effects of polyphenol-rich seed 
foods on lipid and inflammatory 
markers in patients with coronary 
heart disease: a systematic review
Yatian Jia 1,2, Hui Wang 1,2, Wen Fan 1, Jie Lv 2, Qingmei Niu 1,2, 
Ruifang Zhu 3* and Qian Zhang 1,2*
1 Nursing Department, Shanxi Bethune Hospital, Shanxi Academy of Medical Sciences, Third Hospital 
of Shanxi Medical University, Tongji Shanxi Hospital, Taiyuan, China, 2 School of Nursing, Shanxi 
University of Chinese Medicine, Yuci, China, 3 Editorial Office, First Hospital of Shanxi Medical 
University, Taiyuan, China

Background: Coronary heart disease (CHD) is a prevalent cardiovascular 
condition, with its incidence and mortality rates steadily rising over time, posing 
a significant threat to human health. Studies have indicated that polyphenols 
exhibit a certain degree of protective effect against coronary heart disease. 
However, the findings regarding the impact of polyphenol-rich seed foods on 
patients with CHD have yielded inconsistent results.

Objective: This study investigated the effects of polyphenol-rich seed foods on 
blood lipids and inflammatory markers in patients with coronary heart disease.

Methods: The China National Knowledge Network, China Science and 
Technology Journal Database, China Biomedical Literature Database, Wanfang 
Database, PubMed, Cochrane Library, Embase, and Web of Science were 
searched for articles from the self-built database until March 16, 2024. The 
quality of the included studies was assessed using Edition 2 of the Cochrane 
Randomized Trials Risk Bias Tool, and data analysis was conducted using 
RevMan 5.4.

Results: The study encompassed seven articles, with a total participation of 
324 patients diagnosed with coronary heart disease. The study incorporated 
three seed foods abundant in polyphenols: Brazil nut, almond, and flaxseed. 
The meta-analysis findings revealed a significant reduction in triglyceride levels 
[MD  =  −20.03, 95% CI (−32.25, −17.44), p  < 0.00001] among patients diagnosed 
with coronary heart disease who incorporated seed-based foods abundant in 
polyphenols into their diet regimen. Furthermore, a notable enhancement was 
observed in HDL cholesterol levels [MD  =  3.14, 95% CI (1.55, 4.72), p  =  0.0001]. 
Moreover, the type of intervention substance influenced the observed effects. 
The consumption of almonds has been demonstrated to significantly reduce 
total cholesterol [MD  =  −15.53, 95% CI (−21.97, −9.1), p  <  0.00001] and LDL 
cholesterol [MD  =  −14.62, 95% CI (−20.92, −8.33), p  <  0.00001] in patients 
diagnosed with coronary heart disease. Additionally, the incorporation of 
flaxseed into the diet has shown an enhanced effect on reducing C-reactive 
protein levels.

Conclusion: The consumption of polyphenol-rich seed foods can moderately 
improve TG and HDL-C levels in patients with coronary heart disease, while 
incorporating flaxseed into their diet can effectively improve inflammatory 
markers.
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Introduction

The prevalence and mortality of coronary atherosclerotic cardiopathy 
(CHD), commonly known as coronary heart disease, are progressively 
increasing year by year due to evolving lifestyle patterns, posing a 
significant threat to human health and life. The global health economy 
has been significantly burdened by this condition, which currently stands 
as the leading cause of mortality in the United States. It is estimated that 
10.9% of adults aged 45 and above, along with 17.0% of adults aged 65 
and above, are afflicted by coronary heart disease in the United States (1). 
According to the fifth China Health Service Survey in 2013, the 
prevalence rate of coronary heart disease among individuals aged 60 and 
above in China stands at 27.8‰, with a concomitant upward trend 
observed in mortality rates over time (2). The findings of several studies 
suggest that dyslipidemia and inflammation play a pivotal role in the 
pathogenesis of coronary heart disease (CHD) (3, 4). Currently, lifestyle 
modifications, pharmacotherapy, and revascularization procedures are 
the primary treatment modalities for CHD (5). Antiplatelet therapy 
serves as the cornerstone for secondary prevention of cardiovascular 
diseases; however, a subset of patients exhibit intolerance toward 
secondary prevention therapy, with up to 52.1% of individuals suffering 
from CHD displaying resistance to aspirin (6). Additionally, there exists 
a potential risk of bleeding (7). After revascularization, patients are 
required to adhere to a regimen of various medications, including 
antiplatelet and lipid-lowering agents, while still potentially encountering 
complications such as restenosis and postoperative depressive symptoms 
(8, 9). The occurrence of cardiovascular diseases is closely associated with 
diet and lifestyle (10), and the significance of “diet and lifestyle” as the 
fundamental aspect in preventing cardiovascular disease risk has been 
acknowledged by members of the European Atherosclerosis Society. 
Therefore, diet adjustment is essential for preventing and treating 
coronary heart disease. There is an urgent necessity to identify a safe and 
cost-effective dietary regimen for the management and treatment of 
coronary heart disease.

Polyphenols are a class of bioactive compounds widely distributed in 
plants, which contribute to the maintenance of health and exert 
preventive, delaying, or reducing effects on the occurrence and 
progression of certain chronic diseases. They are considered beneficial in 
combating degenerative conditions like atherosclerosis and central 
nervous system disorders (11), while also playing a preventive and 
therapeutic role in various medicinal and food homologous substances 
with favorable anti-inflammatory, antioxidant, and lipid-lowering 
properties (12). The impact of diet on cardiovascular disease development 
has been well-documented (13). Consequently, there is a growing interest 
among food and medical researchers in polyphenolic diets, necessitating 
the exploration of dietary plans that are not only safe and convenient but 
also highly compliant. Polyphenolic compounds have been found to 
be abundant in a diverse range of seed-based foods (14). Therefore, this 

study conducted a systematic review and meta-analysis of randomized 
controlled trials investigating the effects of polyphenol-rich seed foods on 
patients with coronary heart disease. The aim was to determine the 
efficacy of these foods in regulating blood lipids and inflammatory 
markers, providing valuable insights for future dietary management 
programs aimed at preventing cardiovascular diseases.

Methods

The present study has been duly registered with PROSPERO 
(registration number: CRD42024532025)1 and adheres to the guidelines 
outlined in the Preferred Reporting Items for Systematic Reviews and 
Meta-Analyses (PRISMA) statement (15) within this paper.

The following inclusion and exclusion criteria were formulated to 
investigate the potential impact of seed foods rich in polyphenols on 
blood lipid levels and inflammatory status in patients with coronary 
heart disease.

Inclusion criteria

1. Patients aged ≥18 years diagnosed with coronary heart disease 
based on angiography or myocardial; 2. Patients provided with a 
dietary intervention involving any of the 22 seed foods listed in the 
Phenol Explorer Food Polyphenol Content Database2 with no 
limitation to the grams, quantity, and duration of intervention seed 
food; 3 Control group for comparison with participants administered 
either the standard diet or a placebo.

Exclusion criteria

1. Patients who had additional comorbidities; 2. Patients where 
intervention incorporated additional active compounds or 
medications; 3. Patients taking seed food extracts; 4. Repeated 
published studies; 5. Articles such as research proposals, conference 
papers and abstracts that lack or be devoid of access to primary data.

Search strategy

The search was conducted independently by two researchers who 
systematically searched eight databases, including CNKI, VIP, 
Wanfang Data, China Biomedical Literature Database (CBM), 
PubMed, Cochrane Library, Embase, and Web of Science. The search 
period spanned from the inception of the database until March 16, 
2024. Please refer to Annex 1 for the detailed search strategy.

1  https://www.crd.york.ac.uk/PROSPERO/#recordDetails

2  http://phenol-explorer.eu/downloads

Abbreviations: HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density 

lipoprotein cholesterol; TC, total cholesterol; TG: triglyceride; CHD, coronary 

heart disease; CRP, C-reactive protein.
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Literature screening and data extraction

Two researchers independently conducted a comprehensive 
literature search, importing the retrieved articles into EndNote20 
literature management software for further analysis. Subsequently, the 
titles and abstracts were carefully reviewed to exclude irrelevant 
studies, followed by a thorough examination of the full texts to select 
relevant articles based on predefined inclusion and exclusion criteria. 
The extraction of data from selected studies was performed 
independently by both researchers, encompassing information such 
as the first author’s name, publication year, participants involved, 
sample size, intervention measures employed, intervention duration, 
outcome indicators assessed, among others. In case of any 
discrepancies during this process, consultation with a third researcher 
was sought.

Literature quality assessment

The included literature was assessed by two investigators using the 
Cochrane Randomized Trial Bias Risk Assessment Tool, Edition 2 
(RoB 2) (16) evaluation criteria. The evaluation encompassed the 
following aspects: randomization process, deviation from expected 
interventions, missing outcome data, outcome measures, and selection 
of reported outcomes. Based on the results obtained from The RoB 2 
assessment tool, each article was categorized as “high risk,” “some 
concern,” or “low risk.” In case of discrepancies during the above 
process, a third researcher would act as an arbitrator to facilitate 
consensus-building.

Evidence quality assessment

The certainty of the body of evidence was assessed using the 
Grading of Recommendations, Assessment, Development and 
Evaluations (GRADE) approach. The quality of evidence for RCTs was 
initially rated as high in this methodology, but it would be downgraded 
to medium, low, or very low if any limitations related to bias, 
inconsistency, directness, imprecision, or risk of publication bias were 
identified. The evidence, however, can be enhanced by incorporating 
significant effects and dose–response gradients. In the event of 
disagreement during the aforementioned process, a third researcher 
will serve as an arbitrator to ultimately reach a consensus.

Data analysis methods

The meta-analysis was conducted using RevMan 5.4 software. The 
mean square error (MD) combined effect size was utilized for the 
collection of quantitative data, and each point estimate of the effect 
size along with its corresponding 95% confidence interval (CI) was 
computed. According to the guidelines of the Cochrane Manual, I2 
values were utilized for assessing inter-study heterogeneity, with I2 
values ranging from 0 to 40%, 30 to 60%, 50 to 90%, and 75 to 100%, 
indicating no significant, low, medium, and high levels of 
heterogeneity, respectively (17). A random effects model was utilized, 
and further subgroup analysis was conducted based on potential 
sources of heterogeneity. Sensitivity analysis was employed to assess 

the stability and precision of the findings. A narrative analysis was 
performed for outcomes that exhibited excessive heterogeneity.

Results

Literature search results

After conducting an initial search of the database, a total of 1738 
relevant literature sources were retrieved. Subsequently, by eliminating 
521 duplicate sources, the final count amounted to 1,217 literature 
sources. After reviewing the title and abstract, a total of 1,205 literature 
sources that clearly did not meet the inclusion criteria were excluded, 
while 12 literature sources that potentially fulfilled the inclusion 
criteria were identified. The final selection comprised a total of seven 
relevant studies (18–24). The process and outcomes of the literature 
screening are illustrated in Figure 1.

Basic characteristics of the included 
studies

A total of seven articles (18–24) were included in this study, 
among which six were randomized controlled trials (18, 20–24), and 
one was a randomized cross-controlled trial (19). The study included 
two articles (22, 23) with 324 patients from Iran, Brazil, the 
United States, and Pakistan. Among the seed foods examined were 
Brazil nuts, almonds, and flaxseed. Notably, almonds were identified 
as a medicinal and food homologous substance. The duration of the 
intervention varied between 6 weeks and 3 months (Table 1).

Methodological quality of studies

The two researchers independently utilized the Cochrane Bias 
Risk Assessment tool (RoB 2) to evaluate the methodological quality 
of the included studies. Although all the included studies reported 
randomized controlled trials, there was evidence of bias in the 
randomization process, with only one study (24) providing detailed 
information on the randomization method and assignment 
concealment. The results of the assessment on the methodological 
quality of the included literature are presented in Figure 2.

Quality of evidence

According to the GRADE manual, TG and HDL-C have been 
assigned a low quality rating for evidence, while TC and LDL-C have 
been given a very low quality rating. The evaluation details are in 
Table 2.

Effect of polyphenol-rich seed foods on TC 
in patients with coronary heart disease

The effect of polyphenol-rich seed foods on total cholesterol (TC) 
in patients with coronary heart disease was investigated in six studies 
(18–22, 24). One study (21) included two intervention groups: 
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Pakistani almond and American almond. The heterogeneity test 
results revealed a significant level of heterogeneity, with p = 0.007 and 
I2  = 66%. Subgroup analysis based on intervention seed foods 
demonstrated that the almond group exhibited a significant reduction 
in TC among patients with CHD [MD = −15.53, 95%CI (−21.97, 
−9.1), p < 0.00001]. However, the impact of Brazil nut and flaxseed 
groups on total cholesterol (TC) in patients with coronary heart 
disease (CHD) did not yield statistically significant results. The overall 
findings from the meta-analysis indicate that the consumption of 
polyphenol-rich seed foods does not have a significant effect on TC 
levels in individuals with CHD [mean difference = −4.19, 95% 
confidence interval (−15.25, 6.87), p = 0.46]. See Figure 3.

Effect of polyphenol-rich seed foods on TG 
in patients with coronary heart disease

The effect of polyphenol-rich seed foods on TG in patients with 
coronary heart disease was investigated in six studies (18–22, 24). 

Heterogeneity test results demonstrated no significant heterogeneity 
(p = 0.81, I2  = 0%). Meta-analysis results revealed a statistically 
significant reduction in TG levels among patients with coronary heart 
disease who consumed polyphenol-rich seed foods [MD = −20.03, 
95% CI (−32.25, −17.44), p < 0.00001]. See Figure 4.

Effect of polyphenol-rich seed foods on 
LDL-C in patients with coronary heart 
disease

The effect of polyphenol-rich seed foods on LDL-C in patients 
with coronary heart disease was investigated in six studies (18–22, 
24). Heterogeneity test results revealed significant heterogeneity 
(p < 0.00001, I2 = 87%). Subgroup analysis based on intervention seed 
foods demonstrated a significant reduction in LDL-C among 
patients with coronary heart disease who consumed almonds 
[MD = −14.62, 95% CI (−20.92, −8.33), p < 0.00001]. However, no 
significant effects were observed for the Brazil nut and flaxseed 

FIGURE 1

Literature screening process.
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TABLE 1  Basic characteristics of the included literature.

First author, 
publication, 
year

Country Study 
design

Patients Age year Sample 
size(T/C)

Sex 
(male/ 
female) 
(T/C)

Intervention, 
time

Control 
condition

Dietary 
guidance

Outcomes Time points of 
measurements

Outcome 
details

Cardozo (18) Brazil RCT
patient with 

CHD

T: 63.3 ± 6.7

C: 63.3 ± 8.0
42(25/17)

T:13/12

C:8/9

5 g Brazil nut a day, 

3 months

Refrain from 

consuming 

any other 

types of nuts 

and maintain a 

daily nut-free 

diet, 3 months

Refrain from 

consuming any 

other types of 

nuts and adhere 

to the original 

dietary plan.

① a,b,c,d after 3 months

The levels of 

TC, LDL-C, 

HDL-C, and TG 

did not show 

any significant 

changes.

Chen et al. (19) America Cross RCT
patient with 

CHD
61.8 ± 8.6 45 27/18

The National 

Cholesterol 

Education Program 

(NCEP) Step 1 Diet 

was supplemented 

with a daily intake 

of almonds (85 g/

day), excluding 

other types of nuts, 

6 weeks

The National 

Cholesterol 

Education 

Program 

(NCEP) Step 1 

Diet, 6 weeks

Reinforce the 

implementation 

of the NCEP 

Step 1 diet, 

emphasizing a 

dietary pattern 

with reduced 

saturated fat 

and cholesterol 

intake.

① a,b,c,d

② CRP
after 6 weeks

The almond diet 

did not yield 

any significant 

impact on 

plasma lipid 

profiles or CRP 

levels.

Coutinho-Wolino 

et al. (20)
Brazil RCT

patient with 

CHD

T: 62.7 ± 6.8

C: 63.7 ± 8.7
37(23/14)

T: 11/12

C: 6/8

One Brazil nut a 

day, 3 months

Refrain from 

consuming 

any other 

types of nuts 

and maintain a 

daily nut-free 

diet, 3 months

Refrain from 

consuming any 

other types of 

nuts and adhere 

to the original 

dietary plan.

① a,b,c,d

② CRP
after 3 months

The 

supplementation 

of Brazil nuts 

for a duration of 

3 months did 

not result in any 

significant 

changes in TC, 

LDL-C, HDL-C, 

or TG levels in 

patients with 

CAD.

(Continued)
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TABLE 1  (Continued)

First author, 
publication, 
year

Country Study 
design

Patients Age year Sample 
size(T/C)

Sex 
(male/ 
female) 
(T/C)

Intervention, 
time

Control 
condition

Dietary 
guidance

Outcomes Time points of 
measurements

Outcome 
details

Jamshed et al. 

(21)
Pakistan RCT

patient with 

CHD
32–86

113

T1:T2:C = 

(34/38/41)

113/37 

(baseline)

T1: Consumption 

of 10 g/day 

Pakistani almonds, 

12 weeks.

T2: Consumption of 

10 g/day American 

almonds, 12 weeks.

(Soak the almonds 

overnight and 

consume them 

after peeling, 

before breakfast).

Refrain from 

consuming 

almonds and 

other nuts in 

your daily diet, 

12 weeks

Refrain from 

consuming any 

other types of 

nuts and adhere 

to the original 

dietary plan.

① a,b,c,d after 6、12 weeks

The 

consumption of 

almonds leads 

to a significant 

increase in 

HDL-C levels.

Khandouzi et al. 

(22)
Iran RCT

patient with 

CHD

T: 

56.67 ± 7.44

C: 

56.22 ± 9.02

44(21/23)
T:16/5

C:21/2

Take a daily dosage 

of 30 g of flaxseed, 

12 weeks

Receiving 

standard care, 

12 weeks

Aim to consume 

a minimum of 

five servings of 

fruits and 

vegetables per 

day, while opting 

for foods that 

have reduced 

levels of 

saturated fat and 

cholesterol.

① a,b,c,d after 12 weeks

The addition of 

flaxseed to the 

diet of patients 

with CHD did 

not result in any 

significant 

impact on 

plasma lipids.

Khandouzi et al. 

(23)
Iran RCT

patient with 

CHD

T: 

56.67 ± 7.44

C: 

56.22 ± 9.02

44(21/23)
T:16/5

C:21/2

Take a daily dosage 

of 30 g of flaxseed, 

12 weeks

Receiving 

standard care, 

12 weeks

Aim to consume 

a minimum of 

five servings of 

fruits and 

vegetables per 

day, while opting 

for foods that 

have reduced 

levels of 

saturated fat and 

cholesterol.

② CRP after 12 weeks

The inclusion of 

flaxseed in the 

diet of patients 

with CHD leads 

to an 

improvement in 

plasma 

inflammatory 

markers.

(Continued)

12

https://doi.org/10.3389/fnut.2024.1493410
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Jia et al.� 10.3389/fnut.2024.1493410

Frontiers in Nutrition 07 frontiersin.org

groups regarding CHD patients’ LDL-C levels. Overall meta-analysis 
results indicated that the consumption of polyphenol-rich seed 
foods did not significantly affect LDL-C levels in patients with 
coronary heart disease [MD = −2.00, 95% CI (−11.31, 7.3), p = 0.67]. 
See Figure 5.

Effect of polyphenol-rich seed foods on 
HDL-C in patients with coronary heart 
disease

The effect of polyphenol-rich seed foods on HDL-C in patients 
with coronary heart disease was investigated in six studies (18–22, 24). 
Heterogeneity test results indicated no significant heterogeneity 
(p = 0.42, I2 = 0%). Meta-analysis revealed a significant positive impact 
of polyphenol-rich seed foods on HDL-C levels in patients with 
coronary heart disease [MD = 3.14, 95%CI (1.55, 4.72), p = 0.0001]. See 
Figure 6.

Effect of polyphenol-rich seed foods on 
CRP in patients with coronary heart disease

Three studies (19, 20, 23) examined the impact of polyphenol-rich 
seed foods on CRP levels in patients diagnosed with coronary heart 
disease. Among these studies, one (23) demonstrated a significant 
improvement in CRP levels through the incorporation of flaxseed into 
the diet, while no significant improvements were observed with 
almonds and Brazil nuts (19, 20).

Sensitivity analysis

The sensitivity analysis revealed no significant alterations in the 
combined findings, and no individual study was found to exert a 
substantial influence on the statistical outcomes, thereby indicating 
the relative stability of the meta-analysis results.

Discussion

Effects of polyphenol-rich seed foods on 
blood lipids and inflammatory markers in 
patients with coronary heart disease

In this study, it was observed that consumption of polyphenol-
rich seed foods significantly improved the levels of triglycerides (TG) 
and high-density lipoprotein cholesterol (HDL-C) in patients 
diagnosed with coronary heart disease. The seed foods investigated in 
this study included almonds, Brazil nuts, and flaxseed. Notably, 
almond consumption demonstrated a significant reduction in total 
cholesterol (TC) and low-density lipoprotein cholesterol (LDL-C), 
while incorporating flaxseed into the diet resulted in decreased levels 
of the inflammatory marker C-reactive protein (CRP).

Almonds, among the foods examined in this study, are 
recognized as medicinal and food homologous substances 
according to traditional Chinese medicine theory. They possess 
dual properties of being both food and medicine, playing a T
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beneficial role in the prevention and management of various 
chronic diseases. The concept of “homologous medicine and food” 
aligns with the principles of natural, green, and healthy living, as 
well as resonates with the traditional Chinese medicine philosophy 
of disease prevention through holistic approaches (25, 26). In the 
process of foraging, human beings have systematically documented 
the inherent qualities and therapeutic potential of various types of 
sustenance, gradually recognizing that numerous edibles possess 
medicinal properties, blurring the distinction between food and 
medicine. The Qianjin Prescriptions, a traditional Chinese medicine 
text, states: “If one can utilize food to alleviate diseases and promote 
recovery, they can be deemed as an adept practitioner.” Apart from 
providing essential nutrients for the human body, food also exerts 
influence on the equilibrium and regulation of human physiological 
functions. With prolonged adherence to this process, its effects 
become increasingly evident (27).

The medicinal and food homologous substances encompass a 
diverse range of polyphenols, particularly flavonoids, which serve 
as efficacious constituents in the reduction of blood lipids (28). 
Meanwhile, polyphenols in drug and food analogs have been 
scientifically proven to possess anti-inflammatory properties, 
primarily by inhibiting the metabolic pathway of prostaglandins 
(29). The lipid levels are closely associated with the development of 
coronary heart disease. An intervention study conducted on 
patients with hyperlipidemia demonstrated that incorporating 
almonds into their diet not only reduced lipid risk factors for 
coronary heart disease, but also significantly altered the relationship 

between these risk factors and susceptibility to lipid oxidation 
modification (30). A meta-analysis on almond consumption 
revealed significant improvements in blood lipid levels and 
inflammatory markers (31, 32), which aligns with the findings of 
this study. The study suggests that polyphenols, such as flavonoids, 
positively influence the cardiovascular system through their 
antioxidant and anti-inflammatory properties. These effects may 
enhance endothelial function through various molecular 
mechanisms, regulate vasodilation processes, and modulate nitric 
oxide (NO) levels by inhibiting NAD(P)H oxidase (33).

The findings of nutritional epidemiological studies often 
demonstrate a robust association between increased phenol intake 
and a decreased risk or incidence of non-communicable diseases 
(34). The studies have revealed a shared characteristic among 
chronic non-communicable diseases, namely the presence of 
low-grade, persistent, and systemic inflammation. Furthermore, 
oxidative stress and lipid abnormalities are also recognized as 
significant contributors to the development of chronic illnesses (35, 
36). The previous research conducted by this research team (12) has 
concluded that various healthy diet patterns share commonalities 
and posits that non-nutrients present in food have the potential to 
promote health, prevent diseases, and aid in the treatment of 
chronic diseases through their anti-inflammatory, antioxidant, and 
metabolic regulatory properties. The research team simultaneously 
introduced a “theoretical model of family nurse diet therapy,” in 
which oxidative stress, inflammation, and metabolic disorders in 
chronic illnesses form an equilateral triangle with non-nutrients at 

FIGURE 2

Results of methodological quality evaluation.
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its apex, creating a triangular pyramid structure. Nurses employ 
dietary prescriptions to prevent and manage chronic conditions 
while incorporating fundamental principles of wholesome eating 
patterns derived from both traditional Chinese medicine and 
contemporary medical perspectives (12). A cross-sectional study 
investigating the association between total nut consumption 
(including both tree nuts and peanuts) and metabolic health 
revealed a significant inverse relationship between higher nut intake 
and the incidence of hypertension, type 2 diabetes, and 
dyslipidemia. Moreover, an increased consumption of almonds was 
specifically associated with a reduced risk of developing 
hypertension. These findings suggest that incorporating nuts into 
one’s diet may benefit metabolic status and prevent chronic diseases 
(37). The findings of a study demonstrated a correlation between 
the consumption of beverages rich in polyphenols and the presence 
of cardiovascular and metabolic risk factors. The consumption of 
polyphenol-rich beverages has been observed to be associated with 
higher intake of polyphenols, thereby reducing the risk of 
cardiovascular disease. It is worth noting that the Mediterranean 
diet places emphasis on consuming foods abundant in polyphenols, 
such as fruits, vegetables, whole grains, etc. (38). The study 
conducted by Zhang et al. revealed that the bioactive compounds 
present in medicinal and food homologous substances can 
effectively support the treatment of non-alcoholic fatty liver disease 
(39). A meta-analysis of lipids and apolipoproteins in nuts indicated 
that flavonoids may exert anti-inflammatory effects by attenuating 
LDL oxidation and modulating the expression of inflammatory 
genes in endothelial cells and macrophages (40).

The consumption of natural foods rich in polyphenols has been 
found to be  safe for human consumption. Two studies (19, 21) 
included in the analysis reported no adverse reactions or safety 
concerns among patients. In the traditional Chinese diet, homologous 
substances of medicine and food are utilized as daily food ingredients, 
serving a specific role in health preservation. However, improper 
consumption of these substances may result in potential toxic side 
effects that can harm human health. The European Commission 
Regulation (EC) stipulates a maximum daily intake of 1,000 mg of 
polyphenol extract consumed by humans (41). The field of traditional 
Chinese medicine also acknowledges the interplay and potential 
contradictions between medicinal and food homologous substances 
(42). The content of non-nutrients in food intake should be carefully 
considered when supplementing non-nutrients in daily life, ensuring 
the appropriateness of food consumption.

Some of the included studies observed a lack of positive effects 
on patients, which may be attributed to variations in intervention 
timing, polyphenol content, and food preparation methods. The 
duration of intervention in the included studies varied from 6 to 
12 weeks. Humaira Jamshed et  al. demonstrated a significant 
increase in HDL-C levels among patients with coronary heart 
disease by incorporating almonds into their diet for a period of 
12 weeks (21). Conversely, another study focusing on almonds 
observed no significant impact on the plasma lipid profile of 
patients after a 6-week intervention (19). In two studies 
investigating the impact of polyphenol-rich apples on patients with 
hyperlipidemia (43, 44), Athanasios Koutsos’ study (43) utilized 
fresh apples containing polyphenols for a duration of 8 weeks, with 
an apple weight of 340 g. This intervention resulted in a significant 
improvement in blood lipid levels among individuals with T
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FIGURE 5

Effect of polyphenol-rich seed foods on LDL-C in patients with CHD.

FIGURE 3

Effect of polyphenol-rich seed foods on TC in patients with CHD.

FIGURE 4

Effect of polyphenol-rich seed foods on TG in patients with CHD.
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hyperlipidemia. Conversely, one study (44) examined the effects of 
freeze-dried apples containing polyphenols over 4 weeks, 
equivalent to approximately 270 grams of fresh apples. However, 
no notable effect on blood lipids was observed among patients with 
hyperlipidemia. The study on the impact of almond consumption 
on adult inflammatory biomarkers revealed that when the daily 
intake of almonds was less than 60 g, it reduced serum CRP levels 
(31). Therefore, the duration and dosage of intervention may 
influence the efficacy of polyphenols in patients. Additionally, the 
food preparation method can also impact both the polyphenol 
content in food and its effects on individuals with coronary heart 
disease. Two studies on flaxseed have shown that dietary addition 
of flaxseed does not significantly affect plasma lipids, while 
consumption of flaxseed oil can effectively reduce triglycerides 
(TG) (22, 24). A study on cereal polyphenols (45) also reported 
that different processing methods of cereal impacted its polyphenol 
content. Therefore, in the process of managing diets for patients 
with coronary heart disease, it is recommended to encourage the 
consumption of seed foods as part of a healthy diet to help 
maintain healthy blood lipid levels, reduce inflammation levels and 
lower the risk of complications. Moreover, it is essential to consider 
the quantity and processing techniques of foods rich in polyphenols 
to optimize their potential benefits.

Practical implications

Studies (46) suggest that dietary adjustments can prevent and 
treat lifestyle-related diseases while promoting overall health. 
The concept of utilizing complementary medicine and food to 
enhance human well-being is evident as far back as the Chinese 
classical texts “Huangdi Neijing” and “Qianjin Prescription.” 
With the advancement of an aging society, dietary management 
has gained momentum, and “prevention” and “maintenance” have 
gradually emerged as central themes in human health. The 
concept of medicinal food therapy represents the harmonious 
integration of traditional Chinese medicine’s principles 
encompassing food therapy, medicinal diet, and health 
preservation. Non-nutrients found in medicinal and food 
homologs hold potential as adjunctive measures for preventing 
and treating chronic diseases, while the significance of a plant-
based diet has been underscored in various dietary guidelines 
(12, 47, 48).

The implementation of dietary therapy is the optimal 
approach to support the prevention of chronic diseases. 
Consumption of polyphenols has been scientifically proven to 
exert favorable effects on health, thereby reducing the risk of 
cancer, cardiovascular diseases, neurodegenerative disorders, and 
other degenerative conditions through modulation of 
inflammatory capacity and improvement in metabolic 
dysregulation. Moreover, it can effectively impede the onset and 
progression of chronic ailments (49). The increasing awareness 
of healthcare among individuals has led to a growing focus on the 
theory of the homology between medicine and food. Homologs 
of medicine and food possess diverse characteristics, convenient 
sampling methods, and high safety standards, thereby offering 
extensive prospects for application in the field of biomedicine.

Strengths and limitations

The strength of this study lies in the inclusion of exclusively 
high-quality randomized controlled trials from four different 
countries, ensuring reliable results. However, certain limitations 
should be acknowledged. The search strategy employed in this 
study is limited to Chinese and English articles, potentially 
resulting in the omission of significant studies and impacting the 
overall analysis of results. Furthermore, due to the scarcity of 
included studies on the outcome indicator CRP and substantial 
heterogeneity among the included articles, a meta-analysis was 
not conducted.

Conclusion

The findings demonstrated that the consumption of 
polyphenol-rich seed-based foods significantly improved lipid 
profiles and reduced inflammatory markers among individuals 
diagnosed with coronary heart disease. The diverse array of foods 
rich in polyphenols provides a safe and effective complementary 
approach to preventing chronic diseases associated with diet, 
thereby promoting the prevention and management of 
cardiovascular conditions. Future research should investigate 
different dosages and durations of interventions to further 
elucidate the specific mechanisms underlying the lipid-lowering 
and anti-inflammatory effects of seed foods abundant in 

FIGURE 6

Effect of polyphenol-rich seed foods on HDL-C in patients with CHD.
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polyphenols, as well as optimize intervention protocols involving 
these foods.
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of Pharmacy, Southwest Medical University, Luzhou, Sichuan, China, 4Department of Hepatobiliary
Diseases, The Affiliated Traditional Chinese Medicine Hospital, Southwest Medical University, Luzhou,
Sichuan, China, 5School of Integrated Traditional Chinese and Western Clinical Medicine, North
Sichuan Medical College, Nanchong, Sichuan, China

Introduction: Alcoholic liver disease (ALD) is a pathological state of the liver

caused by longterm alcohol consumption. Recent studies have shown that

the modulation of the gut microbiota and its metabolic products, specifically

the short-chain fatty acids (SCFAs), exert a critical role in the evolution and

progression of ALD. The Liuweizhiji Gegen-Sangshen beverage (LGS), as a

functional beverage in China, is derived from a traditional Chinese herbal

formula and has been clinically applied for ALD treatment, demonstrating

significant efficacy. However, the underlying mechanisms of LGS for alleviating

ALD involving gut microbiota regulation remain unknown.

Methods: In this study, an ALD murine model based on the National Institute on

Alcohol Abuse and Alcoholism (NIAAA) method was established.

Results: The results showed that oral LGS treatment dose-dependently

alleviated alcoholinduced liver injury and inflammation in mice through

decreasing levels of ALT, AST and proinflammatory cytokines (TNF-α, IL-6, IL-

1β). LGS significantly improved liver steatosis, enhanced activities of alcohol

metabolizing enzymes (ALDH and ADH), and reduced the CYP2E1 activity.

Notably, regarding most detected indices, the effect of LGS (particularly

at medium and high dose) was comparable to the positive drug MTDX.

Moreover, LGS had a favorable effect on maintaining intestinal barrier function

through reducing epithelial injury and increasing expression of occludin.

16S rRNA sequencing results showed that LGS remarkably modulated gut

microbiota structure in ALD mice via recovering alcohol-induced microbial

changes and specifically mediating enrichment of several bacterial genera

(Alloprevotella, Monoglobus, Erysipelatoclostridium Parasutterella, Harryflintia
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and unclassified_c_Clostridia). Further study revealed that LGS increased

production of SCFAs of hexanoic acid in cecum, promoted alcohol-mediated

reduction of GRP43 expression in ileum, and increased serum GLP-1 level.

Discussion: Overall, LGS exerts a remarkable protective effect on ALD mice

through the gut microbiota mediated specific hexanoic acid production and

GPR43/GLP-1 pathway.

KEYWORDS

alcoholic liver disease, Liuweizhiji Gegen-Sangshen beverage, gut microbiota, SCFAs,
GPR43, GLP-1

1 Introduction

Excessive drinking is a global issue that has a severe impact
on human health. The liver, as the main organ for metabolism
and detoxification, is the primary target organ for alcohol damage.
Alcoholic liver disease (ALD) is a spectrum of diseases that begins
with alcoholic fatty liver (AFL) and may progress to alcoholic
steatohepatitis (ASH), alcoholic liver fibrosis (ALF), alcoholic
cirrhosis (AC), and in some cases, alcohol-related liver cancer
(ARLC). Approximately 90 percent of individuals with excessive
alcohol consumption manifest primarily with hepatic steatosis (1),
and it is one of the leading causes of illness and death from liver
disease worldwide preventably (2).

The pathogenesis of ALD is complex, which is tightly associated
with alcohol and its metabolites mediated liver injury, and
the inflammatory response to injury. In recent years, with the
development of omics study, research based on the gut-liver axis
theory has revealed the impact of changes in the gut microbiota
on ALD, becoming an important driving force in exploring the
pathogenesis of the disease. The gut microbiota and its metabolites
can penetrate the intestinal epithelial barrier and enter the portal
vein, linking the connection between the gut and the entire body.

Abbreviations: ALD, alcoholic liver disease; AFL, alcoholic fatty liver;
AH, alcoholic hepatitis; AC, alcoholic cirrhosis; NAFLD, non-alcoholic
fatty liver disease; NASH, non-alcoholic steatohepatitis, LGS, Liuweizhiji
Gegen-Sangshen beverage; SCFAs, short-chain fatty acids; NIAAA, the
national institute on alcohol abuse and alcoholism; GLP-1, glucagon-like
peptide-1; ARLC, alcohol-related liver cancer; GC-MS, gas chromatography-
mass spectrometry; HDACs, histone deacetylases; UPLC-Q-TOF-MS, ultra-
performance liquid chromatography tandem quadrupole time-of-flight
mass spectrometry; MTDX, metadoxine; AST, aspartate aminotransferase;
ALT, alanine aminotransferase; TC, total cholesterol; TG, triglycerides; LDL-
C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein
cholesterol; IL-6, interleukin-6; IL-1β, interleukin-1β; TNF-α, tumor necrosis
factor-alpha; CYP2E1, hepatic tissue cytochrome P450 2E1; ADH, alcohol
dehydrogenase; ALDH, aldehyde dehydrogenase; ELISA, enzyme-linked
immunosorbent assay; H&E, hematoxylin and eosin; OCT, cutting
temperature; ORO, oil red O; ZO-1, zonula occludens-1; qPCR, quantitative
polymerase chain reaction; PE, paired-end; ASVs, amplicon sequence
variants; PCoA, principal coordinate analysis; LEfSe, linear discriminant
analysis effect size; ANOVA, one-way analysis of variance; F/B, the ratio
of Bacteroidetes to Firmicutes; LDA, linear discriminant analysis; APN,
adiponectin; AMPK, AMP-activated protein kinase; GPR43, G protein-
coupled receptor 43; GPR41, G protein-coupled receptor 41; FDA, food and
drug administration; PPARγ, peroxisome proliferator-activated receptor γ;
PYY, pancreatic polypeptide; ROS, oxygen species; O2-, superoxide anion;
ICP, Intrahepatic Cholestasis of Pregnancy; PBC, primary biliary cholangitis.

The balance of the gut microbiota is characterized by a high
abundance of essential beneficial bacteria and a low abundance
of pathogenic or conditionally pathogenic bacteria. And the
disruption of this balance is closely related to the development and
severity of various diseases (3). Current research has confirmed
that the dysregulation of the gut microbiota is a key factor in
the occurrence and development of ALD (4). Bacterial products,
including the short-chain fatty acids (SCFAs) and so on, mediate
host response and plays an important roles in ALD pathogenesis
(2). Regulating gut microbiota and the gut-liver axis has emerged
as a promising strategy for ALD treatment.

Liuweizhiji Gegen-Sangshen beverage (LGS), a nutraceutical
beverage composed of six medicinal and edible plants (Puerariae
lobatae radix, Hoveniae semen, Imperatae rhizoma, Crataegi
fructus, Mori fructus and Canarli fructus), is derived from
Traditional Chinese Medicine, and has demonstrated significant
clinical therapeutic effects and minimal side effects in the
handling alcoholic symptoms and ALD (5, 6). In previous
studies, it has been demonstrated that in ALD rats, LGS exerted
protective effects through attenuating oxidative stress, alleviating
insulin resistance and lipid metabolism, and enhancing alcohol
metabolism (7–10). The involved signaling pathways included
AMPK/SREBP-1, P2 × 7R/NLRP3, PPARα, Ras/ERK and IRS-
1/PI3K/AKT (7–10). In HO2 cells, LGS enhanced the alcohol
metabolism through increasing the activity of ADH1 and ALDH2,
and reduced CYP2E1-induced oxidative stress (11). However,
whether LGS has an impact on the gut microbiota and gut-liver
axis remains unexplored. In our previous study, it was found that
LGS mainly contained flavonoids, polyphenols and polysaccharides
(5, 12). The in vitro incubation of LGS polysaccharides has
demonstrated good prebiotic activity, which drew our attention
to its potential for regulating the gut microbiota (12). Therefore,
although LGS has shown considerable clinical benefit toward
ALD, the mechanism of action remains unclear and requires
further elucidation.

In this study, we hypothesized that LGS may impact the gut
microbiota, trigger host response and alleviate ALD. An ALD
murine model was established by using Lieber-DeCarli alcohol
liquid diet, and the mice were treated with different doses of LGS to
investigate the effects of LGS on ALD. The results of current study
would reveal the potential mechanisms of LGS in treating ALD
from the aspect of gut microbiota regulation and provide a scientific
basis for the clinical application and development of related drugs.
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2 Materials and methods

2.1 Reagents and materials

LGS was provided by Sichuan Tongyou Life Health Technology
Co., Ltd. (Sichuan, China). The chemical profile as well as
quality control of LGS has been investigated thoroughly in our
previous reports (5, 12). Metadoxine (MTDX) was purchased
from MedChemExpress Co., Ltd. (New Jersey, US). Edible
alcohol (95%) was acquired from Kelong Chemical Chemicals
(Chengdu, China). Biochemical Assay Kits for TC, TG, ALT,
AST, ADH and ALDH, Enzyme-linked immunosorbent assay
(ELISA) kits for LDL-C, HDL-C, TNF-α, CYP2E1, and GLP-
1 were provided by Quanzhou RuiXin Biotechnology Co., Ltd.
(Fujian, China). 4% Paraformaldehyde from Sichuan Scientist
Biotechnology Co., Ltd. (Sichuan, China). In histopathological
examination and immunohistochemistry and immunofluorescence
experiments, Hematoxylin (G1004) and Oil Red O stain (G1016)
and Fixative were purchased from Wuhan Google Biotechnology
Co., Ltd. (Wuhan, China). Primary Antibody, Occludin, ZO-1,
and histological DAB Staining Kit purchased from Service
Biotechnology Co., Ltd. (Wuhan, China). Secondary antibody, goat
anti-rabbit IgG (Lianke Bio, GRA0072, 1:200, Hangzhou, China)
were sourced from the respective suppliers. GPR43 polyclonal
antibody (#19952-1-AP, 1:500) provided by Proteintech Group
Co., Ltd. (Wuhan, China), and HRP conjugated affinipure goat
anti-rabbit IgG (#BA1054) was provided by Boster Biological
Technology Co., Ltd. (California, US). Anti-glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) antibody (AF2823) and
Bicinchoninic acid (BCA) Protein Assay Kit was purchased from
Beyotime Biotechnology Co., Ltd. (Shanghai China). The RIPA
lysis buffer, protease inhibitor cocktail (100×), HRP-conjugated
goat anti-mouse/Rabbit IgG (H + L) were sourced from Shanghai
YaZi Bio-Pharmaceutical Technology Co., Ltd. (Shanghai China).
Total RNA extraction kit was provided by TianGen Biochemical
Technology Co, Ltd. (Beijing, China). The qRT-PCR kit was
purchased from Vazyme Biotechnology Co., Ltd. (7E760L3,
Nanjing, China). Primers were synthesized by Beijing Qingke
Biotechnology Co., Ltd. (Beijing, China). FastPure Feces DNA
Isolation Kit (YH-feces) was provided by Shanghai Major Yuhua
Co., Ltd. (Shanghai, China). ECL luminescence detection kit was
purchased from Affinity Biotech Co., Ltd. (Jiangsu, China).

2.2 Animals and experimental design

A total of 72 male C57BL/6J mice (specific pathogen free
grade) aged between 6 to 8 weeks, with a body weight exceeding
20 grams, were provided by the Animal Center of Southwest
Medical University (Sichuan, China). The experimental protocol
was complied with the guidelines for the care and use of laboratory
animals set forth by the National Institutes of Health, and has been
rigorously reviewed and approved by the Experimental Animal
Ethics Committee of Southwest Medical University, with the
corresponding approval number: SWMU20230089. All mice were
maintained at the Animal Center of Southwest Medical University,
with a temperature of 23± 1◦C, a humidity of 40–60%, and 12/12 h

day/night turnover. The mice were subjected for adaptation for at
least 1 week before experiment with free access to water and food.

Following the recommendations of the National Institute on
Alcohol Abuse and Alcoholism (NIAAA) (13), we established
a murine model of ALD (Figure 1A) using the Lieber-DeCarli
alcoholic liquid diet (#TP4030D; Trophic Animal Feed High-Tech
Co., Ltd., Jiangsu, China). The complete alcoholic liquid diet
was prepared with food-grade 95% ethanol, with a final alcohol
concentration of 5% (v/v), which was consisted of 28% calories
from alcohol, 35% calories from fat, 18% calories from protein and
19% calories from alcohol carbohydrate. In the control liquid diet
(#TP4020C; Trophic Animal Feed High-Tech Co., Ltd., Jiangsu,
China), equal calories for alcohol were replaced by dextrin. All
liquid diets were freshly prepared daily at a caloric density of
1 kcal/mL.

In the initial phase of the study, all mice were acclimated to
the experimental environment for 1 week, followed by a 5-day
period (days 1–5) of adaptation to liquid diet feeding. Then the
mice were randomly assigned into six groups (n = 12 per group),
comprising a control group (Ctrl), an ALD model group (ALD), a
MTDX treatment group (MTDX), and three LGS treatment groups
(LGS_L, LGS_M, LGS_H). The sample size was estimated by the
free G∗Power software (Universität Düsseldorf), with effect size
setting at 0.25, α probability of 0.05 and power of 0.95.

From days 6 to 11, except for the Ctrl group which received
control liquid diet, the remaining five groups were subjected to a
graded transition feeding with the mixture of control liquid diet
and alcoholic diet at the volume ratios of 2:1, 1:1, and 1:2 (each for
2 days). The Ctrl group was pair-fed according to the mean food
intake of the ALD groups from the previous day, in order to ensure
similar food intake for Ctrl and ALD mice. During days 12 to 21,
the ALD, MTDX and LGS treatment groups were administered the
complete alcoholic liquid diet, while the Ctrl group continued with
pair-feeding for a total of 10 days.

Throughout this period, the Ctrl and ALD groups were
daily gavage-fed with physiological saline, the MTDX group with
metadoxine solution (200 mg/kg/day), and the LGS_L, LGS_M,
and LGS_H groups with LGS at low, medium and high dosages
of [6.15 mL (1.23 g solid content)/kg/day, 12.30 mL (2.46 g
solid content)/kg/day, 24.60 mL (4.92 g solid content)/kg/day],
with a gavage volume of 0.2 mL per mouse per day. The dosage
of LGS used in mice was designed according to the human
dose and cross-species dose conversion using body surface area
scaling. Consequently, the dosages for LGS_L, LGS_M, and LGS_H
corresponded to 0.5-fold, 1-fold and 2-fold of normal human daily
dose. On the 21st day of the experiment, fresh fecal pellets from the
mice were collected and stored at−80◦C. On the 22nd day, the mice
were euthanized for blood collection. After sacrifice of mice, liver
and intestine tissues, as well as intestinal contents were collected
for subsequent analysis. During the course of the study, each animal
was weighed at 5-day intervals.

2.3 Biochemical analysis

Blood samples were centrifuged at 4◦C, 4000 rpm for 20 min
to collect the serum. Serum levels of liver function-related
indicators (AST and ALT), blood lipids (TC, TG, LDL-C and
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FIGURE 1

LGS ameliorates body and liver weight gain, and improves liver morphology in ALD mice. (A) Experimental procedure for animal studies. (B) Daily
food intake of mice in each group. (C) Calories intake in each group. (D) The effect of LGS on the body weight of mice with ALD. (E) Trend of body
weight change in each group. (F) Morphological presentation of liver images in each group. (G) Liver weight of mice. (H) Hepatic index (the ratio of
liver weight to body weight) of mice. *P < 0.05, ***P < 0.001 (n = 6). One-way ANOVA followed by Tukey test was employed to evaluate differences
among multiple groups.

HDL-C), proinflammatory cytokines (IL-6, IL-1β and TNF-α),
and alcohol metabolizing enzymes (CYP2E1, ADH, ALDH and
GLP-1) concentrations were determined using the manufacturer’s
protocol with the respective ELISA or biochemical assay kits.
The optical density (OD) of the plates was read at 450 nm
for ELISA kits and 462 nm for biochemical assay kits, using
a microplate reader, and the concentrations were calculated by
standard curves.

2.4 Histopathological examination

The liver and intestinal tissues were fixed overnight in 4%
paraformaldehyde and then embedded in paraffin. Sections of the
liver and ileum were stained with hematoxylin and eosin (HE).
To assess hepatic lipid accumulation, liver samples were frozen in
optimal cutting temperature (OCT) compound and sectioned using
a cryostat. After air-drying, the sections were fixed and stained with
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oil red O (ORO) in propylene glycol, followed by counterstaining
with hematoxylin to highlight lipid deposition and cell nuclei.
Microscopic images were captured, and the area ratio of positive
expression within the tissue was measured using Image-Pro Plus 6
software (Media Cybernetics, Inc, Rockville, MD, USA).

2.5 Immunohistochemical and
immunofluorescence staining

Immunofluorescence staining was performed on colonic
sections to detect tight junction proteins (Occludin and ZO-1).
The tissue sections were incubated overnight with primary
antibodies specific for Occludin (1:100) and ZO-1 (1:100) at
4◦C. Subsequently, the sections were incubated with a secondary
antibody, goat anti-rabbit IgG (GRA0072, 1:200), followed by a
chromogenic reaction with 3,3′-diaminobenzidine (DAB, DA1016)
for 45 min. Microscopic images were captured and analyzed using a
digital pathology system (3DHIST ECH Kft Pannoramic SCAN II).

2.6 RNA isolation and real-time PCR
analysis

RNA was isolated from liver and intestinal tissues using
the total RNA Extraction Kit. Quantitative PCR (qPCR) was
performed using a Roche fluorescence quantitative system (Life
Science and Technology, Veriti 96-Well) to assess the mRNA
expression of the gene encoding GPR43. Primer sequences were
as follows: GAPDH, 5′-ACTGAGCAAGAGAGGCCCTA-3′

and 5′-CCCTAGGCCCCTCCTGTTAT-3′; GPR43, 5′-ATCC
AACTTCCGCTGGTACC-3′ and 5′-GTAGCGTTCCATG
CTGATGC-3′.

2.7 Western blot

According to the manufacturer’s instructions, the ileal tissue
(50 mg) was homogenized with RIPA lysis buffer and a
100 × protease inhibitor cocktail (v/v = 1:1) to obtain the ileal
tissue lysate. Protein concentration was measured using the BCA
Protein Assay Kit.

An equal amount of protein was separated by SDS-PAGE,
and western blot analysis was performed using the specific
primary antibody, GPR43 (1:1000), GAPDH (1:2000), and a
horseradish peroxidase (HRP)-conjugated secondary antibody
(rabbit pAb, 1:5000). The protein levels were quantified by
densitometry scanning.

2.8 Gas chromatography-mass
spectrometry (GC–MS) analysis

After re-suspending the cecal contents in a phosphate
buffer, the supernatant was taken for analysis. Separation
was performed using an Agilent DB-FFAP capillary column
(30 m × 250 µm × 0.25 µm) and an Agilent 789B GC

System. Nitrogen with flow at 1.0 mL/min as the carrier gas
(Initial temperature was 90◦C, raised to 160◦C at 10◦C /min,
then raised to 240◦C at 40◦C /min, and held for 5 min).
Subsequent mass spectrometry was conducted using an Agilent
5977B GC/MSD mass spectrometer (SCAN/SIM, inlet temperature
250◦C, ion source temperature 230◦C, transfer line temperature
250◦C, quadrupole temperature 150◦C, electron impact ionization
(EI) source, electron energy 7 eV). The concentrations of SCFAs in
the cecal contents were reported in milligrams per gram of feces
(µg/g) by ChemStation software (Agilent Technologies, USA) on
APT Cloud Platform.1

2.9 16S rRNA gene sequencing analysis

Total bacterial DNA was extracted using the FastPure
Feces DNA Isolation Kit (YH-feces, Shanghai Major Yuhua).
The quality of DNA extraction was verified by 1% agarose
gel electrophoresis, and the quantity was determined using
the QuantiFluorTM -ST Blue Fluorescence Quantitative
System (Promega Corporation). Library preparation
and sequencing were conducted at Majorbio Bio-pharm
Technology Co. Ltd. (Shanghai, China). PCR amplification
of the V3-V4 region was performed using the primers
338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-
GGACTACHVGGGTWTCTAAT-3′) to prepare amplicons.
The libraries were ultimately submitted for sequencing on the
Illumina NextSeq 2000 PE300 platform (Illumina, San Diego,
USA).

The paired-end (PE) reads obtained from Illumina sequencing
were demultiplexed and subjected to quality control and
filtering based on sequencing quality. The reads were then
assembled based on the overlap between the paired-end reads
to yield optimized data. Subsequently, the optimized data were
processed using the sequence denoising method (DADA2)
(14) to obtain amplicon sequence variants (ASVs) and their
abundance information.

The raw paired-end reads from the Illumina platform were
overlapped and merged using FLASH (v1.2.11) (15) with standard
parameters. The merged reads were subjected to quality control
using the QIIME2 platform. To minimize the impact of sequencing
depth on subsequent alpha and beta diversity data analysis,
all sample sequences were rarefied, and all data analyses were
performed on the Majorbio Cloud Platform2 based on the Silva
16S rRNA gene database (version 138). The ASVs were classified
taxonomically using the Naive Bayes classifier in Qiime2. The
composition of the microbial community, alpha diversity indices
(Mothur v1.30.2) (16), and beta diversity (Bray-curtis) indices were
calculated using QIIME2. The similarity of microbial communities
between groups was determined by principal coordinate analysis
(PCoA) (Vegan v2.4.3 package). The linear discriminant analysis
(LDA) effect size (LEfSe)3 was performed to identify the
significantly abundant taxa (phylum to genera) of bacteria among
the different groups (LDA score = 3.5, P < 0.05).

1 https://bio-cloud.aptbiotech.com/

2 https://cloud.majorbio.com

3 http://huttenhower.sph.harvard.edu/LEfSe
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2.10 Statistical analysis

Statistical analysis was performed using GraphPad Prism
version 8 (GraphPad Software Inc., USA) and SPSS version
20 (SPSS, USA). One-way analysis of variance (ANOVA) was
employed to evaluate differences among multiple groups, and
the unpaired student’s t-test was used to assess the statistical
significance between two groups. The results are presented as the
mean± the standard error of the mean (SD). Data were considered
statistically significant when the p-value was less than 0.05.

3 Results

3.1 LGS protects against ALD in mice

In this study, we administered the LGS to a murine model of
ALD for a 10-day treatment period to investigate the therapeutic
effects of LGS on ALD. The experimental results are depicted
in Figure 1. Throughout the study, body weight of mice was
monitored. The liver morphology was observed, and liver indices
were determined. Subsequently, the hepatic histopathological
analysis, biochemical determinations, and ethanol metabolism
assays were performed.

3.1.1 LGS ameliorates hepatic steatosis in ALD
mice

In the initial 11 days of the experiment, corresponding to the
liquid transition and alcohol acclimation period, there was a certain
degree of fluctuation in the food intake of all groups. Despite a
downward trend observed on the 5th–20th day, may be related to
the alcohol intake, the food intake became more stable in general
and with no difference between groups (Figure 1B). Moreover, to
ensure that each group had similar calories intake, the amount of
liquid diet supplied to the control group was given based on the
amount of food consumed by the ALD group the day before. The
results showed that there was no statistical difference in calories
between the groups (Figure 1C).

As extrinsic indicator of obesity, the body weight of all groups
showed an upward trend (Figure 1D), compared with Ctrl group,
the ALD group having a higher average body weight. After
intervention with LGS, the body weight of mice became lower.
The MTDX group exhibited a loss of weight too (Figure 1F).
Subsequently, we observed the in vivo and ex vivo images of the
liver (Figure 1E). The livers of Ctrl and the medium and high
dose LGS treatment groups (LGS_M, LGS_H) appeared red with
sharp edges, in contrast, the livers of the ALD group were yellow,
with blunt edges and a greasy texture. The MTDX group exhibited
slight yellow areas with sharp edges. The livers of the LGS_L group
were pale yellow with a few yellow areas, and the edges were
slightly blunt. Further analysis revealed that, the ALD group mice
had a larger liver weight (p < 0.05) (Figure 1F) and liver index
(Figure 1G). After the treatment with LGS, the liver weight was
reversed, with the liver index decreased. The improvement in the
liver index showed a dose-dependent trend. The aforementioned
findings indicate that LGS intervention apparently ameliorates
body and liver weight gain, and improves liver morphology.

Furthermore, liver tissues were sectioned and stained with
Oil Red O (Figure 2A). The results revealed that a significant
aggregation of red lipid droplets was observed in the liver of ALD
group mice. A moderate aggregation was observed in the liver of
LGS_L group mice. A slight aggregation was noted in the liver
of MTDX group mice, and minimal aggregation was seen in the
liver of Ctrl group, LGS_M group, and LGS_H group mice. To
demonstrate the fat content within tissues directly, the ratio of
the area of positive Oil Red staining to the entire observed area
(positive expression area ratio,%) was analyzed. It was found that,
in comparison to the Ctrl group, the fat content in the ALD group
elevated significantly, and the positive area ratio reduced after
LGS treatment (Figure 2B). Noteworthy, the effect of LGS was
markedly superior to that of MTDX, particularly in the medium
and high-dose groups.

Further confirmation was provided by serum biochemical
assays, showed that the lipid levels of TC (Figure 2C), TG
(Figure 2D), and LDL-C (Figure 2E) in ALD group mice were
significantly elevated compared to the normal group (p < 0.05).
Blood lipids were reduced by both medium and high doses of LGS
and MTDX (p < 0.05). However, the experiment did not reveal the
alleviating effects of LGS and MTDX on HDL-C (Figure 2F).

These above findings indicate that LGS is capable of
ameliorating hepatic steatosis in mice with ALD, and, in blood lipid
reduction, the data endorsed the use of higher dosages more.

3.1.2 LGS protects against liver injury and
inflammation in ALD mice

Hepatic histopathological analysis and biochemical assays
of blood samples were subsequently conducted to evaluate the
hepatoprotection of LGS (Figure 3).

Compared to the Ctrl group, the ALD group exhibited a
disordered arrangement of hepatocytes, significant cell swelling,
and scattered vacuole formation, which indicated the presence of
liver inflammation. This suggested that the inflammatory damage
was present in ALD, which confirmed by pathological scores among
groups. After intervention with LGS or MTDX, the hepatocyte
arrangement became tightly and orderly, the structure of the
liver lobules was clear, the phenomenon of cell swelling was not
obvious, and the number of vacuoles was correspondingly reduced
(Figure 3A). Furthermore, the effect of medium and high doses
of LGS was significantly superior to that of MTDX regarding the
improvement in liver injury (Figure 3B) (p < 0.05).

Two enzymes, ALT and AST, are predominantly located within
cells, especially the hepatocytes. Upon liver cell damage, those
enzymes are released into the blood, resulting in abnormally
elevated levels of serum ALT and AST, which are frequently utilized
as clinical biomarkers for liver injury. The results demonstrated that
the serum levels of ALT (Figure 3C) and AST (Figure 3D) were
elevated significantly in ALD mice in contrast to the Ctrl group
(p < 0.05). Inflammatory responses are usually accompanied by
the production of inflammatory mediators. We further measured
certain inflammatory cytokines in the serum, and the results
showed that the levels of TNF-α (Figure 3E), IL-6 (Figure 3F), and
IL-1β (Figure 3G) were increased (p < 0.05) in ALD mice. Notably,
after treatment with LGS or MTDX, these serum indicators were
all significantly improved, with LGS_M and LGS_H groups sowing
the best efficacy.
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FIGURE 2

LGS ameliorates hepatic steatosis in ALD mice. (A) The effect of LGS on the Oil Red O staining of the livers of mice with ALD. (B) The proportion of
the positive area of Oil Red O staining in the livers of mice in each group. (C) Serum TC of mice. (D) Serum TG of mice. (E) Serum LDL-C of mice.
(F) Serum HDL-C of mice (n = 6, *P < 0.05, **P < 0.01, ***P < 0.001). One-way ANOVA followed by Tukey test was employed to evaluate
differences among multiple groups.

Overall, LGS exerts a protective effect on liver injury and
inflammation in ALD mice.

3.1.3 LGS enhances alcohol metabolism in ALD
mice

The liver, as the primary metabolic organ, relies on the
synergistic action of various enzymes. During the process of alcohol
metabolism, three key enzymes (CYP2E1, ADH and ALDH) affect
the rate of alcohol metabolism. In this study, we measured the
activity of those enzymes related to alcohol metabolism to assess
the impact of LGS on alcohol metabolism in Figure 4.

We detected the serum levels of CYP2E1 and observed that its
activity was significant increased in ALD (Figure 4A) (p < 0.05),
which was decreased by both MTDX and LGS (p < 0.05). This
finding suggests that LGS may alleviate oxidative stress-induced
damage caused by alcohol by inhibiting the activity of CYP2E1.
Furthermore, In the ALD group, the activities of ADH (Figure 4B)
and ALDH (Figure 4C) decreased significantly compared to the Ctrl
group, and the intervention of the two drugs in the experiment
could reverse this decline (p < 0.05) and this effect showed an
increasing trend with the increase of LGS dosage. It was worth

noted that for CYP2E1 and ALDH, the low-dose group also showed
significant therapeutic effects, and LGS had better regulatory effects
on the three enzymes above than MTDX, although there was no
statistical difference. These results indicated that LGS may reduce
the toxicity of alcohol to the liver by optimizing the enzyme
catalysis in the metabolic process of alcohol.

In summary, our findings supported the potential application
in promoting alcohol metabolism.

3.2 LGS maintains the intestinal epithelial
barrier in ALD mice

The integrity of the intestinal barrier is crucial for preventing
harmful substances and pathogens from entering the bloodstream.
An analysis of the intestinal mucosal structure was conducted
on mice from different groups using H&E and IHC staining, as
depicted in Figure 5.

In the observation of intestinal tissue (H&E staining)
(Figure 5A), the intestinal tissue structure of the Ctrl remained
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FIGURE 3

LGS ameliorates liver damage and inflammation in ALD mice. (A) Hematoxylin and Eosin (H&E) staining of mouse liver tissues at original
magnifications of 200× and 400×. (B) Pathological scoring of H&E staining. (C) Serum ALT. (D) Serum AST. (E) Serum TNF-α in ALD mice. (F) Serum
IL-6. (G) Serum IL-1β (n = 6, *P < 0.05, **P < 0.01, ***P < 0.001). One-way ANOVA followed by Tukey test was employed to evaluate differences
among multiple groups.

FIGURE 4

LGS enhances alcohol metabolism in a murine model of ALD. (A) The influence of LGS on CYP2E1 activity in ALD mice. (B) The influence of LGS on
ADH activity in ALD mice. (C) The influence of LGS on ALDH activity in ALD mice (n = 6, *P < 0.05, **P < 0.01, ***P < 0.001). One-way ANOVA
followed by Tukey test was employed to evaluate differences among multiple groups.

intact, including the mucosal layer, submucosal layer, muscular
layer, and serosa, with no significant pathological changes observed.
The intestinal mucosal layer and submucosal layer structures of
the ALD group mice exhibited structural disruption, with localized

involvement of the muscularis. In the mice of LGS_M and LGS_H,
the intestinal tissue structure remained intact, with no significant
pathological changes observed. The intestinal mucosal layer of
the LGS_L group mice was damaged, and the crypt structure of
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FIGURE 5

LGS ameliorates the intestinal epithelial barrier in ALD mice. (A) H&E staining of the ileum in mice at original magnifications of 100× and 400×.
(B) Immunohistochemical staining for Occludin in the intestine at an original magnification of 400×. (C) Immunohistochemical staining for ZO-1 in
the intestine at an original magnification of 400×. (D) Histopathological scoring of H&E staining in intestinal tissue. (E) Percentage of positive area
expression for Occludin immunohistochemistry. (F) Percentage of positive area expression for ZO-1 immunohistochemistry (n = 6, **P < 0.01,
***P < 0.001). One-way ANOVA followed by Tukey test was employed to evaluate differences among multiple groups.

the lamina propria showed disappearance or reduction. Further
analysis of the expression of occludin (Figure 5B) and ZO-1
(Figure 5C) in the ileal tissue was performed, with the brown-yellow
areas representing the positive expression areas. In Ctrl group,
Occludin and ZO-1 distributed in the mucosa of the small intestine
evenly, with a small amount in the submucosa. Compared with the
Ctrl group, the brown-yellow area in the ALD group was reduced
significantly, mainly in the mucosa. After LGS intervention, the
area of Occludin positivity was increased and evenly distributed,
while the changes of ZO-1 in each group were not obvious. These
results indicated that the mucosal structure was damaged and
the integrity of the mucosal barrier was affected in ALD mice.
After LGS intervention, the expression of occludin at the top
of the intestinal epithelium was increased. Although the H&E
pathological scoring did not show a significant advantage of LGS
in improving the intestinal barrier (Figure 5D), LGS significantly

enhanced the expression of occludin in the ileal tissue of ALD
mice (Figure 5E). During ALD, the expression level of ZO-1 in the
intestine was not changed (Figure 5F).

These results suggest that the structural integrity of the intestine
in ALD mice is damaged, and LGS may repair the intestinal
epithelial barrier by upregulating the expression of the intestinal
channel protein occludin.

3.3 LGS modulates gut microbiota
structure in ALD mice

In order to investigate the impact of LGS on the gut microbiota
of ALD mice, on the 21st day of the experiment, fecal samples
were collected from mice in each group and subjected to 16S rRNA
sequencing to observe the composition of fecal microorganisms. It
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should be noted that the 16S sequencing depth can be represented
by the coverage index in the Alpha diversity index (Supplementary
Figure 1) or provided by the average sequencing data volume of the
samples (Supplementary Table 1). The coverage for each sample is
above 99.9%, indicating that the sequencing depth is sufficient for
subsequent analysis. The analyzed results are presented in Figure 6.

The indices of α diversity, usually refer to the Chao index,
the Shannon index, and the Simpson index, are paramount in
quantifying the species richness and evenness within a population
across various samples. β diversity, conversely, is an analytical
approach grounded in the visual interpretation of distance matrices
between samples, serving to assess the variances among groups.
The closer the species composition, the shorter the distance, which
is graphically represented in the PCoA plot, thereby revealing
the clustering phenomena among different groups. Within the
scope of this study, the curves of the Chao index, the Shannon,
and the Simpson indices demonstrated saturation as the quantity
of random sequencing increased (Supplementary Figure 2), the
α diversity in the ALD group was significantly reduced when
juxtaposed with the control group (p < 0.05). Comparatively,
this reduction was reversed following intervention with LGS.
The effects of the medium and high dosage groups were more
pronounced than that of the low dosage group, with the medium
dosage group exhibiting a more robust recovery (Figures 6A–C).
The control group and the alcohol intervention group were
distinctly separated in the PCoA plot (Figure 6D), indicating the
differences in the gut microbiota structure among the groups
(Figure 6E). These findings suggested a decrease in the gut
microbiota diversity in ALD mice, and that LGS can, to a certain
extent, restore the diversity of their gut microbiota.

This study conducted an in-depth analysis of the phylum-
level microbial composition of the murine gut microbiota.
The findings revealed that the gut microbiota of mice was
predominantly composed of the phyla Firmicutes, Bacteroidetes,
Verrucomicrobia, Actinobacteria, and Proteobacteria, with
Firmicutes and Bacteroidetes occupying a dominant position
(Figure 6F), which is consistent with previous research findings (1).
At the phylum level, in comparison to Ctrl, the ALD exhibited
an enrichment of Firmicutes (Figure 6G) (p < 0.05) and a relative
reduction in Bacteroidetes (Figure 6H) (p < 0.05), resulting in
an elevated F/B ratio (p < 0.05). Furthermore, Verrucomicrobia
and Actinobacteria displayed an increasing trend, while the
phylum Desulfurococcales showed a decreasing trend, although
these differences were not statistically significant. These findings
corroborate some current studies (17–19), yet contradict others
(20, 21). Following the intervention with LGS and MTDX, a
significant reduction in Firmicutes was observed in LGS_M and
LGS_H groups, with a re-enrichment of Bacteroidetes across all
groups, particularly in LGS_M and LGS_H groups (p < 0.05).
Proteobacteria showed an enrichment (Figure 6I) (p < 0.05), and
the F/B ratio was reduced (Figure 6J) (p < 0.05). The results of
this study indicated that the dysbiosis in the gut microbiota of
ALD mice primarily occurred in the phyla of Bacteroidetes and
Firmicutes.

Further analysis revealed that within the Bacteroidetes
(Supplementary Figure 3A), the genus Muribaculaceae and
Alloprevotella were predominant, while within the Firmicutes
(Supplementary Figure 3B), the genera Faecalibaculum, Dubosiella,
Monoglobus, and Lactobacillus were the main constituents. The
Ctrl group was characterized by the predominance of the genus

Muribaculaceae, whereas the ALD group was dominated by the
Faecalibaculum, which also maintained a considerable proportion
in the alcohol-fed groups. Notably, the genus Lactobacillus was
enriched in the Ctrl group but showed a decrease following
alcohol intervention, suggested that it may be beneficial for ALD
(22). Additionally, in the MTDX group, the genus Dubosiella was
enriched. Those findings suggested that the gut microbiota of ALD
mice was disordered, characterized by an increased abundance
of Firmicutes, represented by Faecalibaculum, and a significant
reduction of Bacteroidetes, represented by the Muribaculaceae.
Moreover, LGS intervention ameliorated the gut microbiota
dysbiosis in ALD mice.

To further investigate the impact of LGS on the microbial
structure of mice in each group, the composition of the gut
microbiota at the genus level, and LEfSe Analysis (LDA = 3.5, n = 6)
were employed to compare the microbial structures among the
groups in Figure 7.

The top 10 genera in abundance are shown in Figure 7A.
Utilizing LEfSe analysis (LDA = 3.5, n = 6), we compared
the microbial structures of different groups of mice, noticed
potential biomarkers among groups (Figures 7B, C). In Ctrl,
biomarkers mainly included g_norank_f_Muribaculaceae. Besides
g_Prevotellaceae_UCG-001, g_Lachnospiraceae_NK4A136_group
were abundant in the Ctrl group and may play a positive role in
maintaining the balance of the gut microbiota and host health.
Conversely, the g_Faecalibacterium, and g_Enterococcus were
identified in the ALD group, which may be associated with the
development of ALD. In the intervention groups, we found that
g_Dubosiella, and g_Romboutsia in MTDX group, while the LGS_L
was characterized by g_Bacillus. The biomarkers for the LGS_M
included g_Escherichia-Shigella, and g_Bacteroides. The biomarkers
for the LGS_H were g_Alloprevotella, and g_Erysipelatoclostridium.

A further comparison and analysis of the contents of various
bacterial genera among the groups showed that LGS may against
ALD by suppressing or enriching specific bacterial genera in
Figure 8. We found some unique microbial genera, appeared only
in specific groups, may play an important role in the microbial
composition or have specific functions in Supplementary Table 2.

Initially, the g_norank_f_Muribaculaceae (Figure 8A)
(p < 0.05), g_Bacteroides (Figure 8B), g_Alistipes (Figure 8C),
g_Prevotellaceae_UCG-001 (Figure 8D) (p < 0.05) decreased in
the ALD compared with Ctrl group, which may be related to the
imbalance of the gut microbiota in ALD mice. However, after
LGS intervention, the abundance of these genera rebounded,
indicated that LGS may restore the balance of the gut microbiota
targeting these genera. Furthermore, the g_Faecalibaculum
(Figure 8E), g_Romboutsia (Figure 8F), g_norank_f_Eggerthellaceae
(Figure 8G), and g_Enterococcus (Figure 8H) were significantly
enriched in the ALD group, and may be related to the pathogenesis
of ALD. After LGS intervention, the abundance of these genera
was reversed, indicating that LGS may alleviate the pathological
process of ALD by regulating their abundance. Additionally, it
was also noted that some unique genera appeared or became
enriched in association with LGS, such as Alloprevotella
(Figure 8I), Monoglobus (Figure 8J), Erysipelatoclostridium
(Figure 8K), Parasutterella (Figure 8L), Harryflintia (Figure 8M),
and unclassified_c_Clostridia (Figure 8N), which only increased
after LGS intervention (p < 0.05), and these genera might have
been specifically targeted by LGS.
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FIGURE 6

LGS improves the diversity of the gut microbiota in ALD mice and reduces the ratio of Firmicutes to Bacteroidetes. (A) Chao index. (B) Shannon
index. (C) Simpson index. (D) Principal coordinates analysis (PCoA). (E) Differences in β diversity among groups. (F) Composition at the phylum level
across groups (top ten abundance). (G) Differences of Firmicutes among groups. (H) Differences of Bacteroidetes among groups. (I) Differences of
Proteobacteria among groups. (J) Differences of F/B (the ratio of Firmicutes to Bacteroidetes) among groups (n = 6, *P < 0.05, **P < 0.01,
***P < 0.001, ****P < 0.0001). One-way ANOVA followed by Tukey test was employed to evaluate differences among multiple groups.
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FIGURE 7

LGS improves the composition of the gut microbiota at the Genus Level in ALD mice. (A) Composition of the Intestinal Microbiota at the Genus Level
among groups. (B) Multilevel Species Hierarchical Tree Diagram Linear Discriminant Analysis Effect Size (LDA = 3.5, n = 6). (C) LEfSe Analysis among
groups. The green box indicates a decrease in ALD and an increase after LGS intervention, the red box indicates an enrichment in ALD and a
decrease after LGS intervention, and the purple box indicates an increase only in the LGS group.

Overall, LGS regulated gut microbiota in mice through
restoring ALD-mediated microbial changes and specifically
inducing some gut microbes.

3.4 LGS promotes hexanoic acid
production and regulates GPR43/GLP-1
pathway in ALD mice

SCFAs are the metabolic products of the gut microbiota and are
closely related to ALD. In this study, the content and composition

of SCFAs in the cecal contents of mice were determined by GC-MS
in Figure 9.

In the study of SCFAs (Figures 9A–H), it was observed that the
levels of various SCFAs in the cecum of mice in the ALD group
were decreased. The administration of LGS restored the content
of SCFAs in the cecal contents. Further analysis revealed that the
levels of propionic acid (Figure 9B), butyric acid (Figure 9C),
isobutyric acid (Figure 9D), and hexanoic acid (Figure 9G) were
significantly reduced opposed to the Ctrl group (p < 0.05). After
treatment, there was a certain degree of recovery in the levels of the
aforementioned SCFAs, with a statistically significant improvement
observed in the recovery of hexanoic acid (p < 0.05). The propionic
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FIGURE 8

LGS intervention specifically alters gut microbes in ALD mice. (A) Differences of g_norank_f_Muribaculaceae among groups. (B) Differences of
g_Bacteroides among groups. (C) Differences of g_Alistipes among groups. (D) Differences of g_Prevotellaceae_UCG-001 among groups.
(E) Differences of g_Faecalibaculum among groups. (F) Differences of g_Romboutsia among groups. (G) Differences of
g_norank_f_Eggerthellaceae among groups. (H) Differences of g_Enterococcus among groups. (I) Differences of g_Alloprevotella among groups.
(J) Differences of g_Monoglobus among groups. (K) Differences of g_Erysipelatoclostridium among groups. (L) Differences of g_Parasutterella
among groups. (M) Differences of g_Harryflintia among groups. (N) Differences of g_unclassified_c_Clostridia among groups (n = 6, *P < 0.05,
**P < 0.01, ***P < 0.001). One-way ANOVA followed by Tukey test was employed to evaluate differences among multiple groups.

acid content was also remarkably increased in LGS group, however,
no statistical difference was found. The results suggested that LGS
increased the total acid content in the intestinal tissue of ALD mice
and restored the levels of various SCFAs, especially the hexanoic
acid.

GLP-1 is an important target of SCFAs, and SCFAs can
stimulate the release of GLP-1 from intestinal epithelial cells
through the GPR43 pathway (23, 24), to improve liver fat
deposition (25, 26). Western blot analysis in the ileal tissue
showed a significant reduction in the expression of intestinal
GPR43 in ALD mice (Figure 9J) (p < 0.05), which reversed by

LGS (p < 0.05), which was confirmed again in PCR detection
(Figures 9K, L). Concurrently, the detection of serum GLP-1
content showed changes consistent with GPR43 (Figure 9M),
which was significantly reduced in the ALD group and could be
increased by MTDX and LGS. However, the extent to which MTDX
increased was similar to that of the low-dose LGS. The medium
and high doses of LGS were able to restore the GLP-1 content
to a level comparable to that of the Ctrl group, and the LGS_H
group was superior to the MTDX group. Therefore, LGS may
exert an anti-ALD effect through the hexanoic acid/GPR43/GLP-1
pathway.
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FIGURE 9

The influence of LGS on the SCFAs/GPR43/GLP-1 pathway in ALD mice. (A) The effect of LGS on the cecal content of acetic acid among groups.
(B) The effect of LGS on the content of propionic acid among groups. (C) The effect of LGS on the content of butyric acid among groups. (D) The
effect of LGS on the content of isobutyric acid among groups. (E) The effect of LGS on the content of valeric acid among groups. (F) The effect of
LGS on the content of isovaleric acid among groups. (G) The effect of LGS on the content of hexanoic acid among groups. (H) The effect of LGS on
the content of total acid among groups. (I) Detection of the expression of GPR43 in mouse ileal tissue by Western blot. (J) Semi-quantitative analysis
of the expression of GPR43 in mouse ileal tissue of Western Blot. (K,L) Quantitative analysis of the expression of GPR43 in mouse ileal tissue of
qPCR. (M) The concentration of serum GLP-1 (n = 6, *P < 0.05, **P < 0.01, ***P < 0.001). One-way ANOVA followed by Tukey test was employed to
evaluate differences among multiple groups.

4 Discussion

In this study, the anti-ALD effect of LGS and its possible
mechanism was investigated by the ALD murine model mice
treated with LGS. Our results highlight that LGS exerts a
remarkable protective effect on ALD mice through the gut

microbiota mediated hexanoic acid/GPR43/GLP-1 pathway (Figure
10).

The pathogenesis of ALD is complex, and has yet been
fully understood (27). Chronic alcohol consumption can lead to
the development of ALD, potentially driven by metabolic and
immunologic factors induced by alcohol and its metabolites,
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FIGURE 10

LGS protects against ALD in mice through the gut microbiota mediated SCFAs/GPR43/GLP-1 pathway. Levels of ALT, AST, TNF-α, IL-6, and IL-1β
were decreased by LGS to mitigate alcoholic liver injury in mice. The activity of ethanol metabolism enzymes, ALDH and ADH, was enhanced, which
improved the capacity for alcohol metabolism. The function of maintaining intestinal barrier was well preserved by LGS through reducing epithelial
damage and increasing the expression of Occludin. Moreover, the structure of the gut microbiota in mice with alcoholic liver disease was
significantly modulated by LGS, which restored alcohol-induced microbial alterations, specifically mediated the enrichment (Muribaculaceae,
Alloprevotella, Parasutterella, Harryflintia), the suppression (Faecalibaculum, Romboutsia, Enterococcus), or the production (Clostridium). Further
research indicated that the production of SCFA (hexanoic acid) in the cecum was increased by LGS, which promoted the increase of
ethanol-mediated ileal GRP43 expression and increased the levels of serum GLP-1 to reduction of lipid deposition in the liver.

including reactive oxygen species (ROS) and proinflammatory
cytokines (28). Specifically, alcohol exposure boosts the activity
of the hepatic CYP2E1 enzyme, which increases ROS production,
causing hepatic mitochondrial dysfunction, and stimulates de novo
lipogenesis (28). Additionally, damage- and pathogen-associated
molecular patterns activate specific receptors in non-parenchymal
liver cells, such as Kupffer cells, hepatic stellate cells (HSCs), and
lymphocytes, causing hepatocyte death and the infiltration of
proinflammatory cells like neutrophils and macrophages into the
liver (29). Various forms of hepatocyte death, including apoptosis,
necroptosis, pyroptosis, and ferroptosis, have been reported to
coexist in ALD (29). In severe cases, such as cirrhosis and severe
alcohol-associated hepatitis, there is a significant hepatocyte
degeneration. Liver sinusoidal endothelial cell dysfunction
also contributes to ALD development. Furthermore, alcohol
promotes global protein acetylation, disrupting clathrin-mediated
endocytosis, a process that affects the uptake of macromolecules
and the trafficking of receptor-ligand complexes, leading to
metabolic imbalance (30).

Organ crosstalk has also emerged as a significant issue in ALD.
Chronic alcohol intake disrupts the gut microbiome and its barrier
function, allowing endotoxin leakage into the portal circulation and
facilitating the transfer of triglycerides from adipose tissue to the
liver through lipolysis (28). Notably, alterations in gut microbiota

play a crucial role in the pathogenesis of ALD, as alcohol-induced
changes in gut microbe compromise the intestinal epithelial barrier
and trigger proinflammatory mediators.

Currently, no effective drugs for the treatment of ALD have
been approved, highlighting the urgency of finding new therapeutic
approaches (28). Some of drugs and therapies have been evaluated
in clinical trials (Table 1), mainly targeting hepatocyte death and
regeneration, inflammation and gut microbiome. In particular,
fecal microbiota transplantation as well as some of probiotics
have shown promising results in alleviating ALD in human.
Therefore, targeting the gut microbiota presents new prospect in
ALD treatment.

The present study focused on a Chinese medicine-derived
herbal beverage, LGS. LGS, composed of six herbal components
that are both edible and medicinal, was not observed to exhibit
clear toxic side effects in previous clinical applications, offering
a novel therapeutic choice for ALD. Previous studies (7–10)
have demonstrated that LGS protected against ALD rats through
alleviation of lipid metabolism and relief of inflammation in
liver via regulating several signaling pathways. In LO-2 cells,
LGS was found to inhibit ROS through regulating CYP2E1
and enhance alcohol metabolism through increasing ADH1 and
ALDH2 expression (11). However, whether LGS had an impact
on gut microbiota remains unexplored. Our previous report
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TABLE 1 Ongoing trails for ALD and the targets.

Candidate drug Targets Status References

IL-22 agonist (F-562) Targeting hepatocyte death and
regeneration

Ongoing phase IIb trials (31)

IL-1R inhibitor Antiinflammation Ongoing phase II trial (32)

Anti-LPS (hyperimmune bovine
colostrum enriched with IgG)

Antiinflammation Ongoing phase IIa clinical trial NCT01968382

ASK-1 inhibitor (selonsertib GS-4997) Targeting apoptosis No benefits from a phase IIa trial NCT02854631

Metadoxine Anti-ROS Short-term survival benefit (33)

Microbiome and gut-liver axis Healthy donor fecal microbiota
transplantation (FMT)

A randomized clinical trial revealed survival
benefit at 90 days in patients with severe

alcoholic hepatitis

(34)

Microbiome and gut-liver axis Lactobacillus casei Improve lipid metabolism and regulate intestinal
flora disorders in patients with alcoholic liver

injury

(35)

Microbiome and gut-liver axis Lactobacillus subtilis/Streptococcus
faecium

Restoration of bowel flora and improvement of
LPS in patients with alcoholic hepatitis

(36)

Microbiome and gut-liver axis,
anti-ROS, improving alcohol metabolism

LGS Improve lipid metabolism and inflammation (7–10) and Current
research

demonstrated that LGS mainly contained polyphenols, flavonoids
and polysaccharides (12). Notably, the LGS polysaccharides have
shown specific modulation in vitro on certain gut microbes that
were potentially beneficial to health. Therefore, it is of our primary
interests to investigate the impact of LGS on the gut microbiota
and gut-liver axis.

As AFL and ASH were identified as the most prevalent clinical
phase among patients with excessive alcohol consumption, and as
the initial stage of ALD, recognized for its theoretical reversibility in
treatment, the murine ALD model was established by the NIAAA
method in our study to fit this stage of the disease. And we
confirmed that in ALD mice, alcohol intake led to hepatic steatosis,
elevated liver function tests, and serum inflammatory mediators.
After the intervention of LGS, the aforementioned indicators were
reversed, which confirmed the effectiveness of LGS for ALD via
attenuating liver steatosis and injury (decreased AST, ALT, TC,
TG and HDL-C, increased LDL-C, and alleviated histopathological
scores in liver), relieving inflammation (decreased TNF-α, IL-6,
and IL-1β) and enhancing alcohol metabolism (increased ADH
and ALDH, and reduced CYP2E1 activity). These findings were
consistent with previous reports based on rat ALD models.

Importantly, we newly found in the present study that LGS
exerted a profound role in regulating the gut microbiota and
the gut-liver axis. LGS effectively maintained the function of the
intestinal barrier by reducing epithelial damage and increasing
the expression of Occludin. In the analysis of the gut microbiota,
it was observed that the F/B ratio in ALD mice significantly
increased, which is consistent with the biological markers of
obesity (37). The intervention of LGS not only reversed this change
but also specifically mediated the enrichment of several bacterial
genera, which have been proven to be associated with intestinal
inflammation and lipid metabolism, potentially becoming the
potential targets of LGS action. In particular, supplementation with
LGS specifically mediated enrichment of several bacterial genera
(Alloprevotella, Monoglobus, Erysipelatoclostridium, Parasutterella,
Harryflintia and unclassified_c_Clostridia).

In the intestinal tract of mammals, the phyla Firmicutes and
Bacteroidetes are identified as the two predominant bacterial
phyla, the ratio of which, known as the F/B ratio, serves as
an important indicator for assessing the balance of the gut
ecosystem (1). Further analysis revealed that Faecalibacterium
within the phylum Firmicutes and the Bacteroidaceae within the
phylum Bacteroidetes are key microbial groups influencing the
gut ecology. Muribaculaceae were found to be significant. Recent
research has confirmed that both of them are known to produce
SCFAs, and Muribaculaceae is negatively correlated with liver
function abnormalities (38).

The Alistipes genus, which is negatively correlated with the
occurrence of liver fibrosis and colitis (39). Prevotellaceae_UCG-
001 has been shown to improve colitis induced by Clostridium
difficile (40), and its enrichment in the gut is associated with
the significant improvement of abnormal liver lipid metabolism
related to Type 2 Diabetes Mellitus by Jerusalem artichoke (41).
Alloprevotella, which may play an important role in improvements
of liver functions and reduction of colitis susceptibility (42).
This suggested that they may alleviate pathological changes in
ALD by regulating liver lipid metabolism and producing anti-
inflammatory substances. In our experiments, these microbial
communities were reduced in ALD, and notably increased
following intervention with LGS, which corroborated their
beneficial effects on alcoholic liver disease.

Regarding some of the genera that significantly enriched in
ALD, they were notably suppressed following intervention with
LGS or MTDX. The Romboutsia, a Gram-positive bacterium, has
been identified as non-alcoholic steatohepatitis marker in the
progression of non-alcoholic fatty liver disease (NAFLD) (43).
Given the similarities between NAFLD and ALD in terms of
liver fat accumulation and inflammation, Romboutsia may play
a similar role in ALD. The Eggerthellaceae genus is positively
correlated with the total gastrointestinal symptoms (including
constipation) in children with autism spectrum disorder (44) and
negatively correlated with the levels of Claudin 3 in patients with
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cirrhosis (45). Cirrhosis is one of the severe complications of
ALD, indicating that Eggerthellaceae may affect the progression
of ALD by influencing the intestinal barrier function and liver
inflammatory response. Furthermore, the Enterococcus genus may
improve dextran sulfate sodium-induced colitis by increasing
acetate production, reducing butyrate production, and regulating
the expression of GPR43 (46). Overall, these genera may affect
the progression of ALD by influencing the balance of gut
microbiota, liver metabolism, and inflammatory responses through
various mechanisms.

We have also noted some genera enriched in the LGS
group, such as Monoglobus and Erysipelatoclostridium. Monoglobus
is a pectin-degrading bacteria. LGS contained rich pectic
polysaccharides, which may lead to enrichment of the pectin-
degrading Monoglobus. It is reported that the Erysipelatoclostridium
genus is associated with obesity (47) and is related to a lower
risk of intrahepatic cholestasis of pregnancy (ICP) (48). The
Erysipelatoclostridium plays a protective role in cirrhosis and
primary biliary cholangitis (PBC) (49). Similarly, Parasutterella,
Harryflintia and Clostridia, have been found to be negatively
associated with ALD, sugar and fat metabolism, or intestinal
inflammation (50–55). In terms of quantity, those genera only
predominated after the LGS intervention.

Gut microbiota plays an important role in host health through
generation of metabolites (56). The main microbial products
include fermentation products (SCFAs, branched SCFAs), bile
acid metabolites (secondary bile acids), amino acids degradants
(indole), bacterial proteins and products (LPS, Amuc 1100),
bioactive lipids (12-hydroxyeicosatetraenoic acid), and exosomes
(57). These molecules can act on various host cell receptors,
such as toll-like receptors (TLRs), peroxisome proliferator-
activated receptor alpha (PPARα), aryl hydrocarbon receptor
(AhR), G-protein-coupled receptors (e.g., GPR41/43/119 and
TGR5), and endocannabinoid receptors, to regulate host signaling
pathways and impact physiological functions such as the intestinal
barrier, immune function, insulin resistance and host metabolism
(57). Under conditions of gut barrier disruption, the bacteria
can translocate into liver via portal vein and trigger host
immune response.

The SCFAs, primarily comprising acetic acid, propionic
acid, and butyric acid, have been identified as the principal
end products of gut microbial fermentation. Indeed, they have
been demonstrated to confer benefits not only to intestinal
health but also to hepatic protection through modulation of
energy metabolism, inflammatory responses, and lipid metabolism
(58–60). However, the SCFAs were typically found in lower
abundance in ALD, which was consistent with our experimental
findings (61). After LGS intervention, the content of SCFAs
increases, which is related to the enrichment of bacteria
producing SCFAs in the gut microbiota, such as Muribaculaceae,
Alloprevotella, Parasutterella and Harryflintia (62–65). In addition,
Romboutsia was found to be potentially associated with the
decrease in SCFAs, and it was inhibited after LGS intervention
(66). The production of SCFAs required dietary fiber as a substrate,
but Enterococcus population was reduced due to the decrease in
dietary fiber (67). It is noteworthy that after the intervention of
LGS, the levels of various SCFAs did not significantly rebound as
we had expected, which may be related to the primary production
by the Firmicutes, a phylum that enriched in the context of ALD.

The improvement of hexanoic acid was not negligible, indicated
that although valeric acid and hexanoic acid are present in low
quantities among SCFAs, they are still worth further exploration
and may play a pivotal role in certain aspects.

Valeric acid and hexanoic acid, strictly speaking, are medium-
chain fatty acids, yet they appear in studies related to SCFAs.
Valeric acid, is closely related to the body’s energy metabolism
as a direct form of energy storage. It has been demonstrated to
ameliorate the impaired glucose homeostasis and insulin sensitivity
in type 2 diabetes patients (68), showing a negative correlation
with HDL-C (69). Hexanoic acid was produced by Clostridium
(70, 71), which mainly utilized ethanol and glucose as substrates
and grew anaerobically with ethanol and acetic acid as the only
energy sources (72). Additionally, norank_f_Muribaculaceae (73),
Eubacterium, Ruminococcaceae, and Lachnospiraceae (74) involved
in the production of hexanoic acid (75). As the only saturated
fatty acid that increases blood sugar levels (76), hexanoic acid
has been confirmed that the inhibition of α-amylase activity is
achieved, which has a clear effect on lowering postprandial blood
glucose levels (77). On the one hand, it can promote appetite
and weight gain; on the other hand, as a medium-chain fatty
acid, it has a tendency to promote balanced metabolism, maintain
optimal insulin sensitivity, and even promote the basal and insulin-
dependent phosphorylation of the Akt-mTOR pathway (78). The
deficiency of hexanoic acid was found to be associated with
neurological disorders such as cognitive impairment (79–81). In
studies related to SCFAs, some research suggests that low levels
of hexanoic acid are associated with intestinal damage (74, 82).
Oppositely, another study found that medium-chain fatty acids,
represented by hexanoic acid, promote intestinal inflammatory
responses, while SCFAs, represented by butyric acid, restore the
intestinal barrier in pregnant women with diabetes (83).

GPR43 has been identified as one of the downstream receptors
of SCFAs (23, 84, 85), and can be activated by hexanoic acid directly
(86). Then activation of GPR43 is coupled with the downstream
Gq/11 and Gi/G0 signaling pathway (87). The secretion of
GLP-1 is triggered (23), which promotes glucose uptake and
thereby improves glucose homeostasis within the body (24). The
GPR43/GLP-1 axis has been recognized for its role in promoting
insulin secretion and inhibiting glucagon secretion (88). Some
studies also demonstrated that GPR43 specifically activated by
SCFAs in the M2 macrophages facilitated the maintenance of
gut barrier function (89). For the liver, GLP-1 has been found
to inhibit the deposition of liver fat (90), and further research
has confirmed that its antagonists may be beneficial for the
treatment of NAFLD (91). In addition, GLP1/GLP1R were found
to affect cell apoptosis (92), oxidative stress (93), inflammatory
responses (94, 95), and even autophagy (96) and membrane
transport (97) through multiple pathways, suggesting that LGS
might influence the aforementioned mechanisms by modulating
GLP1/GLP1R. It is showed that pre-treatment with liraglutide
(a GLP-1 analog) significantly inhibited the M1 polarization
of macrophages during liver ischemia-reperfusion injury (95).
Combined with our experimental results, LGS has been shown to
increase the content of SCFA (hexanoic acid) within the intestinal
tract, along with enhanced expression of GPR43. The secretion
of GLP-1 was also increased. Therefore, LGS treatment was able
to specifically regulate gut microbiota (increased Muribaculaceae,
Alloprevotella, Parasutterella and Harryflintia) to generate SCFA
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(hexanoic acid) which activated GPR43. The activated GPR43 is
believed to maintain gut barrier function and improve glucose
homeostasis through GLP-1.

In summary, LGS exerts a significant protective effect on
ALD mice through the gut microbiota-mediated production of
hexanoic acid and activating GPR43/GLP-1 pathway, which might
contribute to the maintenance of host glucose homeostasis and
gut barrier function. Taken together with previous reports, LGS
might be an effective treatment for ALD through multiple
targets involving anti-inflammation, modulation of lipid
and alcohol metabolism and gut microbiota, which may be
attributable to its varied constituents of polyphenols, flavonoids
and polysaccharides.

4.1 Research prospects and
limitations

The model employed in this study was found to be more
suitable for the early stages of AFL and AH in ALD. Although
several targets within the gut-liver axis had been identified
in the study, such as the gut microbiota (Muribaculaceae,
Alloprevotella, Parasutterella and Harryflintia), SCFAs (hexanoic
acid), and GPR43/GLP-1, the specific mechanisms, especially
those delving into the cellular level, still required further
research for validation. For instance, fecal transplantation
can be performed to validate the role of gut microbiota
regulation. GPR43 knockout mice can be used for validation
of its role. The affected microbial strains can be further
confirmed for ALD protection. In addition, the exploration
of constituents of LGS would benefit for understanding the
active fractions.

5 Conclusion

In summary, the findings of this study lead us to conclude
that LGS has a definite protective effect on ALD mice. Consistent
with previous reports, LGS alleviated liver steatosis, attenuated
liver injury and inflammation and enhanced alcohol metabolism.
It was newly found that LGS remarkably alleviated ALD-
associated gut barrier function abnormality and gut dysbiosis. The
attenuated gut dysbiosis was characterized as: (1) recovering
the ALD-mediated alteration of microbial structure; (2)
enriching some of unique microbial strains (Alloprevotella,
Monoglobus, Erysipelatoclostridium, Parasutterella, Harryflintia,
and unclassified_c_Clostridia). Moreover, Following LGS
intervention, the microbial SCFA metabolite, hexanoic acid,
was significantly increased, which was associated with activation
of intestinal GPR43 and production of GLP-1. Therefore,
the modulation of the gut microbiota and activation of the
SCFAs/GPR43/GLP-1 signaling pathway may contribute to the
anti-ALD effect of LGS.

Although this study has certain limitations, these discoveries
provide a new perspective (particularly the modulation of
gut microbiota) for further exploration of the application
of LGS in the treatment of ALD. Future research should
focus on the specific components of LGS, the affected

microbial genera, and the types of SCFAs to gain a deeper
understanding of the mechanisms of LGS. In addition, fecal
transplantation or GPR43 inhibition should be performed to
confirm their roles in ALD alleviation by LGS. These studies
would provide a scientific basis for the development of new
therapeutic strategies.
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Background and aims: Diabetes mellitus (DM) is a multifactorial metabolic 
disorder that affects the body’s ability to regulate blood sugar levels. Apple 
cider vinegar (ACV) could possibly improve diabetes; nevertheless, evidences 
provide conflicting results. This study aimed to evaluate the effects of ACV on 
glycemic profile in type 2 diabetes patients (T2DM) in controlled trials (CTs) by 
systematically reviewing and dose–response meta-analysis.

Methods: The Scopus, PubMed, and Web of Science databases were searched 
until November 2024 according to a systematic approach. All CTs investigating 
ACV’s effects on glycemic factors were included. We  used a random-effects 
model to calculate WMDs and 95% confidence intervals (CIs). The present study 
assessed publication bias, sensitivity analysis, meta-regression, and heterogeneity 
based on standard methods. We assessed the bias risk of the included studies using 
Cochrane quality assessments and used GRADE (Grading of Recommendations 
Assessment, Development, and Evaluation) to calculate evidence certainty. 
We registered the study protocol at Prospero (no. CRD42023457493).

Results: Overall, we included seven studies in this meta-analysis. ACV significantly 
reduced fasting blood sugar (FBS) (WMD: −21.929 mg/dL, 95% CI: −29.19, 
−14.67, p < 0.001) and HbA1c (WMD: −1.53, 95% CI: −2.65, −0.41, p = 0.008) 
and increased insulin (WMD: 2.059 μu/ml, 95% CI: 0.26, 3.86, p = 0.025), while 
it did not affect hemostatic model assessment for insulin resistance (HOMA-
IR). We observed linear and non-linear associations between ACV consumption 
and FBS levels (p < 0.001). Each 1 mL/day increase in ACV consumption was 
associated with a-1.255 mg/dL reduction in FBS. Moreover, greater effects on 
FBS were in dosages >10.

Conclusion: ACV had positive effects on FBS and HbA1c in T2DM patients.

Systematic Review Registration: The study protocol was registered at Prospero 
(no. CRD42023457493).
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1 Introduction

Diabetes mellitus (DM) is a multifactorial metabolic disorder that 
affects the body’s ability to regulate blood sugar levels (1). Type 2 
diabetes mellitus (T2DM) is a condition characterized by 
hyperglycemia due to inadequate insulin secretion and insulin 
resistance (2). More than 500 million people worldwide suffer from 
diabetes, and by the year 2045, this number is expected to reach 783 
million (3). About 90% of all diabetes patients have T2DM. There are 
several secondary complications associated with it, including 
cardiovascular disease, strokes, and diabetic retinopathy (4–6). A 
growing concern has been raised because an increase in T2DM 
prevalence will result in an increase in chronic and acute diseases in 
general. This will have profound effects on the quality of life, economic 
expenses and demand for health care services (7).

The treatment of T2DM relies on the long-term use of anti-
diabetic drugs (8, 9), as there is no final cure for the disease (10, 11). 
It has been demonstrated that dietary modifications are crucial to 
successfully achieving and maintaining glycemic targets for people 
with type 2 diabetes mellitus (T2DM) and optimizing their health 
outcomes (12, 13). Therefore, it is imperative that new methods 
be explored that may delay or even reverse the progression of T2DM.

The use of plants and their derivatives in contemporary research 
and practice has gained much attention due to their beneficial effects 
on controlling glycemic control (14, 15). In this regard, vinegar is 
among the most commonly used plant derivatives. One of the most 
common types of vinegar is apple cider vinegar (ACV), which is made 
by fermenting apples (16). As a preservative agent and flavoring in 
foods, this acidic solution is used worldwide (17). There are several 
flavonoids in ACV, such as catechin, ferulic acid, caffeic acid and gallic 
acid which can improve glucose metabolism (18, 19). These components 
have been shown to play roles in glucose metabolism and possess anti-
inflammatory and antioxidant properties. While acetic acid is indeed 
the primary active ingredient in all kinds of vinegar, the synergistic 
effects of these additional compounds present in ACV make it distinct 
and particularly relevant for investigating glycemic control in T2DM.

Animal studies have revealed that ACV has a number of 
pharmacological functions, including anti-inflammatory, anti-
oxidant, anti-diabetic, anti-hyperlipidemic, and anti-hypertensive 
effects (20–23). There have been several randomized controlled trials 
(RCTs) conducted in this field. A contradictory effect was observed 
on glycemic indexes as a result of these interventions (24–30). In a 
meta-analysis conducted by Hadi et al., in 2021, on 9 RCTs, they 
almost reached positive conclusions about the effect of ACV on lipid 
and glycemic profiles in adults with various health conditions 
including diabetes, obesity, overweight, and the like (31).

Therefore, this systematic review and dose–response meta-
analysis aimed to pool the results of various related controlled trials 
(CTs) assessing the effects of ACV on glycemic indices and insulin 
sensitivity in patients with T2DM.

2 Methods

2.1 Search strategy

The present study was conducted according to PRISMA guidelines 
(Preferred Reporting Items for Systematic Reviews and 

Meta-Analyses) (32). In addition, we used Prospero to register the 
study protocol (no. CRD42023457493). To identify relevant CTs that 
investigated whether ACV influenced the glycemic profile of T2DM 
patients, the current study conducted a comprehensive systematic 
search in the online databases Scopus, PubMed, and Web of Science 
until November 2024. No limitations were applied to the date or 
language of the studies. A detailed description of the database search 
strategy can be found in Table S1. Furthermore, we also reviewed 
relevant meta-analyses and reviews in addition to hand-searching 
reference lists. For notification of new publications, email alerts were 
also set up using PubMed’s “My NCBI” (National Center for 
Biotechnology Information), Scopus, and Web of Science.

2.2 Study selection

Two independent investigators (DA and MB) reviewed the 
articles. To resolve discrepancies, discussions were held and conflicting 
opinions were resolved by consulting a third author (ZS) if the authors 
could not reach a consensus. We  selected the studies for analysis 
according to the following criteria (Table 1): (1) controlled clinical 
trials featuring either a crossover or parallel design; (2) ACV’s effect 
on glycemic profile could be  extracted from the article (glycemic 
indices at baseline and follow-up were available with standard 
deviations (SD), standard errors (SEs), and 95% confidence intervals 
(CIs) for both control and intervention groups); (3) we distinguished 
the Control and intervention groups only by the ACV in a controlled 
study; (4) the intervention should last at least 2 weeks; (5) adults 
(18 years of age or older) with type 2 diabetes participated in the study.

Following is the list of exclusion criteria for studies: (i) the net 
effects of ACV could not be  determined; (ii) the duration of 
intervention was <2 weeks; (iii) studies that were semi-experimental, 
cohort, case–control, and cross-sectional designs, review articles, and 
ecological studies; (iv) data on baseline and follow-up glycemic 
parameters were insufficient.

2.3 Data extraction

Two authors (DA and MB) selected the eligible articles 
independently by based on screening forms for inclusions and 
exclusions. We extracted the data using an Excel form for each article. 
This document has been revised to reflect the current title as well as 
the following abstracted information: It includes the first author’s 
name, the location of the study, the publication year, the design of the 
study as parallel or crossover, the number of participants in each 

TABLE 1  PICOS criteria for inclusion and exclusion of studies.

Parameter Criteria

Participant Type 2 diabetes mellitus patients

Intervention Apple cider vinegar

Comparator Placebo

Outcomes FBS, HbA1c, HOMA-IR, Insulin

Study design Controlled clinical trial

FBS, fasting blood sugar; HbA1c, glycated hemoglobin; HOMA-IR, homeostasis model 
assessment for insulin resistance.
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group, dosages and types of intervention and control, durations of the 
interventions, the health status of the participants, and demographic 
information such as age and gender. Moreover, we extracted the mean 
values and standard deviations of glycemic parameters at baseline as 
well as at the end of the study. For trials that included multiple 
measurements, only the final values were considered for analysis.

2.4 Quality assessment

Two authors (MS and ZS) independently assessed the bias risk of 
the included studies using the last version of Cochrane quality 
assessment tools by Higgins that contain seven domains (33). 
We  assigned a “high risk” score to every domain if there were 
methodological deficiencies that could have affected the results. In the 
case of no defects being found in those domains, the domain received 
a “low risk” score, and in the event of insufficient information 
available, it received an “unclear risk” score. Those studies that scored 
“low risk” in any of the domains were considered high-quality and had 
a completely low bias risk.

We used Grading of Recommendations Assessment, 
Development, and Evaluation (GRADE) to assess and summarize the 
total quality of the evidence of all studies. GRADE is a 
methodologically strong and clear approach for judging the strength 
of recommendations and the certainty of evidence. This method 
includes four key components: assessing the quality of evidence, 
evaluating the balance between benefits and harms, considering values 
and preferences, and making explicit judgments about the strength of 
recommendations (34).

2.5 Statistical analysis

This meta-analysis was conducted using Comprehensive Meta-
Analysis (CMA) V3 software (35). When the probability value (p-value) 
was <0.05, it was considered statistically significant. For all parameters, 
we used a random effects model and assessed the effects of ACV on the 
following outcomes: (i) fasting blood sugar (FBS), (ii) parameter of 
insulin resistance including homeostasis model assessment for insulin 
resistance, (HOMA-IR), (iii) and quantitative insulin sensitivity checks 
index (QUICKI), (iv) serum insulin levels and (v) glycated hemoglobin 
(HbA1c). We expressed the effect sizes by weighted mean differences 
(WMD) and 95% CI. The mean and SD of glycemic values were 
calculated in both the ACV and control groups before and after the 
intervention to calculate net changes: Trial end value - trial baseline 
value. We also calculated the mean difference as follows: (final value in 
the ACV group – baseline value in the ACV group) - (final value in the 
control group  - baseline value in the control group). If no SD was 
reported, it was calculated as follows: SD = square root [(SD 
pre-intervention)2 + (SD post-intervention)2  - (2 R × SD 
pre-intervention × SD post-intervention)] (36). We used the following 
formula for calculating SD from standard error of the mean (SEM) in 
some studies: SEM to SD. SDs = SEs × square root (n), where n refers to 
the number of individuals in each group. In order to estimate medians, 
ranges, and 95% confidence intervals, the authors of the current study 
used Hozo et al.’s method (37). We used the Get Data Graph Digitizer 
software to extract the data (38) form the results in the form of graphs. 
Statistical evaluation of heterogeneity was performed using Cochran’s 

Q-test with significance set at 0.1 and the I2 test to calculate the 
percentage of heterogeneity (I2 value ≥50% indicates significant 
heterogeneity). In order to assess how each trial impacted the overall 
effect size, we conducted a sensitivity analysis using the leave-one-out 
method (39). In order to determine the influence of factors including 
dose, duration, and design of CTs, sub-group analysis was performed. 
In the current study, the authors also used meta-regressions to assess the 
association between moderating variables, including dose and duration 
of the intervention, and effect sizes. Crippa et al. (40) suggestion was 
used to analyze the dose–response effect of ACV intakes on FBS among 
people with T2DM. We performed a dose–response analysis using the 
command “drmeta” in Stata, version 17 (StataCorp, Texas, USA).

To assess the publication bias, we used the funnel plot, in addition 
to Begg’s rank correlation and Egger’s weighted regression analysis. To 
adjust for publication bias, “trim and fill” and “fail-safe N” methods of 
Duval and Tweedie (41) were applied.

3 Results

3.1 Findings from the systematic search

According to the results of the initial search in the online 
databases, we  found 517 articles. Among them, 121 papers were 
duplicates; therefore, they were excluded. Based on the titles and 
abstracts of the remaining articles, 381 were determined to 
be irrelevant. Thus, the full-text assessment consisted of 15 papers. Of 
the 15 articles, two were excluded for being non-CTs (42, 43). 
Additionally, two CTs did not measure the desired outcomes (18, 44). 
As an intervention, two CTs used a type of apple not considered in the 
analysis (45, 46). The study of Mousavi et al. (47) was excluded because 
of the short duration (<2 weeks intervention duration). The study of 
Heljić et al. (48) was also excluded due to the absence of a control 
group. Finally, seven studies were included in the current systematic 
review and meta-analysis with complete findings (24–30) (Figure 1).

3.2 Characteristics of included studies

In total, we randomly assigned 463 participants to 7 qualified 
studies (235 to the ACV group, and 228 to the control group) (Table 2). 
These trials had participants ranging from 38 (24) to 110 (28). The 
included studies were published between the years 2009 and 2023. The 
studies were done in Iran (five studies) (24, 25, 27, 29, 30), Tunisia (26) 
and Pakistan (28). The mean age of the participants ranged from 49.2 
(30) to 54.6 (24) years old. All studies were conducted on both men 
and women except Halima et al. (26) study which did not report. 
Intervention duration ranged from 4 (26, 29) to 12 (28) weeks. All 
studies had parallel designs. Of the seven studies, one was single-
blinded (28), two were double-blinded (26, 29), and four did not do 
blinding (24, 25, 27, 30). In all included studies, the ACV used was 
produced with the same procedure containing almost 5% acetic acid.

3.3 Data quality

Table 3 summarizes the results of Cochrane’s risk of bias tool for 
the quality assessment of studies. Five trials were classified as low 
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quality (high bias risk in >2 domains) (24, 25, 27, 28, 30), one trial was 
classified as moderate quality (high bias risk in 2 domains) (29) and 
one was classified as high quality (high bias risk in <2 domains) (26). 
Evidences for FBS and insulin were moderate GRADE while for 
HbA1c and HOMA-IR were low GRADE (Table 4).

3.4 Meta-analysis

The forest plots of FBS, HbA1c, HOMA-IR, and insulin levels 
from the meta-analysis are shown in Figures 2A–D. Just one study 
measured QUICKI; we could not perform a meta-analysis on this 

parameter. Because of the low number of studies, we  have done 
subgroup analysis, meta-regression, and dose–response only for FBS.

3.4.1 Meta-analysis on ACV and FBS
We included seven studies involving 463 participants. ACV 

significantly reduced FBS based on the results of a random-effect 
model (WMD: −21.929 mg/dL, 95% CI: −29.19, −14.67, p < 0.001), 
with non-significant heterogeneity (I2 = 20.11%, p = 0.237) 
(Figure 2A). We summarized the results of the subgroup analysis in 
Table 5. Considering the sub-group analysis based on the dose and 
duration, significant effects were observed in dosages>15 g/d, and 
durations ≥8 weeks. However, according to meta-regression, we found 

Records identified from*:
Databases (n = 517)
PubMed (MEDLINE) (n =142)
Scopus (n = 294)
Web of Science (n = 81)

Records removed before screening:
Duplicate records removed (n = 
121)

Records screened
(n = 396)

Records excluded**
(n = 381)

Reports sought for retrieval
(n = 15)

Reports not retrieved
(n = 0)

Reports assessed for eligibility
(n = 15)

Reports excluded:
Not CT design (n = 2)
Not report glycemic profile (n = 
2)
Inappropriate intervention (n = 2)
Duration <2 weeks (n= 1)
Absence of control group (n = 1)

Studies included in meta-
analysis (n = 7)

Identification of studies via databases and registers
Id
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FIGURE 1

PRISMA 2020 flow diagram of databases searches, registers and other sources.
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TABLE 2  Demographic characteristics of the included studies.

Author (Year) Design Country Patient 
status

Sample size 
(intervention/

control)

Age (years) 
(intervention/

control)

Gender Duration 
(weeks)

Intervention/
control (type 
and dosage)

Registered Funding

Ebrahimi-Mamaghani 

et al. (24)
Rn/Pa Iran

Type 2 

diabetes
19/19 54.6/53.8 Both 8 13.75 mL/d ACV/− Yes

Investigator-

initiated

Mahmoodi et al. (29) Db/Pa Iran
Type 2 

diabetes
30/30 NR Both 4 15 mL/d ACV/water Yes NR

Halima et al. (26) Db/Rn/Pa Tunisia
Type 2 

diabetes
24/20 NR NR 4 15 mL/d ACV/water Yes NR

Mohammadpourhodki 

et al. (30)
Rn/Pa Iran

Type 2 

diabetes
38/38 49.2/49.2 Both 8 20 mL/d ACV/− Yes NR

Gheflati et al. (25) Rn/Pa Iran
Type 2 

diabetes
32/30 49.47/52.1 Both 8 20 mL/d ACV/P Yes

Investigator-

initiated

Kausar et al. (28) Sb/Rn/Pa Pakistan
Type 2 

diabetes
55/55 51.1/50.4 Both 12 15 mL/d ACV/P Yes

Investigator-

initiated

Jafarirad et al. (27) Rn/Pa Iran
Type 2 

diabetes
37/36 53.11/52.94 Both 8

30 mL/d 

ACV + dietary 

recommendation/ 

dietary 

recommendation

Yes
Investigator-

initiated

Apple Cider Vinegar; NR, Not Reported; Db, Double-blinded; Sb, Single-blinded; Rn, Randomized; Pa, Parallel; P, Placebo.
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no significant association between changes in FBS values with ACV 
dose (p = 0.184) and duration (p = 0.928) (Figures S2A,B). On the 
other hand, the dose–response meta-analysis of ACV intake and 
changes in FBS included 7 studies. The present study found a 
significant linear association between ACV consumption and changes 
in FBS so that each 1 mL/day increase in ACV consumption was 
associated with a-1.255 mg/dL reduction in FBS (p < 0.001). Moreover, 
the results showed a non-linear association, in which, a significant 
reduction in FBS was seen in dose >10 mL/d (Pdose–response < 0.001, Pnon-

linear = 0.607) (Figure 3).
Various results achieved from this part could cause uncertainty 

regarding the association between dose of ACV and FBS changes and 
needs further evaluations.

3.4.2 Meta-analysis on ACV and HbA1c
We included 4 studies and 319 participants in the HbA1c analysis. 

ACV significantly reduced HbA1c based on the results of a random-
effect model (WMD: −1.53, 95% CI: −2.65, −0.41, p = 0.008), with 
significant heterogeneity (I2 = 83.31%, p < 0.001) (Figure 2B).

3.4.3 Meta-analysis on ACV and HOMA-IR
The present study included 3 studies and 173 participants in the 

HOMA-IR analysis. ACV did not influence HOMA-IR significantly 
(WMD: 0.631, 95% CI: −0.99, 2.25, p = 0.446), and the studies’ 
heterogeneity was not significant (I2 = 56.2%, p = 0.102) (Figure 2C).

3.4.4 Meta-analysis on ACV and insulin
We included 3 studies and 173 participants in the serum insulin 

analysis. ACV increased insulin levels based on the results of a 
random-effect model (WMD: 2.059 μu/ml, 95% CI: 0.26, 3.86, 
p = 0.025), with non-significant heterogeneity (I2 = 0%, p = 0.42) 
(Figure 2D).

3.5 Sensitivity analysis

As shown in the leave-one-out sensitivity analysis, the effect sizes 
of ACV on FBS and HbA1c were robust, indicating that the removal 
of every trial had no significant impact on the meta-analysis results 
(Figures S1A,B). In spite of this, the effect of ACV on HOMA-IR, and 
insulin was sensitive to one (25) and two (24, 27) studies, respectively 
(Figures S1C,D).

3.6 Publication bias

According to the “trim and fill” method, for FBS, HbA1c, 
HOMA-IR and insulin there were 1, 0, 1 and 2 studies that were 
missing, respectively (Figure S3A,D). We summarized the corrected 
effect sizes and the results of Begg’s rank correlation, Egger’s linear 
regression, and “fail-safe N” tests in Table S2.

4 Discussion

This systematic review and meta-analysis reviewed the available 
literature and CTs assessing the effects of ACV on glycemic factors and 
insulin sensitivity in T2DM. ACV could significantly reduce FBS and T
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TABLE 4  GRADE.

Certainty assessment No. of patients Effect Certainty Importance

No. of 
studies

Study 
design

Risk of 
bias

Inconsistency Indirectness Imprecision Other 
considerations

(ACV) (placebo) Absolute 
(95% CI)

FBS

7 Randomized 

trials

Seriousa Not serious Not serious Not serious None 235 228 MD 21.929 mg/

dL lower (29.19 

lower to 14.67 

lower)

⨁⨁⨁◯ 

Moderate

IMPORTANT

HbA1c

4 Randomized 

trials

Seriousb Seriousc Not serious Not serious None 160 159 MD 1.53 mg/

dL lower (2.65 

lower to 0.41 

lower)

⨁⨁◯◯ 

Low

IMPORTANT

HOMA-IR

3 Randomized 

trials

Seriousd Not serious Not serious Seriouse None 88 85 MD 0.631 mg/

dL higher (0.99 

lower to 2.25 

higher)

⨁⨁◯◯ 

Low

IMPORTANT

Insulin

3 Randomized 

trials

Seriousf Not serious Not serious Not serious None 88 85 MD 2.059 μu/

ml higher (0.26 

higher–3.86 

higher)

⨁⨁⨁◯ 

Moderate

IMPORTANT

FBS, fasting blood sugar, HbA1c, glycated hemoglobin; HOMA-IR, homeostasis model assessment for insulin resistance; CI, confidence interval; MD, mean difference. aSerious risk of bias since 4 trials were at high risk of bias. Downgraded. bSerious risk of bias since 2 
trials were at high risk of bias. Downgraded. cSerious inconsistency since I2 = 88.61%. Downgraded. dSerious risk of bias since all trials were at high risk of bias. Downgraded. eSerious imprecision since the result of the analysis is not meaningful. Downgraded. fSerious 
risk of bias since all trials were at high risk of bias. Downgraded.
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Study name Statistics for each study Difference in means and 95% CI

Difference Standard Lower Upper 
in means error Variance limit limit Z-Value p-Value

Ebrahimi-Mamaghani et al (2009) -7.800 14.537 211.320 -36.292 20.692 -0.537 0.592
Mahmoodi et al (2013) -22.970 7.871 61.952 -38.397 -7.543 -2.918 0.004
Halima et al (2017) -13.100 7.999 63.984 -28.778 2.578 -1.638 0.101
Mohammadpourhodki et al (2018) -35.940 6.875 47.262 -49.414 -22.466 -5.228 0.000
Gheflati et al (2019) -26.230 6.716 45.108 -39.394 -13.066 -3.905 0.000
Kausar et al (2019) -13.270 7.647 58.479 -28.258 1.718 -1.735 0.083
Jafarirad et al (2023) -20.670 13.732 188.564 -47.584 6.244 -1.505 0.132

-21.929 3.706 13.734 -29.192 -14.665 -5.917 0.000

-50.00 -25.00 0.00 25.00 50.00

ACV Control

FBS

Study name Statistics for each study Difference in means and 95% CI

Difference Standard Lower Upper 
in means error Variance limit limit Z-Value p-Value

Mahmoodi et al (2013) -0.420 0.380 0.144 -1.165 0.325 -1.106 0.269
Mohammadpourhodki et al (2018) -2.320 0.254 0.064 -2.818 -1.822 -9.140 0.000
Kausar et al (2019) -2.310 1.099 1.207 -4.463 -0.157 -2.103 0.035
Jafarirad et al (2023) -1.370 0.563 0.317 -2.473 -0.267 -2.433 0.015

-1.531 0.573 0.328 -2.654 -0.408 -2.673 0.008

-6.00 -3.00 0.00 3.00 6.00

ACV Control

HbA1C

Study name Statistics for each study Difference in means and 95% CI

Difference Standard Lower Upper 
in means error Variance limit limit Z-Value p-Value

Ebrahimi-Mamaghani et al (2009) 3.900 3.095 9.580 -2.166 9.966 1.260 0.208
Gheflati et al (2019) -0.490 0.708 0.501 -1.877 0.897 -0.692 0.489
Jafarirad et al (2023) 1.220 0.602 0.362 0.040 2.400 2.027 0.043

0.631 0.828 0.686 -0.992 2.254 0.762 0.446

-11.00 -5.50 0.00 5.50 11.00

ACV Control

HOMA-IR

Study name Statistics for each study Difference in means and 95% CI

Difference Standard Lower Upper 
in means error Variance limit limit Z-Value p-Value

Ebrahimi-Mamaghani et al (2009) 1.200 5.544 30.740 -9.667 12.067 0.216 0.829
Gheflati et al (2019) -0.050 1.881 3.536 -3.736 3.636 -0.027 0.979
Jafarirad et al (2023) 2.780 1.074 1.154 0.674 4.886 2.588 0.010

2.059 0.920 0.846 0.256 3.862 2.239 0.025

-15.00 -7.50 0.00 7.50 15.00

ACV Control

Insulin

A

B

C

D
FIGURE 2

Forest plot for the effect of ACV on (A) FBS, (B) HbA1c, (C) HOMA-IR and (D) Insulin in T2DM patients, expressed as mean differences between 
intervention and control groups.
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HbA1c levels. However, ACV increased insulin levels. Based on the 
dose–response analysis, the present study found linear and non-linear 
associations between ACV doses and FBS levels. The present study 
showed significant reductions in doses >10 mL/dL.

Hence, the current study showed decreasing trends in FBS that 
were in line with that of a meta-analysis reporting the reducing effects 
of ACV on fasting plasma glucose (FPG) in individuals with diabetes, 
overweight, or obesity (31). However, they did not show any 
relationship between the dose and duration of the supplementation of 
ACV with the changes in FPG (31) which was different from the result 
of the present study focusing on the effects of ACV dose on the FBS 
changes. The main reason for this difference could be possibly due to 
the differences in the included population and their baseline FPG. The 
present study only included patients with T2DM, while in that study 
(31), they included non-diabetic patients as well. They also emphasized 
the glucose-lowering effects of ACV in patients with diabetes rather 
than the no-diabetic ones in their sub-group analysis. They 
emphasized that higher baseline FPG could cause better results 

following ACV supplementation (49). This could almost justify better 
results in higher doses of ACV in patients with diabetes as in the 
present study. On the other hand, in accordance with the present 
finding, in another meta-analysis, vinegar consumption could 
decrease FBS as an important cardio-metabolic factor (49).

It is important to note that, there are several mechanisms for 
justifying the effects of ACV on glycemic control and improving 
FBS concentrations. ACV could cause a delay in gastric emptying 
and could improve the utilization of glucose. On the other hand, 
ACV could decrease liver glucose production and enhance the 
secretion of insulin (50, 51). Acetic acid content of ACV could 
inhibit disaccharidase (52) and α-amylase (21). This way, it can 
consequently decrease blood glucose. This mechanism can also 
explain the glucose-lowering effects of ACV. Further, increases in 
hepatic and muscle uptake of glucose could happen following ACV 
consumption and this could also explain hypoglycemic effects of 
ACV. On the other hand, ACV could increase the activity of 
glycogen synthase and decrease glycolysis. It was observed that 

TABLE 5  Results of subgroup analysis of included randomized controlled trials in the meta-analysis of ACV and FBS in T2DM patients.

Variables Dose (ml/d) Duration (weeks) Design

FBS (mg/dl) ≤ 15 < 8 < 8 ≥8 B NB

Number of comparisons 4 2 2 5 3 4

WMD (95% CI)
−15.66 (−24.12, 

−7.19)

−18.12 (−29.11, 

−7.12)

−18.12 (−29.11, 

−7.12)

−24.34 (−31.73, 

−16.96)

−16.42 (−25.29, 

−7.55)

−27.89 (−36.38, 

−19.41)

p-value < 0.001 0.001 0.001 < 0.001 < 0.001 < 0.001

P between 0.02 0.36 0.07

I2 (%) 0 0 0 37.38 0 17.1

P-heterogeneity 0.72 0.38 0.38 0.17 0.6 0.31

FBS, fasting blood sugar; B, blinded; NB, Not-blinded.

FIGURE 3

Non-linear dose–response effects of ACV dosages (ml/d) on FBS, in T2DM patients. The 95% CI is demonstrated in the dashed line.
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acetic acid could increase glycogen repletion and this could also 
affect glucose uptake (53–55) and these could justify the possible 
role of ACV containing acetic acid in glycemic control. It was 
hypothesized that acetate metabolism through tricarboxylic acid 
cycle via acetyl-CoA (56) which can obtain acetate, could also affect 
glycogen synthase activation in the liver (57). All of these could 
help blood glucose control as well. However, these are mechanisms 
which have been explored, otherwise it remains a mere speculation. 
Moreover, one of the main polyphenols named chlorogenic acid 
present in ACV could cause glucose-6-phosphatase inhibition in 
rats. This can in turn decrease glucose release in the process of 
gluconeogenesis and glycogenolysis and decrease blood glucose 
consequently (58). It is clear that higher doses of ACV could exert 
more beneficial effects due to the higher active and effective 
components. All the aforementioned mechanisms could explain 
and justify the decreasing trend of FBS following ACV consumption. 
These effects can be more pronounced in the higher doses. However, 
further researches are warranted to better elucidate the exact dose 
of ACV with the maximum glucose-lowering effects.

In addition, as another finding, considering the results of ACV 
and HbA1C, we  have seen a significant reduction in HbA1C 
following ACV consumption. However, the present study did not 
show any significant changes in the levels of insulin and HOMA-IR 
after ACV consumption. These results were in accordance with the 
results of the meta-analysis by Hadi et  al. (31) that showed a 
decreasing trend in HbA1c after ACV consumption. However, they 
showed no changes in insulin or HOMA-IR. They also emphasized 
the beneficial effects of ACV on HbA1c in patients with diabetes with 
higher baseline FPG rather than non-diabetes ones (48). This was 
also seen in the current meta-analysis with the target population of 
patients with T2DM. This was also confirmed by two other meta-
analyses which demonstrated that vinegar consumption could 
significantly decrease HbA1c (49, 59). HbA1c is considered a marker 
for glucose control in the past 2–3 months in patients with diabetes 
(52). Vinegar could ameliorate the insulin response to food glycemic 
index in patients with diabetes and could decrease HbA1c with this 
mechanism (60, 61). However, the current study showed increasing 
effects of ACV on insulin levels which seems unexpectable as is not 
in line with the results of other glycemic markers in the present meta-
analysis. This finding was not in accordance with the finding of 
another meta-analysis by Shishehbor et al. (62) that mentioned the 
reducing trend in insulin levels following vinegar consumption. The 
main differences between that study and the present meta-analysis 
are related to the type of vinegar and the included studies containing 
insulin data (8 trials in their studies vs. three trials in the current 
study). On the other hand, in another meta-analysis by Hadi et al., no 
significant changes were seen in insulin concentration following ACV 
consumption in adults (31). Also, in a meta-analysis in 2022, vinegar 
consumption did not change serum insulin in healthy individuals and 
in those with cardio-metabolic diseases (49). Moreover, it is 
noteworthy to state that we included a small number of studies for 
assessing the effects of ACV on insulin and HOMA-IR (two for 
HOMA-IR and three for insulin). This cause uncertainty for drawing 
reliable conclusions in this regard. In addition, this issue was also 
mentioned in the study by Hadi et al. (31) as they included a few 
studies for these variables. Hence, the results considering the effects 
of ACV on insulin and HOMA-IR should be interpreted with caution. 

More investigations are warranted. However, a promising effect for 
HbA1c was observed.

Finally, regarding the sensitivity analysis, for all parameters, the 
removal of any study did not affect the results, except for HbA1c which 
was sensitive to two studies (28, 30) and insulin which was sensitive to 
one study that showed decreasing trends in insulin levels following 
ACV consumption in type 2 hyperlipidemic patients (25). Moreover, 
as we included only 3 studies for assessing the effects of ACV on insulin 
levels, the opposite effect of one study on the results could cause 
uncertainty regarding the increasing effects of ACV on insulin levels. 
On the other hand, the two studies affecting the results of HbA1c are 
those that showed promising effects of ACV on HbA1c. This could 
avoid reliable and definite conclusions to be drawn in this regard. 
Hence, the results of ACV on HbA1c and insulin should be interpreted 
with caution.

The present systematic review and meta-analysis pooled the 
available literature (CTs) assessing the effects of ACV on glycemic 
control and insulin sensitivity. This study had some limitations and 
strengths. As a limitation, we included the small number of studies for 
some variables such as insulin and HOMA-IR which could cause 
uncertainty regarding the final conclusions for those parameters. Also, 
we  could not conduct sub-group analysis or meta-regression 
conduction for those variables. On the other hand, from seven 
included studies, five were conducted in Iran and totally 6 studies were 
in Asia (five in Iran and one in Pakistan) and this could affect the final 
interpretation of results and the results could not be  possibly 
generalized to all populations in various geographical locations. 
Hence, interpretation of the final results should be done with caution. 
However, as a strength, meta-regression and sub-group analysis (based 
on dose, design, and duration of the studies) was done for FBS which 
could cause better definite results. Moreover, linear and non-linear 
dose–response relationships between the FBS parameter and ACV 
dosage were examined. Another strength is that we evaluated the ACV 
effects on a specific population (T2DM) in this meta-analysis. Also, as 
another strength, we observed non-significant heterogeneity among 
the included studies with most of the assessed parameters which could 
cause better uniformity among them. Hence, the final results could 
be possibly more reliable in this study from this point of view.

5 Conclusion

To sum up, the present systematic review and meta-analysis 
showed promising effects of ACV on FBS with a dose–response effect 
in patients with T2DM. The effects of ACV on decreasing HbA1c and 
increasing insulin were not definite due to the effects of omissions of 
two studies that could possibly change the results of HbA1c and one 
study that could affect insulin and the small number of studies 
included in insulin assessment. Moreover, we observed no changes 
in insulin resistance parameter including hemostatic model 
assessment for insulin resistance (HOMA-IR) following ACV 
consumption. This could be pertinent to the small number of studies 
that we  included in this regard. Finally, it can be mentioned that 
further investigations are needed to better elucidate the exact effects 
of ACV on insulin, HOMA-IR, and HbA1c and to better definite the 
best effective dose of ACV with glucose-lowering effects, especially 
in various populations.
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Multi-omics revealed that the 
postbiotic of hawthorn-probiotic 
alleviated constipation caused by 
loperamide in elderly mice
Yu Wei 1,2,3†, Shuai Chen 4†, Ying Ling 1†, Wei Wang 1,3* and 
Yali Huang 1,2*
1 Guangzhou University of Chinese Medicine, Guangzhou, China, 2 Basic Medical Science College, 
Guangzhou University of Chinese Medicine, Guangzhou, China, 3 The First Clinical Medical School, 
Guangzhou University of Chinese Medicine, Guangzhou, China, 4 Yunnan University of Chinese 
Medicine, Kunming, China

Background: Constipation is a prevalent and recurrent gastrointestinal disorder 
causing significant discomfort. However, current treatments often prove 
ineffective. Previous research indicates that the postbiotic derived from a 
combination of hawthorn and probiotics can alleviate constipation. This study 
aimed to investigate its mechanisms using loperamide-induced constipation in 
aged KM mice.

Methods: Constipated mice were divided into groups receiving 10% lactulose 
(Y), hawthorn extract (S), probiotics (F), and the postbiotic of hawthorn-
probiotic (FS). UPLC–MS metabolomics identified constituents of F, S, and FS. 
Network pharmacological analysis identified targets affected by FS. RT-qPCR 
assessed target expression in mouse colons, along with IL-6 and IL-17A levels. 
Molecular docking with AutoDock Tools1.5.6 evaluated interactions between FS 
components and targets. ex vivo colonic organ culture and RT-qPCR assessed 
target changes. Molecular dynamics analysis further scrutinized interactions. 
Targeted metabolomics measured short-chain fatty acid levels in mouse stool.

Results: UPLC–MS metabolomics revealed distinct profiles for F, S, and FS, with 
FS showing decreased toxic substances and increased beneficial ones compared 
to S. Network pharmacology identified 20 cross-targets of FS in constipation. 
RT-qPCR showed decreased NR1I2 and SULT1A1 and increased GLP-2r in FS-
treated mice. Inflammatory cytokines IL-6 and IL-17A were also reduced. ex vivo 
colonic organ culture and molecular docking identified effective combinations 
such as TNF-Baicalin and AQP3-Quinacridone. RMSD, RMSF, and RG analyses 
indicated favorable interactions between small molecules and targets. Targeted 
metabolomics revealed differing short-chain fatty acid contents in feces among 
groups.

Conclusion: The postbiotic of hawthorn-probiotic alleviates constipation 
by regulating intestinal water and sodium metabolism, maintaining the 
intestinal barrier and gut flora, promoting epithelial cell proliferation, reducing 
inflammatory responses, and improving short-chain fatty acid metabolism.

KEYWORDS

postbiotic, hawthorn, probiotic, constipation, inflammation, intestinal 
microenvironment
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1 Introduction

Chronic senile constipation is one of the common digestive 
system problems in the elderly (>65-70 years) (1, 2), and its incidence 
increases with the increase of age (3). This type of constipation can 
be caused by a variety of factors, including lifestyle factors, dietary 
habits, side effects of medications, neuromuscular dysfunction, and 
digestive disorders (4, 5). In addition to traditional drug treatment and 
dietary changes, some new treatment methods are gradually attracting 
attention, such as probiotics, prebiotics and post-biologics, which can 
relieve constipation by regulating intestinal flora and improving 
intestinal function (6–12).

Our previous research efforts have identified the potential of 
hawthorn-probiotic post-biotics in alleviating constipation (13). 
We found that postbiotic of hawthorn-probiotic exerts remarkable effects 
on constipation by regulating water and sodium metabolism, repairing 
intestinal barrier, relieving inflammation, and restoring microflora 
structure (13). Recently we make some progress on the postbiotic of 
hawthorn-probiotic metabolites and targets for constipation. We think 
these might offer a promising therapy for constipation.

2 Materials and methods

2.1 Materials

2.1.1 Metabolite

Pubchem 
CID

Metabolite 
name

Source CAS 
number

Purity

13976 Quinacridone

Chengdu 

Must Bio-

Technology 

Co., Ltd.

1047-16-1 98%

5282151
vitexin-2″-o-

rhamnoside
64820-99-1 HPLC≥98%

9830628 L-Isoleucine 73-32-5 99%

64982 Baicalin 21967-41-9 HPLC≥98%

60198 Exemestane 107868-30-4 98%

5281643 Hyperoside 482-36-0 HPLC≥98%

5280343 Quercetin 117-39-5 HPLC≥98%

5280443 Apigenin 520-36-5 HPLC≥98%

8679
N-Phenyl-2-

naphthylamine
135-88-6 98%

5280961 Genistein 446-72-0 97%

5281708 Daidzein 486-66-8 HPLC≥98%

2.1.2 Short chain fatty acids standard

Name CAS 
number

Molecular 
formula

Molecular 
weight

Acetic acid 64-19-7 C2H4O2 60.05

Propionic acid 79-09-4 C3H6O2 74.08

Isobutyric acid 79-31-2 C4H8O2 88.11

Butyric Acid 107-92-6 C4H8O2 88.11

Valeric acid 109-52-4 C5H10O2 102.13

Isovaleric acid 503-74-2 C5H10O2 102.13

Hexanoic acid 142-62-1 C6H12O2 116.16

2.1.3 Chemicals

Name Source Cat. number

Methanol, LC–MS Grade CNW CAEQ-4-000306-4000

Acetonitrile, LC–MS 

Grade
CNW CAEQ-4-000308-4000

Acetice Acid, LC–MS 

Grade
CNW CAEQ-4-000319-0050

Ammonium Acetate, 

LC–MS Grade
CNW CAEQ-4-000314-0050

Krebs-Ringer Buffer Solarbio G0430-500 ml

2.1.4 Critical commercial assays

Name Source Cat. number

RNAiso Plus Vazyme R401

SweScript RT I First 

Strand cDNA Synthesis 

Kit

Servicebio G3330

2X Universal Blue SYBR 

Green qPCR Master 

Mix

Servicebio G3326

2.1.5 Software and Algorithms

R version3.6.3 The R Foundation N/A

SIMCA Umetrics AB N/A

2.2 Preparation and metabolic constituents 
of hawthorn-probiotic

2.2.1 Preparation of hawthorn aqueous extract 
and postbiotic

According to the preparation process of the previous study (13), the 
sequence of Lactobacillus paracasei is shown in Supplementary Table S1. 
We  prepared three groups of fermentation liquid required for the 
experiment [hawthorn group (S), probiotic group (F) and postbiotic of 
hawthorn-probiotic group (FS)].

2.2.2 Metabolite extraction
The collected samples were thawed on ice, and metabolite were 

extracted with 80% methanol Buffer. Briefly, 100 μl of sample was 
extracted with 400 μl of precooled methanol. The extraction mixture 
was then stored in 30 min at −20°C. After centrifugation at 20,000g 
for 15 min, the supernatants were transferred into new tube to and 
vacuum dried. The samples were redissolved with 100 μl 80% 
methanol and stored at −80°C prior to the LC-MS analysis. In 
addition, pooled QC samples were also prepared by combining 10 μl 
of each extraction mixture (14).
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2.2.3 High performance liquid chromatography
All samples were acquired by the LC–MS system followed machine 

orders. Firstly, all chromatographic separations were performed using 
a Vanquish Flex UPLC system (Thermo Fisher Scientific, Bremen, 
Germany). An ACQUITY UPLC T3 column (100 mm*2.1 mm, 1.8 μm, 
Waters, Milford, USA) was used for the reversed phase separation. The 
column oven was maintained at 40°C. The flow rate was 0.3 mL/min 
and the mobile phase consisted of solvent A (water, 5 mM ammonium 
acetate and 5 mM acetic acid) and solvent B (Acetonitrile). Gradient 
elution conditions were set as follows: 0 ~ 0.8 min, 2% B; 0.8 ~ 2.8 min, 
2 to 70% B; 2.8 ~ 5.3 min, 70 to 90% B; 5.3 ~ 5.9 min, 90 to 100% B; 
5.9 ~ 7.5 min, 100% B; 7.5 ~ 7.6 min, 100 to 2% B; 7.6 ~ 10 min, 2%B.

2.2.4 High resolution mass spectrometry
A high-resolution tandem mass spectrometer Q-Exactive (Thermo 

Scientific) was used to detect metabolites eluted from the column. The 
Q-Exactive was operated in both positive and negative ion modes. 
Precursor spectra (70–1,050 m/z) were collected at 70,000 resolution to 
hit an AGC target of 3e6. The maximum inject time was set to 100 ms. 
A top 3 configuration to acquire data was set in DDA mode. Fragment 
spectra were collected at 17,500 resolution to hit an AGC target of 1e5 
with a maximum inject time of 50 ms. In order to evaluate the stability 
of the LC–MS during the whole acquisition, a quality control sample 
(Pool of all samples) was acquired after every 10 samples.

2.3 The analysis of the online 
pharmacology of post-biologics

2.3.1 The collection and arrangement of the 
action target of the postbiotic of 
hawthorn-probiotic and constipation

TCMID, Batman and Herb databases were used to search for the 
corresponding target of the active ingredients of the postbiotic of 
hawthorn-probiotic.

No corresponding target ingredients were found for the time 
being, and Swisstargetprediction platform was used to predict the 
target. The results of these database searches would overlap. Excel 
software was used to remove duplicate targets and integrate, and the 
target name was imported into the Uniport database, and the type was 
set as “Homo sapiens” to obtain the corresponding gene name.

Disease targets by using “Constipation” as key word were searched 
and extracted by TTD, Herb and Omim databases.

2.3.2 Analysis of Venn diagram and construction 
of target network of “TCM active 
ingredients-intersection target-disease”

Venny2.10 platform was used to analyze the target of drug action 
and the target of intestinal adhesion disease, and statistical intersection 
was formed and Wayne diagram was formed. The collected data were 
compiled and imported into Cytoscape3.91 software to construct the 
target network diagram of “TCM active ingredients—intersection 
targets—diseases.”

2.3.3 PPI protein interaction network 
construction

The intersection targets were imported into the String platform 
and the type was defined as “Homo sapiens” to analyze and construct 
the PPI protein interaction network.

2.3.4 Molecular docking
Acquisition and preprocessing of receptor proteins and 

compounds: The three-dimensional (3D) structures of the receptor 
proteins were obtained by jointly utilizing the UniProt1 and PDB2 
databases. The protein structures were then processed using PyMOL 
version 2.3.0 to remove crystallographic water, irrelevant protein 
chains, and the original ligands. The 3D structures of the compounds 
were retrieved from the PubChem database,3 and the molecular 
structures were optimized using the MMFF94 force field with Open 
Babel3.1.1, resulting in the lowest energy conformation of the 
molecule. Detailed information about the compounds is provided in 
Table 1 at the end of the manuscript.

Molecular Docking: Hydrogen atoms were added to both the 
receptor proteins and the compounds using AutoDock Tools1.5.6. The 
rotatable bonds of the compounds were identified, and the structures 
were saved in pdbqt format. The docking grid parameters were set 
using the Grid module. Receptor protein details and docking range 
parameters provided in Table 2. The docking protocol was set to semi-
flexible docking, employing the Lamarckian genetic algorithm for 
docking with an exhaustiveness value of 25. Molecular docking was 
performed using AutoDock Vina 1.2.0 to obtain the binding free 
energy and docking result files.

2.3.5 Molecular dynamics simulation
The Gromacs2020 software was used to simulate the molecular 

dynamics of the protein-compound complexes obtained by molecular 
docking. Amber14sb was selected as the protein force field, Gaff2 as 
the coordination force field, TIP3P water model was selected to add 
solvent to the protein ligand system and establish a water box with 
periodic boundary of 1.2 nm. Charges in the equilibrium system of 
sodium and chloride ions were added to restore the real experimental 
environment as far as possible. Prior to the formal kinetic simulation, 
the complex was minimized for 50,000 steps using a conjugate 
gradient algorithm, followed by a further equilibrium system of 100 ps 
using an isothermal (310 K) system (NVT) and an isobaric (1 standard 
atmosphere) system (NPT), and finally a molecular dynamics 
simulation of 100 Ns at normal temperature and pressure.

Analysis of molecular dynamics simulation results:
At present, the semi-flexible docking used for molecular docking 

cannot take into account the flexibility of protein structure. In order 
to further prove the degree and stability of binding between 
compounds and proteins, molecular dynamics simulations of 100 ns 
were performed for each group of docking results. We analyze the root 
mean square deviation (RMSD), root mean square fluctuation 
(RMSF), radius of rotation (Rg) and Gibbs free energy landscape in 
the molecular dynamics simulation trajectory of the complex.

2.4 Animals and groups

240-day-old, male KM mice obtained from the Guangzhou Regal 
Biotechnology Co., Ltd., SCXK [Yue] 2018–0182, SYXK [Yue] 2021–
0059) were pair-housed in plastic cages in a temperature-controlled 
(25 ± 2°C) colony room under a 12/12-h light/dark cycle, with free access 

1  https://www.uniprot.org/

2  https://www1.rcsb.org/

3  https://pubchem.ncbi.nlm.nih.gov/
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to food and water. The aged KM male mice were administrated with 
distilled water throughout the whole course and 6 mice were grouped as 
the normal controls without any other intervention(N). The rest mice 
were treated with 5 mg/kg loperamide (imodium, SOURCE: Xian Janssen 
Pharmaceutical Ltd. IDENTIFIER: LGJ0549.) for 1 week and randomly 
divided into model group (M), positive drug group (Y), hawthorn group 
(S), probiotic group (F) and postbiotic of hawthorn-probiotic group (FS). 
Mice in Y group were intragastrically treated with 10% lactulose (0.2 ml/
day/per mouse), S group with 1 g/ml pure hawthorn solution (0.2 ml/day/
per mouse), F group with Lactobacillus paracasei supernatant (0.2 ml/day/
per mouse) and FS group with postbiotic of hawthorn-probiotic (0.2 ml/
day/per mouse) for another week.

The inclusion criteria were normal development, appropriate age, 
and weight. The exclusion criteria were abnormal development, 
inappropriate age, or weight. Any single criterion not met resulted in 
exclusion. Grouping was conducted randomly according to cage order, 
and blind method was employed to select one individual for gavage. 
The experimenter assigned a number to the gavage material, and the 
individual performing the gavage administered it based on the 
assigned number. During the observation period, the condition of all 
KM mice was closely monitored. If any adverse reactions were 
detected, the gavage was immediately discontinued. However, 
throughout the entire experiment, the mice remained in good health 
and no abnormalities were observed.

These KM mice were sacrificed after anesthesia with pentobarbital 
sodium. The structure of colon, and fecal metabolite of mice were 
determined. All experimental protocols were approved by the Animal 
Center, Guangzhou University of Chinese Medicine.

2.5 RNA isolation and quantitative analysis

RNA was extracted from colon tissue using RNAiso Plus 
according to the instructions. Then, cDNA was obtained using the 
ImProm-II™ Reverse Transcription System (Promega) and RT-qPCR 
was carried out with custom designed oligonucleotides using the 
SweScript RT I First Strand cDNA Synthesis Kit and 2X Universal Blue 
SYBR Green qPCR Master Mix in a total volume of 20 μl: 95°C for 
1 min and 40 cycles of denaturation (95°C for 15 s) and extension 
(60°C for 1 min). Experiments were performed in triplicates. 
Following amplification, dissociation curve analyses were performed 
to confirm the amplicon specificity for each PCR run. The relative 
level of gene expression in mouse colon tissue was normalized against 
mouse β-actin, respectively. Analysis of relative expression was 
performed using the 2(−ΔΔCT) method.

2.6 KM mouse ex vivo colonic organ 
culture

KM mouse (M group; with 5 mg/kg loperamide for 1 week; 
Constipation was diagnosed by insufficient fecal water content, long 
defecation time, small fecal volume and light weight) sacrificed after 
anesthesia with pentobarbital sodium. The colon were collected. The 
feces were removed with sterile syringes in a continuously ventilated 
(5% CO2 + 95% O2) Krebs-Ringer Buffer, and then cut colon into 
small segments 1 cm long. These colonal segments were then cut into 
sheets and placed in 24-well plates, respectively. Each well contained 
Krebs-Ringer Buffer continuously ventilated at 37°C and 
corresponding drug with a final concentration of 10 M and a volume 
of 1 ml. The culture was kept at 37°C, 5%CO2 + 95%O2, PH 7.4 for 5 h, 
and the tissue status was examined under the microscope every 
15 min. Further experiments were carried out 5 h later.

2.7 Targeting metabolomics

The collected samples were thawed on ice, and metabolite were 
extracted with 80% methanol Buffer. Briefly, 50 mg of sample was 
extracted with 0.5 ml of precooled 80% methanol. The extraction 
mixture was then stored in 30 min at −20°C. After centrifugation at 
20,000 g for 15 min, the supernatants were transferred into new tube 
to and vacuum dried. The samples were redissolved with 100 μl 80% 
methanol and stored at −80°C prior to the LC–MS analysis. In 
addition, pooled QC samples were also prepared by combining 10 μl 
of each extraction mixture.

Chromatographic mass spectrometry condition parameters are as 
follows: Chromatographic column: Waters ACQUITY UPLC BEH C18 
(3.0 × 100 mm, 1.7 μm). Column temperature: 40°C. Sample size: 2 μl. 
Mobile phase: A: primary aqueous solution; B: Methanol: acetonitrile 
(volume ratio 1:1). The mass spectrum condition parameters are as 
follows: Sampling mode: MRM mode. See Materials section for 
standards. The standard curve is shown in Supplementary Table S2.

TABLE 1  The primers’ sequences of genes in this study.

Genes Sequence of primers

ABCB1B

5′-AGTGTTAAAGGGGCGATGGG-3′

5′-GACTCCTGTCCCGAGGTTTG-3′

NR1L2

5′-AGACCTGAGGAGAGCTGGAG-3′

5′-TTGGCCTTGTCCCCACATAC-3′

NR1L3

5′-GTCCATGGGTTCCAGTACGAG-3′

5′-TAACTCCGGGTCTGTCAGGG-3′

SULT1A1 (ST1A1)
5′-AGGTGATCTACGTTGCCCGAAATG-3′

5′-GTACCACGACCCATAGGACACTTTC-3′

IL-6
5′-GGCGGATCGGATGTTGTGAT-3′

5′-GGACCCCAGACAATCGGTTG-3′

IL-17A
5′-TGATGCTGTTGCTGCTGCTGAG-3′

5′-CACATTCTGGAGGAAGTCCTTGGC-3′

GLP-2r
5′-TTCTGCCTCCTGCCGCTCTG-3′

5′-AGTCCTTCAACCAGCAACCACAAG-3′

AQP-3
5′-CGCTGGTGTCTTCGTGTACC-3′

5′-TGTGGGCCAGCTTCACATTC-3′

ENAC-γ (SCNN1G)
5′-TGAGTGACCTCCTGACTGACTTGG-3′

5′-GAAATCTGGGTGGTGTGCCTTCC-3′

TNF-α
5′-GGAACACGTCGTGGGATAATG-3′

5′-GGCAGACTTTGGATGCTTCTT-3′

β-actin
5′-CGTTGACATCCGTAAAGACC-3′

5′-AACAGTCCGCCTAGAAGCAC-3′
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TABLE 2  The top 10 metabolites of each protein by binding energy.

Protein name Pubchem CID Metabolite name Binding energy

AQP3 13976 Quinacridone −9.3

AQP3 5282151 Vitexin-2-O-rhamnoside −9.3

AQP3 9830628 L-Isoleucine −9.2

AQP3 64982 Baicalin −9.1

AQP3 6198 EXEMESTANE −8.5

AQP3 441793 Eurycomalactone −8.4

AQP3 5281643 Hyperoside −8.4

AQP3 76005853 6-[4-(3-Chlorophenyl)-1-Piperazinyl]-3-Cyclohexyl-2 −8.4

AQP3 6030 Uridine 5′-Monophosphate −8.3

AQP3 13653606 Furanylfentanyl −8.2

IL17A 64,982 Baicalin −8.4

IL17A 13976 Quinacridone −7.9

IL17A 441793 Eurycomalactone −7.9

IL17A 60198 EXEMESTANE −7.9

IL17A 76005853 6-[4-(3-Chlorophenyl)-1-Piperazinyl]-3-Cyclohexyl-2 −7.6

IL17A 9830628 L-Isoleucine −7.5

IL17A 5280343 Quercetin −7.3

IL17A 5282151 Vitexin-2-O-rhamnoside −7.3

IL17A 13653606 Furanylfentanyl −7

IL17A 5280443 Apigenin −7

SCNN1G 13976 Quinacridone −8.7

SCNN1G 5282151 Vitexin-2-O-rhamnoside −8.3

SCNN1G 64982 Baicalin −8.2

SCNN1G 13653606 Furanylfentanyl −8.1

SCNN1G 5280448 Calycosin −8

SCNN1G 9830628 L-Isoleucine −8

SCNN1G 60198 EXEMESTANE −7.9

SCNN1G 441793 Eurycomalactone −7.7

SCNN1G 5281643 Hyperoside −7.7

SCNN1G 76005853 6-[4-(3-Chlorophenyl)-1-Piperazinyl]-3-Cyclohexyl-2 −7.7

SULT1A1 8679 N-Phenyl-2-naphthylamine −11.2

SULT1A1 5280443 Apigenin −11.1

SULT1A1 5280343 Quercetin −10.7

SULT1A1 15394713 (2S,4R)-4-(9H-Pyrido[3,4-b]indol-1-yl)-1,2,4-butanetriol −10.4

SULT1A1 5280961 Genistein −10.1

SULT1A1 6030 Uridine 5′-Monophosphate −10

SULT1A1 10107340 N-Acetyl Retigabine −9.9

SULT1A1 9830628 L-Isoleucine −9.9

SULT1A1 5281708 Daidzein −9.8

SULT1A1 575067 5-Hydroxy-4-methoxy-6-(2-phenylethyl)-5,6-dihydro-2H-pyran-2-one −9.8

TNF 64982 Baicalin −10.2

TNF 13653606 Furanylfentanyl −9.7

TNF 6351946 L-prolyl-L-phenylalanine −9.7

TNF 263426 (1xi,3S)-1,2,3,4-Tetrahydro-1-methyl-beta-carboline-1,3-dicarboxylic acid −9.4

(Continued)
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3 Results

3.1 The postbiotic of hawthorn-probiotic 
metabolites are quite different from the 
postbiotic of hawthorn and the postbiotic 
of hawthorn

The TIC (Total Ion Chromotogram) of the metabolites of 
Lactobacillus (F), postbiotic of hawthorn-probiotic(FS), hawthorn (S) 
is shown in Figure 1A. We found that after fermentation, the FS group 
was significantly different from the F and S groups in both anion and 
cationic tests. According to the Mz-rt figrure (Figure 1B), it can be found 
that the main detection period of metabolic ions in this test is 0–5 min, 
and the main detection m/z is 100–500. In this test, there were a total of 
12,009 anion peaks and 20,611 cation peaks. The types of metabolic ion 
peaks are mainly lipids and lipid-like molecules, Organoheterocyclic 
compounds, Organic acids and derivatives, Benzenoids, 
Phenylpropanoids and polyketides, and Organic oxygen compounds.

After further analysis of primary metabolites (Figure 2A), we found 
that group FS integrated some components of group F and group S, and 
the part with effective increase in content was in the lower right corner 
of the way. As can be seen from Figures 2B–D, the differences within 
the test group were small, while the differences between the groups 
were large, and the biological repeatability was relatively good.

3.2 The postbiotic of hawthorn-probiotic is 
more abundant than the postbiotic of 
hawthorn and the postbiotic of hawthorn

We analyzed the secondary metabolites (Figure 3A) and found 
that the three groups were still very different. FS/S mainly increased, 
while FS/F mainly decreased (Figure 3B). However, in general, the 

metabolite content of FS was higher than that of F and S (Figure 3C). 
As can be seen from Figure 4A, the difference within the test group is 
small, while the difference between groups is large, which is close to 
the real data.

With VIP > 1 and Pvalue <0.05, differential secondary metabolites 
were screened, and Figure 4B was obtained. Then, K-mean cluster 
analysis was performed on these differential secondary metabolites 
(Figure 4C), and it was found that Organic acids and derivatives, 
Organoheterocyclic compounds, lipids and lipid-like molecules, 
Benzenoids, Phenylpropanoids and polyketides are the main rising 
components of FS, but many components are unknown.

3.3 Network pharmacology and preliminary 
experiments have found common targets 
of constipation and postbiotic of 
hawthorn-probiotic

Then we went on target hunting. Through network pharmacology, 
we found 20 common targets for metabolic mixtures and constipation 
(Figure 5A). The PPI network between them is plotted (Figure 5B). In 
the previous study (Figure 5C), we also found and verified several 
other targets, including TNF-α, Mucin2, Enac-γ, and AQP3. Among 
them, TNF-α has attracted our attention, and after reviewing the 
literature, we also included IL-6 and IL-17A in the experiment. By 
conducting RT-qPCR on the colons of mice in normal group (N), 
model group (M), and postbiotic of hawthorn-probiotic group (FS), 
the primers are listed in Table 1. We  found that the postbiotic of 
hawthorn-probiotic was capable of decreasing the expression of 
NR1I2 and ST1A1 (SULT1A1), and increased the expression of 
GLP-2r, a receptor for GCG. However, the expression of ABCB1B, 
NR1I3, IL-6, and IL-17A showed a decreased trend, with no statistical 
significance (Figure 5D).

TABLE 2  (Continued)

Protein name Pubchem CID Metabolite name Binding energy

TNF 5280448 Calycosin −9.4

TNF 78651 2-Amino-4-methylbenzophenone −9.4

TNF 8679 N-Phenyl-2-naphthylamine −9.4

TNF 5281708 Daidzein −9.3

TNF 5280443 Apigenin −9.2

TNF 73530 Tetrahydroharman-3-carboxylic acid −9.2

GLP-2r 9830628 L-Isoleucine −8.8

GLP-2r 5282151 Vitexin-2-O-rhamnoside −8.7

GLP-2r 64982 Baicalin −8.7

GLP-2r 441793 Eurycomalactone −8.4

GLP-2r 13976 Quinacridone −8.2

GLP-2r 263426 (1xi,3S)-1,2,3,4-Tetrahydro-1-methyl-beta-carboline-1,3-dicarboxylic acid −8.2

GLP-2r 5281643 Hyperoside −8.1

GLP-2r 60198 EXEMESTANE −8

GLP-2r 580443 Apigeni −7.9

GLP-2r 76005853 6-[4-(3-Chlorophenyl)-1-Piperazinyl]-3-Cyclohexyl-2 −7.9
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3.4 Molecular docking and molecular 
dynamics analysis proved that the 
postbiotic of hawthorn-probiotic target 
metabolite was stable in binding to the 
target

We found 131 significantly elevated secondary metabolites (see 
Supplementary material), and then searched for the postbiotic of 
hawthorn-probiotic that was significantly higher (VIP > 1.2, 
FC > 2or < 0.5, p < 0.01). We  then used 112 metabolites for which 
we  found a clear chemical structure to intermingle with previously 
screened targets (AQP3, Enac-γ, SULT1A1, TNF) and those we are still 
interested in (IL17A, IL6R). NR1I2 was found in the nucleus, and we did 
not focus on this target because we had no evidence that our metabolites 
could enter the nucleus. Subsequently, we found (Figure 6A) that these 
metabolites are generally combined with SULT1A1 and TNF. They bind 
well to parts of AQP3, GLP-2R, Enac-γ (SCNIG), and IL17A. But they 
do not combine well with IL6R. We used the index of binding energy to 
sort from large to small, and selected the top 10 compounds in each 
target for presentation (Table 2). Then, we combined the best groups and 
visualized them (Figures  6B–G). These are TNF-Baicalin, AQP3-
Quinacridone, Enacγ-Quinacridone, IL17A-Baicalin, SULT1A1-N-
Phenyl-2 naphthylamine, GLP2R-L-Isoleucine. We  also performed 
molecular dynamics analysis on them (Figure 7). The results of RMSD, 
RMSF, and RG of the above small molecules and targets were all good.

3.5 Ex vivo colonic organ culture 
demonstrated that the target metabolite 
can be effective by loperamide to model 
the corresponding target of mouse colon

We tried our best to purchase the 11 compounds that were 
virtually screened (Quinacridone, vitexin-2 “-o-rhamnoside, 
L-Isoleucine, Baicalin, Exemestane, Hyperoside, Quercetin, Apigenin, 
N-Phenyl-2-naphthylamine, Genistein, Daidzein. See the Materials 
section for specific information), and the colons of loperamide 
modeled mice were removed for experiments. Finally, we  found 
(Figure  8) that in general, the compound regulated the intestinal 
targets of the model mice in a favorable direction, especially Enac-γ. 
However, some compounds resulted in increased expression of the 
target, and there is a worsening trend. Daidzein, for example, 
increased TNF expression.

3.6 Targeted metabolomics found that 
postbiotic of hawthorn-probiotic regulated 
short chain fatty acids metabolism in the 
gut of loperamide modelled mice

So we found that the postbiotic of hawthorn-probiotic regulated 
the gut microbiome structure of loperamide in mice and their ability 

FIGURE 1

(A) TIC (Total Ion Chromotogram), a superposition of all metabolite strengths of each sample, with the retention time of the liquid chromatography as 
the horizontal coordinate and the ion strength as the vertical coordinate, reflecting the overall situation of the metabolite peak in the sample. (B) Mass-
Charge Ratio and Retention time (mz-rt, mass-charge Ratio and Retention time). Each point is a metabolite peak, with the retention time of 
metabolites as the horizontal coordinate and the mass-charge ratio as the vertical coordinate, reflecting the overall hydrophilicity and molecular 
weight of all the metabolites in this project. The color of the dots represents the density of the region (the chromatographies are spectral series, red is 
dense, and blue is sparse). (C) Statistical map of metabolite species for first-order molecular weight identification. The figure extracts the classification 
information of the substance in which the substance is located and performs the number statistics. The horizontal coordinate is the classification and 
the vertical coordinate is the number of metabolic peaks.
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to produce biofilms (13). So we  conducted targeted metabolomic 
analysis on feces, and we found (Figure 9A) that the short chain fatty 
acids profiling of normal group (N), model group (M), postbiotic of 
hawthorn-probiotic (FS) was completely different. The three groups 
had good differentiation and intra-group repeatability (Figure 9B). By 
analyzing short chain fatty acids separately (Figures 9C–I), Butyric 
acid and Propionic acid contents rise significantly in the intestine of 
constipated mice, while Isovaleric acid and Hexanoic acid contents 
decline. The postbiotic of hawthorn-probiotic can reduce Butyric acid 
content to normal level, and it can also increase Valeric acid and 
Isobutyric acid content. However, Acetic acid and Propionic acid did 
not change significantly.

4 Discussion

With the exacerbation of population aging, constipation, a 
common gastrointestinal disease, is receiving increasing attention. As 
a novel approach, post-biotics are being studied in many diseases, 
including constipation. In our preliminary research (13), aged KM 
mice were modeled with loperamide, and we found that the postbiotic 

combination of hawthorn-probiotic was safe and effective. It alleviated 
intestinal water-sodium metabolism and chronic inflammation, 
promoted cell proliferation, and reduced apoptosis. By inhibiting 
harmful bacterial colonization, increasing the abundance of probiotics, 
and maintaining intestinal microbiota, it improved the gut 
microbiome. In this study, we observed an increase in the content of 
some secondary metabolites compared to hawthorn or probiotic 
alone. Through network pharmacology and mouse colonic tissue 
analysis, we identified new targets, particularly SULT1A1 and GLP-2r. 
Subsequently, molecular docking, molecular dynamics analysis, and 
in  vitro experiments using colonic tissue from KM mice revealed 
stable binding between targets and secondary metabolites, especially 
TNF-Baicalin, AQP3-Quinacridone, Enacγ-Quinacridone, IL17A-
Baicalin, SULT1A1-N-Phenyl-2 naphthylamine, and GLP2R-L-
Isoleucine. Furthermore, short chain fatty acids metabolism analysis 
of feces from KM mice in this experiment indicated that the hawthorn-
probiotic postbiotic improved short chain fatty acid profiling.

SULT1A1 is a sulfotransferase enzyme that participates in the 
metabolism and detoxification (15, 16) processes of various 
endogenous and exogenous compounds within the body (17). Its 
primary function involves conjugating electrophilic compounds with 

FIGURE 2

(A) Heatmap of metabolite intensity. Each column has a sample, each behavior has a displacement peak, and the color represents the intensity 
information (Log10 value). (B) Pairwise correlation heat map of samples. Pairwise sample correlation analysis was performed using all metabolic 
intensity of each sample. The upper right part of the figure shows the correlation coefficient, and the lower left part of the figure shows the degree of 
correlation fitting with an ellipse. (C) Principal component score chart. For PCA analysis of detected substances and identified metabolites, PCA score 
plot mainly represents the distribution trend of data points, each point in the graph represents a sample, and the similarities and differences between all 
samples are reflected in the separation trend or aggregation degree of samples in the score plot. The aggregation of points indicates that the observed 
variables have a high degree of similarity, and the dispersion of points indicates that the observed variables have obvious differences. (D) Biorepeat CV 
cumulative map. The difference coefficients of all replicates under each phenotype were calculated, and the cumulative statistics of each difference 
coefficient were carried out to show the repeated differences of different phenotypes. The horizontal coordinate of the CV cumulative curve 
represents the number of CV, and the vertical coordinate represents the proportion of metabolites smaller than the CV in the total number of 
metabolites.
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water-soluble sulfate substrates, thereby increasing their water 
solubility and facilitating their excretion from the body. In terms of 
research progress, SULT1A1 has been extensively studied and 
demonstrated significant roles in numerous fields (18, 19). For 
instance, in cancer research, the expression levels of SULT1A1 are 
closely associated with the occurrence and progression of tumors (20, 
21), including colorectal cancer, by influencing tumor growth and 
metastasis through the regulation of endogenous hormone and 
carcinogen metabolism (17). Additionally, in drug metabolism and 
toxicology studies, SULT1A1 is also considered as one of the crucial 
enzymes involved in drug metabolism and detoxification, exerting 
significant effects on the metabolic pathways of many drugs and the 
formation of toxic metabolites (15). We found that the expression level 
of SULT1A1 in postbiotic of hawthorn-probiotic (FS) was lower than 
that in constipation model (M). This showed that the intestines of mice 
in FS group recovered and almost no toxins needed to be excreted.

GLP-2r, the receptor for the intestinal hormone glucagon-like 
peptide-2 (GLP-2), is widely expressed in intestinal tissues (22). GLP-2 
is a gastrointestinal hormone secreted by enteroendocrine cells in the 
intestine (23), and its primary function is to promote proliferation and 
repair of intestinal mucosal cells, increase mucosal cell survival, while 
reducing intestinal motility and secretion (22, 24). These effects 
contribute to maintaining the integrity of the intestinal mucosa and 
promoting intestinal health. In terms of research progress, GLP-2r has 
been extensively studied and has shown potential roles in the treatment 

of various intestinal-related diseases. For example, GLP-2r agonists 
have been used in the treatment of inflammatory bowel diseases (such 
as Crohn’s disease and ulcerative colitis) (25) because they can promote 
intestinal mucosal repair and regeneration, improving patients’ 
symptoms and quality of life. Additionally, GLP-2r agonists are also 
being investigated for the treatment of other intestinal disorders such 
as intestinal fistulas and short bowel syndrome (22, 24). We found that 
the postbiotic of hawthorn-probiotic mice had elevated GLP-2r 
expression in colon. In previous studies, we observed by CCK8 and 
flow cytometry that postbiotic of hawthorn-probiotic promoted 
intestinal epithelial cell proliferation and reduced apoptosis. These 
suggest that the postbiotic of hawthorn-probiotic secondary metabolites 
bind to GLP-2r, promoting intestinal cell proliferation, reducing 
intestinal cell apoptosis, and restoring intestinal barrier function.

IL-17A is a cytokine belonging to the IL-17 family, primarily 
produced by T cells and other immune cells such as NK cells and 
lymphocytes (26), serving as a crucial inflammatory mediator (27, 
28). It plays key roles in immune regulation, inflammatory 
responses (29) (particularly against bacterial and fungal infections 
(30)), and tissue repair (31). Inhibitors of IL-17A and its receptor 
have emerged as important targets for the treatment of autoimmune 
diseases (such as rheumatoid arthritis, psoriasis, etc.) and 
inflammatory bowel diseases (26). Relevant drugs have been 
developed and entered clinical trial phases. We  found that the 
postbiotic of hawthorn-probiotic (FS) group had reduced IL-17A 

FIGURE 3

(A) Heatmap of the intensity of metabolites for secondary identification. Quantitative information was extracted from the secondary identified 
metabolites with high confidence, each of which was classified as a sample, each of which had a metabolic peak, and the color represented the 
intensity information (Log10 value). (B) Univariate analysis of fold-change and p-value obtained by T statistical test were used in this project to screen 
differentially expressed metabolites. Differential ions simultaneously satisfy: ratio &gt; 1.5 or ratio &lt; 1/1.5; p value &lt; 0.05. (C) VolcanoPlot displays 
univariate statistical tests using volcanic maps. The horizontal coordinate is the ratio of the mean values of the two phenotypic strengths, and the 
vertical coordinate is the significance p-value (or corrected p-value) of the statistical test, and −log10 is taken. The greater the value, the more 
significant the difference.
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FIGURE 4

(A) PLS-DA score plots (left) are used to evaluate the relationships between samples, with the abscissa representing the first principal component and 
the ordinate representing the second principal component. Each dot represents a sample, and each color represents a phenotype; PLS-DA model 
check (right). The Permutation test tested whether the PLS-DA model was overfitted with a number of 100. The x-coordinate is the correlation of the 
Q2 and R2 calculated by the permutation to the original Q2 and R2 values, and the y-coordinate is the R2 and Q2 calculated by each permutation. 
Pvalue shows the significance of the replacement test, Q2’s pvalue&lt; 0.05 indicates that the model is not overfitted. (B) For metabolites of global 
correlation in multiple comparison groups, metabolites with differential and secondary identification are extracted, each point of the correlation plot is 
a metabolite, and the horizontal and vertical coordinates are the ratio (logarithm) of each comparison group. (C) Multi-group secondary K clustering. 
The HMDB classification information was extracted from the metabolites identified by differential ions, and the metabolites were classified and 
counted for each expression category.

FIGURE 5

(A) Venn diagram, common target of constipation and fermentation fluid. (B) PPI maps of common targets. (C) Flow chart of the preliminary work. 
(D) Changes in target gene expression levels verified by colon RT-qPCR. NS; *p < 0.05; **p < 0.01; ***p < 0.001.
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FIGURE 6

(A) Heat maps of binding energies of 112 secondary metabolites to 7 targets. Visualization of the combination with the highest binding energy of the 
(B–G) secondary metabolite and target protein.

FIGURE 7

(A–F) Visualization of molecular dynamics analysis results of the combination with the highest binding energy of secondary metabolites and target 
proteins.
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expression in colon tissue. So this suggests that the postbiotic of 
hawthorn-probiotic secondary metabolites are capable of reducing 
inflammation in the gut. Our previous studies found that postbiotic 

of hawthorn-probiotic could improve intestinal flora structure and 
short chain fatty acids metabolism in elderly constipated mice. 
IL-17A plays an important role in this.

FIGURE 8

(A–E) In vitro experiments to verify the gene expression levels of the compound—target protein combinations with higher binding energy. NS; 
*p < 0.05; **p < 0.01; ***p < 0.001.

FIGURE 9

(A) Heat maps of various short chain fatty acids contents in feces of KM mice in groups N, M and FS. (B) PCA plots of the three groups. (C–I) Bar chart 
for the comparison of various short chain fatty acids contents in the three groups. NS; *p < 0.05; **p < 0.01; ***p < 0.001.
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In conclusion, our study once again proves that postbiotic of 
hawthorn-probiotic is beneficial to senile constipation, and the 
key secondary metabolites and targets are found and 
preliminarily verified. Our findings can be used as a reference 
for the treatment of constipation and other intestinal  
disorders.
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Introduction: Urinary tract infections (UTIs) are a global health concern, increasingly 
complicated by antibiotic resistance. Cranberry-derived bioactive compounds, 
particularly proanthocyanidins (PACs), have emerged as a promising non-antibiotic 
strategy for UTI prevention. This review examines their efficacy, mechanisms of 
action, and the evolving research landscape through bibliometric analysis.

Methods: A comprehensive literature review was conducted to assess the role 
of cranberry metabolites in UTI prevention, focusing on anti-adhesive and 
antimicrobial mechanisms. Additionally, a bibliometric analysis of publications 
from 1962 to 2024 was performed to evaluate research trends, collaboration 
networks, and thematic developments.

Results: Cranberry metabolites, particularly A-type PACs, flavonoids, and phenolic 
acids, inhibit Escherichia coli adhesion to urothelial cells, reducing UTI recurrence. 
Gut microbiota-driven transformation of PACs into bioactive metabolites enhances 
their efficacy, while cranberry oligosaccharides disrupt biofilm formation in high-
risk populations. Bibliometric analysis reveals a surge in research interest post-2000, 
with increasing global collaborations and a focus on clinical applications.

Discussion and conclusion: Cranberry bioactives demonstrate significant 
potential in UTI management, yet variations in formulation, dosage, and 
metabolic bioavailability present challenges. The growing research interest 
underscores the need for standardized clinical studies to optimize therapeutic 
efficacy and establish evidence-based guidelines for their use.

KEYWORDS

nutraceuticals, functional foods, cranberry, metabolites, urinary tract infections, 
proanthocyanidins, bibliometric analysis, bioactive compounds

1 Introduction

Urinary Tract Infections (UTIs) pose a significant global health concern affecting people 
of all ages. Each year, UTIs contribute to around 400 million cases, placing substantial strains 
on healthcare systems and individuals alike (1). Aside from causing immediate discomfort, 
UTIs lead to substantial economic costs due to medical expenses, reduced productivity, and 
increased demand for healthcare services. The widespread impact of UTIs highlights the 
urgent need for new and effective approaches to their prevention and treatment (2). UTIs 
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disproportionately affect women, primarily due to anatomical 
differences, with nearly half of all women experiencing at least one 
UTI during their lives. This gender gap results in billions of dollars in 
healthcare expenditures annually, including direct costs of treatment 
and indirect costs such as lost workdays (3, 4).

Given the significant impact of UTIs in women, targeted 
interventions are crucial to address this healthcare challenge. The 
urgency to tackle UTIs is compounded by the escalating problem of 
antibiotic resistance. Misuse and overuse of antibiotics have reduced 
the effectiveness of traditional treatments, increasing infection rates, 
recurrence, and mortality (5). This crisis highlights the necessity for 
alternative preventive and therapeutic methods. Cranberries, 
including their derivatives like juice and extracts, have attracted 
significant interest due to their historical use in indigenous 
communities for treating urinary ailments. Initial investigations into 
their potential for preventing UTIs focus on proanthocyanins, which 
inhibit Escherichia coli—the primary bacterium causing UTIs—from 
adhering to the urinary tract lining (6). This mechanism presents a 
promising non-antibiotic approach to managing UTIs. However, 
scientific opinion on the effectiveness of cranberries in UTI prevention 
is divided, with some studies highlighting their benefits while others 
expressing doubts (7–10). To navigate the complexities of UTI 
management and the role of cranberries, this review utilizes 
bibliometric and patent analyses as key tools. These methods allow for 
an examination of publication and citation trends, innovation 
patterns, and the commercial landscape, providing insights into 
research dynamics, leading contributors, and potential gaps in 
knowledge. By systematically exploring literature and patents, this 
study aims to offer a comprehensive view of current UTI research, 
identify promising avenues for future investigation, and assess the 
economic motivations behind cranberry-related interventions. In 
summary, the global health challenge posed by UTIs, especially amid 
rising antibiotic resistance, necessitates a reassessment of current 
treatment approaches. Cranberries represent a potential non-antibiotic 
strategy for managing UTIs, yet their effectiveness remains 
contentious. Through an integrated review and analytical assessment, 
this study aims to advance our understanding of UTI interventions 
and inspire innovative solutions to improve healthcare outcomes to 
combat the growing issue of resistance.

2 Literature review

2.1 Prevalence of urinary tract infection

The incidence of urinary tract infections (UTIs) is a substantial 
public health concern, exhibiting variability in occurrence rates 
among distinct age cohorts and genders. It is worth noting that there 
is a significant disparity in the prevalence rates among those aged 
20–29, with a remarkable rate of 32.6% (11, 12). On the other hand, 
there is a notable disparity in the occurrence of this phenomenon 
among adolescents, namely within the age range of 10–19, where the 
prevalence is far lower, amounting to a measly 1.2%. The notable 
disparity highlights the increased vulnerability to urinary tract 
infections (UTIs) throughout the transition from youth to early 
adulthood. The prevalence of urinary tract infections (UTIs) is 
influenced by gender variations, wherein females demonstrate a 
higher incidence rate of 37.5% as a result of anatomical and 
physiological variables, while males exhibit a comparatively lower rate 

of 22.0%. The presence of a gender-related disparity underscores the 
distinct susceptibilities linked to urinary tract infections (UTIs) (12).

In order to formulate efficacious therapy approaches, it is vital to 
possess a thorough comprehension of the causative agents behind 
urinary tract infections (UTIs). According to the findings of Odoki 
(12), E. coli has been identified as the predominant bacterial pathogen, 
accounting for 41.9% of urinary tract infection (UTI) cases. Moreover, 
Staphylococcus aureus plays a substantial role, representing 31.4% of 
the total infection cases. Additional causal pathogens that can 
be identified include Klebsiella pneumoniae, accounting for 11.6% of 
cases, Klebsiella oxytoca, accounting for 7.0% of cases, Proteus 
mirabilis, accounting for 3.5% of cases, Enterococcus faecalis, 
accounting for 3.5% of cases, and Proteus vulgaris, accounting for 1.2% 
of cases. The presence of several strains of bacteria in urinary tract 
infections (UTIs) underscores the intricate nature of this condition, 
with E. coli routinely identified as the primary causative agent (12). 
Urinary tract infections (UTIs) have emerged as a substantial public 
health issue on a global scale, as evidenced by the findings of 
Wagenlehner (13), statistics are concerning, as there is an approximate 
global incidence of 404.61 million documented urinary tract 
infections (UTI) cases, resulting in 236,790 deaths and a significant 
burden of 520,200 disability-adjusted life years (DALYs) (13). Of 
particular worry is the notable 2.4-fold rise in mortality associated 
with urinary tract infections (UTIs) recorded between 1990 and 2019, 
highlighting the pressing necessity to address this worldwide menace. 
In terms of demographic characteristics, urinary tract infections 
(UTIs) exhibit a global prevalence rate of 33.54%. There is a notable 
gender imbalance, as evidenced by females accounting for 66.78% of 
cases, which is nearly double the rate observed in males at 33.22%. The 
observed gender disparity can be expressed as a ratio of 2:1. Upon 
further examination, it becomes evident that there are distinct 
age-related trends, with the overall incidence reaching its highest 
point among those aged 45 years and above. In the female population, 
the age group that has the highest incidence of urinary tract infections 
(UTIs) is between 31 and 45 years (13). Conversely, UTIs primarily 
manifest in males beyond the age of 45. In a recent study conducted 
by Tegegne (14), it was found that E. coli remains the most prevalent 
pathogen causing urinary tract infections (UTIs), accounting for 
53.77% of cases (14). Following E. coli, Klebsiella pneumoniae was 
identified as the second most common pathogen, responsible for 
27.40% of UTIs. This study highlights the significant importance of 
antibiotic selection in determining treatment results (14). Tegegne 
(14) emphasizes the urgent need for careful consideration of 
antimicrobial choices in the treatment of urinary tract infections 
(UTIs), as widespread resistance has been observed in commonly 
prescribed medications such as fluoroquinolones, amoxicillin, and 
third-generation cephalosporins (14). While drugs like meropenem, 
gentamicin, nitrofurantoin, and cotrimoxazole have demonstrated 
effectiveness, the prevalence of resistance underscores the importance 
of selecting appropriate antimicrobial agents for UTI treatment.

2.2 Prevalence of multi-drug resistant 
urinary tract infections

Urinary tract infections (UTIs), once viewed as manageable health 
issues, have undergone a significant transformation in recent times 
due to the alarming rise in multi-drug resistance (MDR). This 
troubling trend, where pathogens develop resistance to multiple 
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antibiotics, now presents a major challenge to the fundamental 
approaches for UTI treatment. Table  1 below lists multi-drug 
resistance UTI pathogens.

In a groundbreaking study conducted by Dasgupta and colleagues 
in 2020, an exploration of this changing scenario revealed a concerning 
reality. The prevalence of MDR UTIs showed significant variation, 
with some regions reporting rates as low as 3.7%, while others faced 
alarmingly high rates, reaching up to 88.1%. These findings have 
profound implications, especially considering that previously effective 
antibiotics like ciprofloxacin, cephalosporin, azithromycin, aztreonam, 
cotrimoxazole, and nalidixic acid now encounter resistance rates 
ranging from 28.6 to 92.9% (15).

Building on this foundational research, a subsequent investigation 
led by Umemura and their team in 2022 revealed even more 
concerning insights. Their data analysis highlighted the prevalence of 
Klebsiella spp. among MDR pathogens, accounting for 29% of cases. 
E. coli closely followed, contributing to 24% of MDR UTIs. These 
MDR strains were notably detected in a substantial 50% of the 
analyzed samples, emphasizing the pervasive and deeply rooted nature 
of this resistance problem (16). Adding to the worries, the study also 
uncovered that a significant 26% of UTI isolates were producing 
extended-spectrum beta-lactamases (ESBL), enzymes that provide 
resistance against a wide range of beta-lactam antibiotics. However, 

amidst this grim scenario, there is a glimmer of hope: carbapenem 
resistance, often seen as the last line of defense against antibiotic 
resistance, remains rare, identified in only 0.1% of cases. Although this 
finding is relatively small, it offers a ray of hope within the otherwise 
bleak landscape of MDR UTIs (17).

2.3 Medicinal plants with uroprotective 
activity

The utilization of medicinal plants in traditional healing practices 
has played a vital role in human health for countless centuries (18). 
These plants, rich in a wide array of bioactive compounds, have served 
as the basis for many contemporary pharmaceuticals. Among the 
numerous therapeutic properties associated with medicinal plants, 
their ability to safeguard the urinary system, particularly the kidneys, 
from harm, has gained significant attention recently (19).

The term “uroprotective activity” denotes the capacity of certain 
substances to protect the urinary system, especially the kidneys, from 
potential damage. This becomes especially critical in situations where 
the kidneys may be exposed to harmful agents, such as chemotherapy 
or extended use of specific medications. Damage to the urinary system 
can result in various complications, ranging from urinary tract 

TABLE 1  Overview of multi-drug resistance in uropathogens across different geographic regions.

Pathogen Resistant antibiotics Mechanism of 
resistance

Geographic region Reference

Escherichia coli Ampicillin, Amoxicillin, TMP/SMX, 

Cefuroxime, Ciprofloxacin

Beta-lactamase production, 

Efflux pump activation

Asia (India, Nepal, Bangladesh), Africa (Nigeria, 

South Africa), Middle East (Iran, Saudi Arabia), 

Europe (Romania), North America 

(United States), South America (Brazil, 

Argentina), Australia

(15)

Enterococcus spp. Most antibiotics except Linezolid and 

Tigecycline

Altered target sites Europe (Romania, Spain), Asia (India, Japan), 

North America (United States), South America 

(Argentina), Middle East (Iran), Australia

(70)

Klebsiella spp. Ampicillin, Amoxicillin, TMP/SMX, 

Cefuroxime, Ciprofloxacin

Beta-lactamase production, 

Efflux pump activation

Asia (India, Nepal, Bangladesh), Europe 

(Romania, Italy), North America (United States, 

Canada), South America (Brazil), Middle East 

(Saudi Arabia, Turkey), Africa (Nigeria, Egypt)

(71)

Staphylococcus 

saprophyticus

Multiple antibiotics (specifics not 

mentioned)

Novobiocin-resistant GyrB 

protein

Asia (India, Nepal, Bangladesh), Europe 

(Romania, Italy), North America (United States, 

Canada), South America (Brazil), Middle East 

(Saudi Arabia, Turkey), Africa (Nigeria, Egypt)

(72)

Escherichia coli 

(ESBL-producing)

Ampicillin, Amoxicillin, Amikacin, 

Cefotaxime, Ceftazidime, Chloramphenicol, 

Ciprofloxacin, Nitrofurantoin, Norfloxacin, 

Tetracycline, Amoxicillin/Clavulanic acid

ESBL production United States, Asia (Nepal, Bangladesh), Africa 

(Nigeria), Middle East (Iran)

(73)

Proteus spp. Tetracycline, Cefuroxime, Penicillin, 

Ceftriaxone

Altered target sites, Efflux 

pump activation

Asia (India, Bangladesh), Europe (Romania, 

Germany), North America (United States, 

Canada), South America (Brazil), Africa 

(Nigeria)

(74)

Escherichia coli Sulfonamide, Tetracycline Efflux pump activation Middle East (75)

Stenotrophomonas 

maltophilia

Trimethoprim, TMP/SMX Efflux pump activation Asia (China, India), Africa (Egypt), North 

America (United States), South America (Brazil), 

Australia

(76)
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infections to chronic kidney diseases (20). A multitude of medicinal 
herbs have been recognized for their substantial uroprotective 
properties. The botanical specimens frequently possess antioxidants, 
anti-inflammatory agents, and additional bioactive constituents that 
have the potential to mitigate oxidative stress, reduce inflammation, 
and promote general renal wellbeing (21). The utilization of these 
plants offers a natural and comprehensive method for uroprotection, 
which has the potential to decrease reliance on synthetic medications 
and their accompanying adverse effects (22). Medicinal plants exhibit 
uroprotective activity through several key mechanisms. Firstly, they 
combat oxidative stress by neutralizing reactive oxygen species (ROS) 
with their high antioxidant content, as seen in plants like Camellia 
sinensis (green tea) and Punica granatum (pomegranate) (23). 
Secondly, their anti-inflammatory properties reduce inflammation in 
the urinary tract by downregulating pro-inflammatory markers such 
as TNF-α and IL-6. For example, apigenin from Chamomilla recutita 
inhibits inflammatory pathways, restoring normal bladder tissue 
function (24). Thirdly, bioactive compounds in plants like Hemidesmus 
indicus and Tinospora cordifolia enhance diuresis and mitigate 
bacterial colonization through anti-adhesive and antimicrobial 
actions, disrupting biofilm formation by pathogens such as Escherichia 
coli and Klebsiella pneumoniae (25). Lastly, these plants can modulate 
immune responses and maintain the oxidative/antioxidative balance 
in the urinary system, contributing to their protective effects against 
various toxic insults, such as those induced by chemotherapeutic 
agents (26). The subsequent Table  2 presents accumulated data 
regarding diverse medicinal plants that are well-known for their 
uroprotective properties. The primary objective of this compilation is 
to emphasize the potential of these plants in the context of 
contemporary medicine, while also promoting further investigation 
into their mechanisms of action and prospective clinical uses.

2.4 Cranberry: composition and properties

Cranberry (Vaccinium macrocarpon) has been highly regarded for 
its culinary and medicinal qualities, especially for its effectiveness in 
managing and preventing urinary tract infections (UTIs). This small, 
evergreen shrub, native to North America, yields tart, red berries 
containing a diverse array of bioactive compounds. The interaction of 
these compounds gives cranberry its unique pharmacological 
characteristics, leading to sustained scientific curiosity and research (27).

2.4.1 Phytochemical profile
At the core of the cranberry’s pharmacological capabilities are its 

proanthocyanidins (PACs), a group of polyphenolic compounds that 
have gained significant attention for their ability to prevent urinary 
tract infections (UTIs). Cranberry PACs are notable for their unique 
A-type chemical structure, which differs from the B-type linkages 
found in the PACs of other fruits. This structural distinction is 
believed to be crucial for the cranberry’s capacity to hinder bacterial 
adhesion to the bladder wall, a critical step in UTI development (10). 
However, the cranberry’s phytochemical profile extends beyond PACs. 
The fruit is also abundant in other flavonoids, such as anthocyanins 
responsible for its deep red color, and flavonols like quercetin and 
myricetin, which act as potent antioxidants, neutralizing free radicals 
and reducing oxidative stress in the body. Additionally, cranberries 
contain various phenolic acids like benzoic acid and hydroxycinnamic 

acid, which have been studied for their antimicrobial and anti-
inflammatory properties (28, 29). Triterpenoids and small amounts of 
alkaloids found in cranberries further diversify its phytochemical 
composition, potentially contributing to its health benefits. The 
combined effects of these diverse compounds are believed to underpin 
the cranberry’s overall health-promoting qualities, extending beyond 
UTI prevention to encompass cardiovascular health, cancer 
prevention, and other areas of wellness (30).

2.4.2 Mechanisms of action: contribution of 
cranberry components to UTI management

The effectiveness of cranberry in managing urinary tract 
infections (UTIs) stems from its varied phytochemical makeup, which 
operates through several mechanisms to provide a comprehensive 
approach to UTI development. These mechanisms, largely based on 
the bioactive components of cranberry such as proanthocyanidins 
(PACs), flavonoids, and phenolic acids, provide a detailed 
understanding of how cranberry constituents contribute to UTI 
management (6, 31).

2.4.2.1 Anti-adhesion activity
The key feature of cranberry’s effectiveness against UTIs is its anti-

adhesion properties, mainly due to the presence of unique A-type 
proanthocyanidins (PACs). These compounds disrupt the ability of 
P-fimbriated Escherichia coli, the most common bacteria causing 
urinary tract infections, to adhere to the epithelial cells lining the 
urinary tract. A-type PACs are believed to bind specifically to the 
P-fimbriae on the surface of E. coli, altering the bacterial cell surface 
and preventing attachment to uroepithelial cells. This mechanism 
helps reduce the likelihood of bacterial colonization and subsequent 
infection development (32, 33). Research conducted by Howell 
provided initial evidence for this anti-adhesion mechanism, 
demonstrating that cranberry PACs significantly decrease the 
adhesion of P-fimbriated E. coli to uroepithelial cells in laboratory 
settings. Subsequent studies have confirmed these findings, 
emphasizing cranberry’s targeted action against P-fimbriated strains 
of E. coli, which are responsible for a substantial number of UTI cases 
(34, 35).

2.4.2.2 Antimicrobial properties
In addition to preventing bacterial adhesion, cranberry 

components demonstrate direct antimicrobial effects against a range 
of uropathogens. The flavonoids and phenolic acids found in 
cranberries have been investigated for their ability to inhibit 
bacterial growth and kill bacteria (36). These compounds can disrupt 
bacterial cell walls, interfere with quorum sensing (bacterial 
communication), and inhibit the activity of essential bacterial 
enzymes. For example, research conducted by Côté (37) showed that 
cranberry extracts possess antimicrobial properties against 
antibiotic-resistant strains of E. coli, suggesting a potential role for 
cranberry in addressing the escalating issue of antibiotic resistance 
in UTI treatment (37, 38).

2.4.2.3 Antioxidant and anti-inflammatory effects
The oxidative stress and inflammation linked to the 

development of UTIs can worsen the condition and extend 
recovery time. Cranberries are rich in flavonoids and other 
antioxidants, which play a critical role in reducing oxidative 

70

https://doi.org/10.3389/fnut.2025.1502720
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Jangid et al.� 10.3389/fnut.2025.1502720

Frontiers in Nutrition 05 frontiersin.org

TABLE 2  Medicinal plants exhibiting uroprotective properties.

Plant scientific 
name

Plant part 
used

Activity Population 
group/study 
model

Specific 
pathogens

Specific 
phytochemicals

Reference

Ocimum gratissimum 

L. (African Basil)

Essential oils Antimicrobial activity, 

particularly effective against 

Klebsiella pneumoniae and 

Escherichia coli.

In vitro studies Klebsiella 

pneumoniae, 

Escherichia coli

Eugenol, linalool (77)

Salvia officinalis L. 

(Common Sage)

Essential oils Diuretic, antipyretic, anti-

inflammatory activity against 

uropathogens.

In vitro studies Escherichia coli, 

Proteus mirabilis

Thujone, camphor (78)

Mangifera indica L. 

(Mango Tree)

Seed kernel, 

Leaves, Bark

Anti-biofilm and antimicrobial 

activity against uropathogenic 

E. coli.

In vitro studies, 

clinical settings

Uropathogenic E. coli 

(UPEC)

Mangiferin (79)

Carica papaya L. 

(Papaya Plant)

Seeds Antimicrobial activity against 

multiple uropathogens.

In vitro studies Escherichia coli, 

Pseudomonas 

aeruginosa, 

Enterococcus faecalis, 

Klebsiella spp.

Papain, carpaine (80)

Allium sativum L. 

(Garlic)

Extract in 

ethanol/

methanol

Broad-spectrum antimicrobial 

properties against 

uropathogens.

Clinical trials, 

in vitro studies

Escherichia coli, 

Klebsiella 

pneumoniae, Proteus 

mirabilis

Allicin (81)

Adiantum lunulatum 

Burm. f. (Green 

Maidenhair Fern)

Roots Diuretic and anti-urolithiatic 

properties; treatment for 

hematuria.

Traditional 

medicine

– – (82)

Zingiber officinale 

Roscoe (Ginger)

Extract Antimicrobial activity and 

relief from urinary infections.

In vitro studies Escherichia coli, 

Staphylococcus aureus

Gingerol, shogaol (83)

Coccinia grandis L. 

(Ivy Gourd)

Leaves and 

stems

Antimicrobial activity against 

uropathogens.

In vitro studies Escherichia coli, 

Klebsiella pneumoniae

– (84)

Coleus aromaticus 

Lour. (Indian Borage)

Extract Antimicrobial activity, 

potential against UTIs.

In vitro studies Escherichia coli Carvacrol, thymol (85)

Ocimum sanctum L. 

(Holy Basil)

Essential oils, 

leaves

Antimicrobial agent against 

various uropathogens.

Traditional 

medicine, in vitro 

studies

Escherichia coli, 

Klebsiella pneumoniae

Eugenol (86)

Arctostaphylos uva-

ursi (Uva Ursi)

Leaves Diuretic and antiseptic 

properties for UTIs.

Clinical studies, 

traditional medicine

Escherichia coli, 

Proteus mirabilis

Arbutin (87)

Taraxacum officinale 

(Dandelion)

Extracts, 

Roots, Leaves

Diuretic and antimicrobial 

activity against uropathogens.

In vitro studies Escherichia coli, 

Proteus mirabilis

Taraxasterol (88)

Equisetum arvense 

(Horsetail)

Aerial parts, 

extracts

Astringent, diuretic, and 

tissue-healing properties.

Traditional 

medicine

– Silica, equisetonin (89)

Vaccinium 

macrocarpon 

(Cranberry)

Fruits Prevents UTIs by inhibiting 

bacterial adhesion; 

antimicrobial properties.

Clinical trials with 

recurrent UTI 

patients

Escherichia coli 

(P-fimbriae blockade)

Proanthocyanidins, 

quercetin

(31)

Juniperus communis 

(Juniper)

Berries, 

essential oils

Diuretic, antiseptic, and anti-

biofilm properties for UTIs.

Traditional 

medicine, in vitro 

studies

Escherichia coli, 

Proteus mirabilis

Alpha-pinene, sabinene (90)

Solidago virgaurea 

(Goldenrod)

Aerial parts Diuretic, anti-inflammatory, 

and antimicrobial properties.

Traditional 

medicine

Escherichia coli, 

Klebsiella pneumoniae

Quercetin, rutin (91)

Althaea officinalis 

(Marshmallow)

Root Soothes urinary tract tissues; 

inhibits bacterial growth.

Traditional 

medicine

Escherichia coli, 

Proteus mirabilis

Mucilage compounds (92)

(Continued)
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damage and regulating inflammatory responses. These compounds 
scavenge reactive oxygen species (ROS) and influence signaling 
pathways involved in inflammation, potentially lessening the 
severity of UTIs and aiding in recovery (39). Vostalova (40) 
emphasized the anti-inflammatory potential of cranberry, 
demonstrating that its consumption could alter biomarkers of 
inflammation in UTI contexts. This suggests that cranberry’s 
antioxidant and anti-inflammatory properties work synergistically 
in managing UTIs, complementing its antimicrobial and anti-
adhesion effects (40, 41).

The various ways in which cranberry components contribute to UTI 
management highlight its potential as a complementary strategy for 
preventing and treating these infections. The anti-adhesion and 
antimicrobial properties specifically target the initial stages of infection, 
while antioxidant and anti-inflammatory effects may help alleviate 
symptoms and decrease recurrence. These discoveries support the 
traditional use of cranberry in preventing UTIs, though additional 
research is needed to fully grasp the best practices and clinical effectiveness 
of cranberry in different populations and UTI scenarios (42).

2.5 Pharmacokinetics

The pharmacokinetics of cranberry, which involves the processes 
of absorption, distribution, metabolism, and excretion (ADME) of its 
active constituents, is crucial for understanding its effectiveness in 
managing urinary tract infections (UTIs) and its interactions with 
pharmaceuticals. Cranberry’s bioactive compounds, including 
proanthocyanidins (PACs), flavonoids, and phenolic acids, possess 
unique pharmacokinetic properties that impact their therapeutic 
efficacy and safety profile (43).

Absorption: The absorption of cranberry’s bioactive compounds 
depends on their chemical characteristics and the formulation of the 
cranberry product consumed (e.g., juice, extract, capsule). Studies 
indicate that PACs, due to their large molecular size and complexity, 
have limited oral bioavailability. However, small amounts that are 
absorbed through the gastrointestinal tract can still exert systemic 
effects. Flavonoids and phenolic acids are absorbed more readily, and 
their bioavailability can be  influenced by modifications from gut 
microbiota. Once absorbed, these compounds can influence various 
biochemical pathways, including those involved in inhibiting bacterial 
adhesion and enhancing antioxidant defense (32, 36, 43).

Distribution: Following absorption, cranberry’s bioactive 
components are distributed throughout the body, with specific affinity 
for certain tissues influenced by their lipophilicity and molecular size. 
The distribution is critical for the compounds’ ability to reach the 

urinary tract, where they can exert local antimicrobial and anti-
adhesion effects. Studies have shown the presence of metabolites 
derived from cranberry compounds in urine, indicating successful 
distribution to the urinary system (43, 44).

Metabolism: The metabolism of cranberry components primarily 
occurs in the liver and gut, where they undergo extensive 
biotransformation. This process involves conjugation reactions that 
enhance their water solubility, facilitating their excretion. The gut 
microbiota also plays a vital role in metabolizing cranberry 
compounds, converting them into various metabolites with potential 
health benefits. These metabolites, including those from PACs and 
flavonoids, have been identified in plasma and urine, indicating 
systemic exposure and biological activity (45, 46).

Excretion: The excretion of cranberry-derived compounds, 
including proanthocyanidins, hippuric acid, benzoic acid derivatives, 
and urinary phenolic acids, ensures their activity within the urinary 
tract. These metabolites inhibit bacterial adhesion, acidify the urine, 
and create an antimicrobial environment that supports cranberry’s 
UTI-preventive effects. Additionally, some components are excreted 
through bile into feces, completing their elimination from the body 
(43, 47, 48).

2.6 Interactions

Interactions between cranberry and pharmaceuticals are a subject 
of significant interest and concern, particularly with medications that 
have narrow therapeutic windows, such as warfarin. The concern 
stems from cranberry’s potential to affect the pharmacokinetics of 
co-administered drugs, either by altering their metabolism or by 
influencing their distribution and excretion. There have been reports 
of increased bleeding risk and elevated international normalized ratio 
(INR) levels in patients consuming cranberry products concurrently 
with warfarin. This interaction is believed to occur due to cranberry’s 
impact on the cytochrome P450 enzyme system and/or platelet 
function, potentially inhibiting the metabolism of warfarin and 
intensifying its anticoagulant effect (49, 50). Given the intricate 
pharmacokinetics of cranberry and its capacity to interact with 
medications, healthcare providers must be  mindful of these 
interactions. Patients taking medications with narrow therapeutic 
indices should receive counseling regarding the potential risks 
associated with concurrent cranberry consumption and should 
be monitored for any adverse effects. Further research is essential to 
uncover the underlying mechanisms of these interactions and to 
establish guidelines for the safe co-administration of cranberry 
products with other medications.

TABLE 2  (Continued)

Plant scientific 
name

Plant part 
used

Activity Population 
group/study 
model

Specific 
pathogens

Specific 
phytochemicals

Reference

Agathosma betulina 

(Buchu)

Leaves, extract, 

essential oils

Diuretic and antiseptic 

properties for UTIs.

Traditional 

medicine

Escherichia coli, 

Klebsiella pneumoniae

Diosmin, hesperidin (93)

Zea mays (Corn Silk) Stigmas from 

female flowers

Diuretic properties; soothes 

urinary tract.

Traditional 

medicine

– Polyphenols, tannins (94)

Serenoa repens (Saw 

Palmetto)

Berries Supports prostate health; 

diuretic properties.

Clinical trials, 

traditional medicine

– Beta-sitosterol (95)
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2.7 Cranberry metabolites in UTI 
management

Cranberry metabolites have gained substantial attention due to 
their potential role in preventing urinary tract infections (UTIs) 
through a variety of mechanisms. Among the major metabolites 
studied in this respect, more importantly, are proanthocyanidins 
(PACs); among them, A-type PACs have a specific molecular structure 
and are responsible for anti-adhesion of bacteria (48). This anti-
adhesion activity is primarily directed at Escherichia coli, the most 
common pathogen causing UTIs. PACs prevent the adhesion of the 
bacteria to the uroepithelial lining, thus limiting the initial steps of 
infection. However, studies on their bioavailability have shown that, 
as such in their natural form, PACs are not readily bioavailable. It 
would seem that much of the biological activity realized is a result of 
metabolites—valeric acid derivatives—generated during the 
metabolism of PACs (51). A randomized controlled trial that 
demonstrated that, in women undergoing surgery, cranberry capsules 
significantly reduced recurrence of UTI by 50%, supporting clinical 
relevance of the metabolites of PACs (3). Besides PAC, flavonoids and 
phenolic acids are bioactive compounds in cranberry, which 
contribute to the prevention of UTIs because of their antioxidant and 
anti-inflammatory activities. Among these metabolites, quercetin and 
its derivatives have previously been shown for being able to modulate 
oxidative stress, which is known to frequently lead to an inflammatory 
response during infections. Some clinical trials with a placebo control 
have reported that UTI incidence can be reduced by 26% in women 
identified with recurrent UTIs, thus further justifying the potential 
ability to reduce oxidative damage and enhance anti-inflammatory 
pathways of the cranberry-containing products (9). This multi-
factorial representation highlights defense mechanisms against 
bacterial invasion beyond the antiadhesive action of PACs. Recent 
studies have shown that cranberry-derived oligosaccharides, although 
free of phenolic compounds, exhibit potential to inhibit biofilm 
formation. Biofilms protect bacteria like E. coli from immune 
response, and treatment with antimicrobials makes them resilient 
within the urinary tract. Since the biofilm is disrupted, cranberry 
oligosaccharides can help reduce chronic and recurrent infections, 
particularly in patients with conditions that predispose them to 
persistent bacterial colonization, such as neurogenic bladder. One 
randomized clinical study illustrated that cranberry supplementation 
drastically reduced biofilm formation, which contributed to a 
reduction in the incidence of UTI among populations at risk (8). Last 
but not least, the special metabolic processing of the cranberry 
constituents underlines the relevance of understanding the 
pharmacokinetics of those compounds. Whereas complex absorption 
and metabolism with glucuronidation and sulfation have been 
demonstrated for PACs and flavonoids, it is most probably the 
catabolism products such as valerolactones and their conjugates that 
might substantially contribute to the antimicrobial activity expressed 
in the urinary tract. In one study where cranberry was compared with 
conventional antibiotic treatments, PAC metabolites showed anti-
adhesive activity in urine, and consumption of cranberry did not 
promote antibiotic resistance, unlike conventional treatments (52). 
This thus would imply that the subsequent studies should be oriented 
toward the metabolites per se rather than the parent compounds only, 
and that would perfectly help in realizing the optimum therapeutic 
potential of cranberry in UTIs prevention. Further Table 3 includes 

major bioactive metabolites from cranberries, their chemical classes, 
modes of action against UTIs, and their bioavailability profiles, while 
supporting clinical evidence of their activities, accompanied by key 
metabolites reported from biological studies, is also presented. This 
assures that the active principles of cranberry have multifaceted 
pharmacological potential against bacterial adhesion, inflammation, 
and biofilm development (Figure 1).

2.8 Role of gut microbiota in metabolite 
production of cranberry compounds

Recent research highlights the vital role of gut microbiota in 
transforming cranberry PACs into bioactive metabolites, which are 
essential for understanding the efficacy of cranberry in UTI 
prevention. Cranberry PACs, particularly those with A-type linkages, 
are poorly absorbed in their intact form. Instead, they are metabolized 
by gut microbiota into low molecular weight metabolites, such as 
valerolactones and phenolic acids, which exhibit anti-adhesion 
bioactivity in urine and contribute to their effectiveness against 
urinary tract infections. A more recent, comprehensive study by 
Gregorio et al. (51) found urinary excretion of low molecular weight 
metabolites following consumption of cranberry and spotted major 
metabolite 5-(3′,4′-dihydroxyphenyl)-γ-valerolactone responsible for 
the inhibition of E. coli adhesion to bladder epithelial cells. The 
conversion of PACs into valerolactones is believed to be  very 
important, as naturally occurring PACs per se show low bioavailability 
and are negligibly excreted in the urine. Urinary excretion of those gut 
microbiota-derived metabolites peaked at 6–8 h and coincided with 
maximal antiadhesive activity against uropathogenic E. coli strains in 
the in vitro assay. The present study contributes further to the growing 
evidence that microbial metabolism is a necessary step in mediating 
the UTI-preventing effects of cranberry PACs (51).

Besides that, interindividual variability in the microbe 
composition has great influence on the effectiveness of cranberry, with 
respect to UTI. The composition lacks a specific active binding 
component, typically found in monoaromatic and monoaliphatic 
acids. A high molecular weight structure is often required for effective 
interaction with uropathogenic bacteria along the urinary tract (53). 
Interestingly, in one in  vitro study, metabolites were found from 
cranberry, particularly valeric acid derivatives, which turned out to 
be more potent in bacterial inhibition than intact cranberry PACs. The 
primary contributors to anti-adhesion properties were microbial 
degradation products of PACs, rather than the PACs themselves. This 
does indicate an unexploited therapeutic potential for cranberry PACs 
if this is not converted by gut microbial activity. These microbial 
metabolites were active with durability for a longer period, which 
indicated the involvement of gut microbiota in such durability (54). 
The outcome reveals differences in the production of metabolites 
related to specific strains of gut bacteria: indeed, under particularly 
tightly controlled conditions, it was found that the individuals with 
high levels of members from two bacterial families—Ruminococcaceae 
and Lachnospiraceae—already known for being active polyphenol 
metabolizers—showed enhanced excretion of valerolactone 
metabolites. The microbial profile was strongly correlated with higher 
anti-adhesion activity in urine samples, confirming variability in PAC 
metabolism among individuals. The latter is an important factor to 
explain the inconsistent clinical results so far obtained in 
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supplementation studies with cranberry products for UTI prevention 
(55). A multi-centric randomized trial was targeted to determine the 
dose–response relationship of cranberry and its metabolite 
production. Results from this trial have depicted that higher the dose 
of cranberry PAC, the higher the microbial-derived valerolactones 
concentrations, although anti-adhesion activity increased 
proportionally. The dose of cranberry, combined with the gut 
microbiota’s capacity to metabolize PACs, is a key determinant of the 
effectiveness of cranberry-based interventions for UTI prevention 
(34). This is a gut microbiota job and draws attention to their 
contribution to the biotransformation of cranberry PACs into active 
metabolites (as depicted in Figure 2). Real-world evidence highlights 
significant variability in microbiota composition and the production 
of valerolactones and phenolic acids, which greatly influence the 
effectiveness of cranberry supplementation. Knowledge and 
considerations about such microbial dynamics provide an important 
rationale for personalized approaches to the maximum use of 
cranberry in UTI prevention.

2.9 Clinical trials related to cranberry’s 
effects on UTIs

The efficacy of cranberry in preventing urinary tract infections 
(UTIs) is widely recognized, primarily attributed to its rich content of 
bioactive compounds, especially proanthocyanidins (PACs), which are 
believed to interfere with the attachment of uropathogenic bacteria to 
the cells lining the urinary tract (31). Several clinical trials have been 

conducted to investigate the impact of cranberry consumption on UTI 
occurrence, particularly among high-risk populations, such as women 
with recurrent UTIs or elderly individuals in long-term care facilities 
(56). These studies have significantly enhanced our understanding of 
cranberry’s potential as a non-pharmacological approach to 
preventing UTIs. This segment focuses on key clinical trials 
investigating the impact of cranberry and cranberry-derived products 
on UTIs. These trials have provided crucial information on cranberry’s 
efficacy, suitable dosages, and mechanisms for reducing UTI 
recurrences. By thoroughly analyzing the results of these trials, the 
aim is to clarify the current understanding of cranberry’s role in 
preventing UTIs, while recognizing the existing debates and the 
necessity for further research in this area (9) Commencing with the 
elderly demographic, a carefully designed randomized, double-blind, 
placebo-controlled trial involved 153 elderly women. These 
individuals were divided into two groups: one group consumed 
300 mL of cranberry juice daily, while the other received a placebo. 
Interestingly, the cranberry group displayed a lower UTI incidence at 
15%, compared to 28.1% in the placebo group (57). However, it’s 
important to note that this encouraging trend did not reach statistical 
significance. This suggests that while there may be  potential 
advantages to cranberry, it cannot be  definitively regarded as a 
preventive measure for UTIs in this age group.

Shifting to a different patient demographic, a randomized, single-
blind crossover study focused on 21 patients with neuropathic 
bladders. These individuals were either given 15 mL of cranberry juice 
per kilogram of body weight or administered a water placebo. The 
findings here were mixed: 18 patients (nine from each group) 

TABLE 3  Bioactive cranberry metabolites and their role in urinary tract infection prevention.

Cranberry 
metabolite

Mechanism of 
action

Bioavailability Clinical evidence 
(study)

Notable 
metabolites

Reference

Proanthocyanidins (PACs) Inhibits E. coli adhesion 

to uroepithelial cells

Poor bioavailability, PAC 

metabolites like valeric acid 

and valerolactone detected in 

urine

PACs found to reduce UTI 

incidence by 26% in women 

with a history of UTI

Valeric acid, Valerolactone 

derivatives

(51)

Flavonoids (Quercetin, 

Myricetin)

Antioxidant, anti-

inflammatory

Moderate bioavailability; 

metabolites such as 

quercetin-3-galactoside 

detected in urine

Significant urinary excretion 

of quercetin metabolites 

linked to anti-inflammatory 

effects in UTIs

Quercetin-3-galactoside, 

Myricetin-3-arabinoside

(96)

Phenolic Acids (Benzoic, 

Cinnamic Acids)

Antimicrobial, anti-

inflammatory

Moderate bioavailability, 

detected in urine after 

cranberry intake

Reduced bacterial adhesion 

and UTI incidence in clinical 

trials

Benzoic acid, Vanillic 

acid, Cinnamic acid

(48)

Triterpenoids (ursolic acid) Anti-inflammatory, 

antimicrobial

Limited bioavailability data Inhibits biofilm formation in 

E. coli and Staphylococcus 

spp., linked to lower UTI 

recurrence rates

None reported (97)

Anthocyanins (peonidin-

3-galactoside and 

cyanidin-3-galactoside)

Antioxidant, reduces 

oxidative stress

Low bioavailability, 

metabolites detectable in 

plasma

Shown to reduce oxidative 

stress in UTI-related 

inflammation

Anthocyanidin derivatives (34)

Cranberry oligosaccharides 

(fructo-oligosaccharides)

Inhibits biofilm 

formation, primarily in E. 

coli

Limited bioavailability 

information, microbial 

transformation involved

Reduces biofilm production 

and adhesion of pathogens

Xyloglucan, Arabinan 

residues

(97)

Proanthocyanidins (PACs) Inhibits E. coli adhesion 

to uroepithelial cells

Dose-dependent, urine 

detection up to 24 h post-

ingestion

Dosage of 72 mg PAC 

reduced UTI recurrence in 

clinical trials

PAC-A2 metabolites (10)
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exhibited a reduced infection rate, while the remaining three did not 
show any marked difference. This variation underscores the 
inconsistent efficacy of cranberry and emphasizes the significant role 
played by individual physiological factors (6). Another noteworthy 
trial, targeting women with recurrent UTIs, employed a randomized, 
double-blind, crossover design. This study involved 19 female 
participants, who were administered 400 mg cranberry capsules. 
While the cranberry group reported a UTI incidence of 2.4 cases per 
subject per year—significantly lower than the 6.0 figure in the placebo 
group—a substantial withdrawal rate of 47.4% raised concerns. This 
high dropout rate suggests potential challenges, either related to the 
study’s methodology or the participants’ experience with the capsules, 
necessitating a more thorough examination of the results (58). Finally, 
children undergoing intermittent catheterization became the focus of 
a double-blind, placebo-controlled trial with a crossover design. In 
this study, 15 children were provided with either 60 mL of cranberry 
juice daily or a placebo. Contrary to some expectations, the outcomes 
did not reveal significant differences between the groups in terms of 
bacteriuria or UTI incidence. This study serves as a cautionary 
example, highlighting the potential risks of generalizing the benefits 
of cranberry across diverse age groups (59). Further Table 4 listed 
clinical studies to test cranberry efficacy in treating urinary 
tract infections.

2.10 Studies on cranberry consumption: 
safety, health benefits, and adverse effects

Scientific research has extensively explored the safety and health 
advantages of consuming cranberries among different populations 
and for various health conditions. While cranberry’s positive effects, 
particularly in preventing and managing urinary tract infections 

(UTIs), are widely recognized, there is a limited amount of direct 
research on its potential toxicity. This comprehensive Table 5 below 
consolidates findings from multiple studies to clarify the broader 
impact of cranberry consumption on health, its interaction with 
medications, and its safety profile (60).

3 Methodology

In this review, a systematic approach was employed to thoroughly 
investigate the effectiveness of cranberry in managing Urinary Tract 
Infections (UTIs) resistant to multiple drugs. Additionally, a 
bibliometric analysis was conducted to evaluate the current state of 
research in this field (61).

3.1 Literature search strategy

A thorough exploration of the literature was performed utilizing 
Scopus databases, specifically concentrating on the use of cranberry 
as an alternative remedy for urinary tract infections. Relevant articles 
were identified using a combination of specific keywords (“Cranberry” 
and “Urinary tract infection”) and Boolean operators. The objective of 
this search strategy was to encompass a wide range of research related 
to cranberry and UTIs, ensuring the inclusion of recent studies up 
until the knowledge cutoff date in September 2024.

3.2 Inclusion and exclusion criteria

The retrieved articles were meticulously processed based on well-
defined inclusion and exclusion criteria to refine the selection process:

FIGURE 1

Cranberry bioactive compounds against urinary tract infection pathogens (28, 69).
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3.2.1 Inclusion criteria

	•	 Articles published in peer-reviewed journals.
	•	 Articles written exclusively in the English language.
	•	 Articles investigating the efficacy of cranberry in the context of 

both UTIs and multi-drug resistant UTIs.
	•	 Studies conducted on humans as well as in  vitro/

ex vivo experiments.
	•	 Articles focusing on topics such as antibiotic resistance, 

cranberry’s mechanisms of action, or clinical outcomes.
	•	 Articles published up to September 2024.

3.2.2 Exclusion criteria

	•	 Non-English articles were excluded from the analysis.
	•	 Articles not directly addressing the role of cranberry in UTIs 

were excluded.
	•	 Conference abstracts, posters, and presentations were not 

considered in the review process.

By adhering to these rigorous criteria, the review ensured a 
comprehensive and focused analysis of the relevant literature, 
contributing to a thorough understanding of cranberry’s potential in 
managing multi-drug resistant UTIs.

3.3 Bibliometric analysis

This section presents a comprehensive bibliometric analysis 
undertaken in conjunction with a systematic review to elucidate the 
complex association between cranberries and urinary tract 
infections (UTIs). This investigation sought to uncover trends, 
significant researchers, and key research issues through the use of 
data-driven approaches. The scientific publications were subjected 
to thorough examination, wherein many aspects such as publication 
years, journal sources, author affiliations, keywords, and citation 
counts were analyzed (62). Through the utilization of temporal data 

tracking and exploration of academic publications, the investigation 
uncovered the progression of research activities and the emergence 
of specialized platforms dedicated to the dissemination of research 
findings (63). Thorough investigations into the affiliations of authors 
have brought attention to significant contributors and collaboration 
networks, while the study of keywords has revealed repeating 
themes and new issues. These findings provide valuable insights into 
specific research fields that are of academic interest (64).

The thorough bibliometric analysis, in conjunction with the 
qualitative insights derived from the systematic review, yielded a 
comprehensive portrayal of the body of research pertaining to urinary 
tract infections (UTIs) and cranberries. The text provided offers a 
comprehensive perspective on the historical development, prominent 
individuals involved, and significant research areas related to 
cranberries, so providing a comprehensive comprehension of their 
potential in managing urinary tract infections (UTIs). The 
aforementioned integrated strategy has effectively emphasized the 
accomplishments, obstacles, and prospective areas of investigation 
within this pivotal realm of research (65).

4 Results and discussion

In September 2024, data extracted from the Scopus database in 
BibTeX format revealed a total of 1,005 publications related to Cranberry 
as an alternative treatment for urinary tract infections within the period 
from 1962 to 2024. We  focused on English-language publications, 
narrowing the selection down to 981 publications. To ensure the study’s 
precision, we  excluded 316 reviews, 68 Notes, 42 letters, 41 Short 
surveys, 20 book chapters, 19 editorials, and 17 conference papers, as 
they did not align with our specific target article types, as indicated in 
PRISMA diagram (as depicted in Figure 3). Consequently, 556 original 
articles remained for our quantitative analysis.

The data collected is summarized comprehensively in Figure 4, 
presented using R-Studio (66). This bibliometric overview offers a 
detailed analysis of publication data sourced from the Scopus database 
covering the period from 1962 to 2024. During these 61 years, a total of 

FIGURE 2

Role of gut microbiota in metabolite production of cranberry compounds.
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379 sources contributed to the publication of 556 documents, indicating 
an annual growth rate of 5.64% in the body of work. The authorship 
involved is extensive, involving 2,070 individual authors. Notably, there 
were 87 documents authored by single individuals, showcasing the 
significant role of individual contributions in research. Collaboration 
remains vital, with international co-authorship accounting for 10.79% 
of the total, demonstrating the journal’s commitment to global scholarly 
exchange. The documents have an average age of 10.7 years, suggesting 
continued relevance to current research discussions. The average 
number of citations per document stands at 28.91, indicating the 
substantial impact and influence of these works in the academic 
community. Keywords are essential for indexing and discoverability 
within databases like Scopus. The 936 unique author’s keywords listed 
reflect the breadth and specificity of covered topics, contributing to the 
journal’s extensive reference network of 16,308 citations, enriching the 
research ecosystem, and providing a valuable resource for academia. 
The data also reveals an average of 4.53 co-authors per document, 
underscoring the collaborative nature of modern research endeavors, 
which enriches research with diverse perspectives and expertise. In 
essence, this bibliometric analysis from the Scopus database underscores 
the journal’s robust growth, international collaboration, and significant 
scholarly impact over the last six decades, highlighting its prestige and 
importance within the academic community.

4.1 Trends in cranberry-UTI research 
publications

The analysis of published literature shows a significant increase in 
research on the use of cranberries for managing UTIs from 1960 to 

the present (as depicted in Figure 5). Initially, interest in this topic was 
limited, with few publications until the late 1990s. However, there has 
been a noticeable surge in research activity starting from the early 
2000s, reaching a peak in publication frequency over the last decade. 
This peak reflects heightened scientific interest, possibly in response 
to the growing global burden of UTIs and concerns about antibiotic 
resistance. Fluctuations in publication numbers in recent years could 
be  due to various factors, such as changes in research funding, 
evolving public health priorities, or the natural variability in scientific 
exploration. Nevertheless, the overall trend indicates sustained 
attention within the research community toward exploring the role of 
cranberries in managing UTIs.

The rise in publications likely reflects a growing consensus on the 
potential of cranberries as an alternative or adjunctive treatment for 
UTIs, aligning with the urgent need for new therapeutic approaches 
in the face of antibiotic resistance (as shown in Figure  4). The 
heightened interest observed in the early 2000s coincides with pivotal 
clinical trials and systematic reviews exploring the efficacy of 
cranberry products in preventing recurrent UTIs (7). These influential 
studies likely stimulated further investigation into the mechanisms of 
cranberry phytochemicals, optimal dosages, and formulations for 
maximum effectiveness. Despite the surge in research output, the 
fluctuation in publication numbers suggests that there are lingering 
questions or emerging challenges requiring deeper exploration. For 
example, the specific bioactive components of cranberries responsible 
for anti-adhesion properties, the most efficacious forms and doses, 
and the patient groups that may benefit most from these interventions 
remain fertile areas for investigation. The recent decline in 
publications may signal a saturation point in fundamental research, 
indicating a need for more applied studies and clinical trials to bridge 

TABLE 4  Clinical trials related to cranberry’s effects on UTIs.

Study design Population Preparation Findings Efficacy Reference

Randomized, double-blind, 

placebo-controlled

Kidney transplant 

recipients

Cranberry 

capsules

Cranberry capsules showed potential in preventing 

UTIs.

Effective and 

Safe

(98)

Observational Study Females with 

recurrent UTIs

Cranberry extract Cranberry extract was effective in preventing 

recurrent UTIs in 81.3% of cases.

Highly Effective (99)

Experimental Study General Population Cranberry juice Cranberry juice significantly reduced UTI risk by 

inhibiting bacterial adherence.

Effective (100)

Systematic Review and Meta-

Analysis

Individuals with 

recurrent UTIs

Cranberry 

products

Cranberry ingestion significantly reduced UTI 

incidence, especially in recurrent cases.

Highly Effective (101)

Comparative Study Children with 

recurrent UTIs

Cranberry syrup Cranberry syrup was effective in treating recurrent 

UTIs in children.

Effective (102)

Double-blind Randomized 

Controlled Trial

Healthy women High-dose 

cranberry extract

High-dose cranberry extract was not significantly 

more effective than low-dose in preventing UTIs.

Moderately 

Effective

(58)

Observational Study Women with a recent 

history of UTIs

Cranberry 

beverage

Daily cranberry beverage consumption significantly 

reduced clinical UTIs.

Highly Effective (103)

Clinical Experience and 

Research Review

General Population Cranberry juice Cranberry juice may help prevent UTIs due to its 

anti-adhesion mechanism.

Potentially 

Effective

(104)

Randomized Placebo-

Controlled Trial

Healthy college 

women

Cranberry juice Drinking cranberry juice did not significantly 

decrease the incidence of recurrent UTIs.

Not Effective (105)

Clinical Study Infants and Children 

with recurrent UTIs

Cranberry 

products

Cranberry was found to be a safe and effective 

prophylactic treatment for recurrent UTIs in 

children.

Effective (106)
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the gap between laboratory discoveries and practical healthcare 
solutions. It also underscores the importance of comprehensive 
reviews and meta-analyses to synthesize existing evidence and offer 
clear, evidence-based guidelines for using cranberries in UTI 
management. Research on cranberries and UTIs holds significant 
implications for public health, particularly in women’s health and the 
management of antibiotic-resistant infections. Given that UTIs 
contribute significantly to morbidity, especially among women, 
identifying effective non-antibiotic prophylactic measures is 

imperative. The research trajectory revealed by our bibliometric 
analysis highlights the critical need for continued exploration into 
cranberry-derived interventions, not only for their potential 
therapeutic advantages but also for their role in combating antibiotic 
overuse. The bibliometric analysis unveils a dynamic research field 
marked by a substantial increase in publications concerning 
cranberries and UTIs over the past six decades. The data suggest that 
while the scientific community has shown considerable interest in the 
therapeutic potential of cranberries, there remains a need for more 

TABLE 5  Overview of studies on cranberry consumption.

Study focus Study 
population

Findings Adverse effects/safety 
remarks

Sample 
size

Reference

Health Impact & Nutrient 

Intake

US adults Healthier body composition and 

macronutrient intake in 

cranberry consumers

None reported, indicating safety in 

dietary amounts

10,891 (107)

Impact on C-reactive 

Protein Levels

US adults Lower levels of C-reactive 

protein in cranberry juice 

consumers

None mentioned, suggesting anti-

inflammatory effects without adverse 

effects

10,334 (108)

Supplement Use for UTIs Women with 

recurrent UTIs

Significant decrease in UTIs with 

cranberry supplement use

No significant adverse effects reported 23 (109)

Use During Pregnancy Pregnant women No increased risk of 

malformations or negative 

pregnancy outcomes

None were reported, suggesting safety 

of cranberry consumption during 

pregnancy

68,522 (110)

Diabetes Management Type II diabetic 

patients

Improvement in glycemic control 

with cranberry addition

No specific toxicity reported; 

beneficial effect on blood glucose 

levels

60 (111)

Pediatric Use Pediatric nephrology 

patients

Common use of cranberry for 

UTI prevention; perceived as 

useful by parents

Only 1 parent reported a side effect 

(nausea)

117 (112)

UTI Prevention with SGLT2i 

Use

T2DM patients using 

SGLT2i

Significant reduction in the 

incidence of GUTI with 

cranberry extract use

No significant side effects reported 103 (113)

Warfarin Interaction Healthy subjects No significant pharmacokinetic 

interaction with warfarin 

observed

Cranberry considered safe with 

warfarin under study conditions, but 

monitoring recommended

Not specified (114)

Urinary Tract Infection 

Prophylaxis

Renal transplant 

recipients

Reduced incidence of UTI with 

cranberry and L-methionine 

prophylaxis

No significant adverse effects reported, 

indicating safety and efficacy

82 (115)

Use for UTI in Pakistani 

Population

Outpatients aged 

20–65 years

100% of UTI patients were cured 

with cranberry and elderberry 

extracts

Compliance and tolerability were 

considerable obstacles, though no 

specific adverse effects mentioned

55 (116)

Major Intraoperative 

Bleeding

74-year-old woman Severe bleeding during surgery 

due to aspirin-like effect from 

cranberry

Cranberry may increase the risk of 

bleeding due to its aspirin-like effect 

on platelets

Case report (117)

Fatal Hemopericardium & 

Gastrointestinal 

Hemorrhage

Elderly man Fatal internal hemorrhage linked 

to cranberry juice and warfarin 

interaction

Suggests cranberry juice may 

potentiate the effects of warfarin, 

increasing bleeding risk

Case report (118)

Warfarin-Cranberry Juice 

Interaction

Patient on warfarin Elevation of INR on two separate 

occasions linked to cranberry 

juice

Cranberry juice cocktail may interact 

with warfarin, necessitating 

monitoring

Case report (49)

Interaction with Tacrolimus 

Serum Levels

Renal transplant 

patient

Decrease in serum levels of 

tacrolimus possibly due to 

cranberry extract interaction

Unreported decrease in tacrolimus 

serum levels due to interaction with 

cranberry extract

Case report (119)
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targeted research to elucidate their role in UTI management and 
address the challenges posed by antibiotic resistance. Future research 
endeavors should aim to consolidate fragmented knowledge, identify 
evidence-based applications, and ultimately inform clinical practice 
and public health policies.

4.2 Publication based on geographic 
distribution

A comprehensive analysis was conducted, spanning publications 
from 1962 to 2024, to examine the worldwide geographic distribution 
of research contributions focusing on the use of cranberry in 

managing urinary tract infections (UTIs) (as shown in Figure 6). This 
research entailed classifying nations according to their publication 
outputs, offering insights into the extent of their engagement in 
urinary tract infection (UTI) research related to the use of cranberries. 
The key contributors to this field, identified by the frequency of their 
publications, can be summarized as follows: The United States [705], 
Italy [277], the United  Kingdom [158], Canada [139], and 
France [110].

For a visual representation of the global distribution of scientific 
publications concerning cranberry use in UTI management, please 
refer to Figure 5. This map illustrates the concentration of research 
articles from various countries, highlighting the extensive engagement 
of nations in exploring cranberry applications for UTIs. This 

FIGURE 3

PRISMA flow diagram of the systematic literature review on cranberry in treatment of urinary tract infections (UTIs) 1962–2024.

FIGURE 4

Visual representation of data collected using R-studio (66).
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geographical overview underscores the widespread  international 
involvement in addressing the critical healthcare challenge of UTI 
management. It emphasizes the collaborative and collective nature of 
global efforts in this field.

4.3 Co-authorship analysis

This section presents a bibliometric study that specifically 
examines co-authorship within the field of cranberry research for the 
management of urinary tract infections (UTIs). This analysis provides 
significant insights into prominent authors and institutional 
contributions within this crucial field of research.

After doing an analysis of co-authorship networks, it has been 
determined that there are five notable authors that stand out in this 
regard. These authors are Khoo C, Howell AB, Reed JD, Krueger CG, 
and Lavigne J-P. These individuals have continuously engaged in 
collaborations with other researchers, demonstrating their 
commitment to the advancement of knowledge in the field of urinary 
tract infection care using cranberry-based interventions as mentioned 
in Table 6. The combined endeavors of these individuals constitute a 
crucial framework for doing research on the therapy of urinary tract 
infections through the use of cranberry therapies. Figure 7 illustrates 
the author’s productivity over the years, represented by the number 
of publications.

Furthermore, our approach provides insight into the institutional 
framework. The University of Wisconsin-Madison has emerged as a 
notable contributor to the subject, as seen by the substantial number 
of 39 publications produced by researchers linked with this university 
as shown in Figure  8. This statement emphasizes the university’s 
dedication to leading the way in managing urinary tract infections 
(UTIs) with cranberry-based methods. It also emphasizes the 
importance of institutional support and joint research activities in this 
endeavor to deepen the understanding of co-authorship networks, 

Vosviewer, a powerful visualization tool, was employed. Vosviewer 
enables researchers to explore and visually represent co-authorship 
networks based on linkage strength. This tool facilitates interactive 
visualizations, aiding in identifying research clusters and key 
connections among scholars in the field (as shown in Figure  9). 
Utilizing Vosviewer enriches research by providing a comprehensive 
and visually engaging perspective on the collaborative dynamics in 
cranberry research for UTI management.

4.4 Citation analysis

Utilizing bibliometric analysis to assess citations represents a 
crucial methodological approach in academic and scientific research. 
It serves as a potent tool for uncovering valuable insights into the 
influence, significance, and dissemination patterns of knowledge 
within scholarly and scientific communities (67). In our examination 
of data, we  have undertaken the task of ranking the top  10 most 
frequently referenced documents in the field of cranberry research, 
particularly in the context of treating urinary tract infections. These 
rankings are meticulously detailed in Table 7. At the forefront of this 
ranking is the research conducted by Kontiokari in 2001, titled 
“Randomised trial of cranberry-lingonberry juice and Lactobacillus 
GG drink for the prevention of urinary tract infections in women.” 
This document proudly holds the distinction of being the most cited 
work within this research domain (68).

In the realm of citations, the United States (USA) stands out as the 
primary contributor, with a significant total of 4,936 citations and an 
impressive average citation rate per article, calculated at 42.90, as 
detailed in Table 8. In a closely competitive position in this citation 
analysis is Italy, holding the second-highest citation count at 980, 
along with an associated average article citation rate of 25.10.

Concerning scholarly journals, the Journal of Agricultural and Food 
Chemistry commands significant attention. Publishing a total of 14 

FIGURE 5

Trends in scientific research on cranberry use for UTI management (1960–2024).
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articles, it garners the highest number of citations, amassing a total count 
of 687 citations. Conversely, the Journal of Urology, with its substantial 
publication output of 8 articles, secures the second-highest position in 
terms of citations within the domain of Cranberry research, accumulating 
a commendable 1,030 citations, as vividly portrayed in Table 9.

Collectively, these findings underscore the profound impact and 
collaborative synergy prevalent within the research community 
dedicated to addressing the multifaceted challenges posed by Cranberry 
research in the context of urinary tract infection management. The 
visualization of the author’s network, facilitated by Vosviewer and 
based on citations, includes 100 researchers, with a focus on 
highlighting the largest set of interconnected authors (Figure 10).

4.5 Keyword analysis

The analysis of keywords in bibliometric research proves to be a 
powerful method for discovering and understanding the essential 
themes, trends, and intellectual framework within a particular 
research domain. In our dataset, obtained from the Scopus database, 
we conducted a thorough exploration of keyword co-occurrence. Out 
of the 4,426 identified keywords, we classified those that recurred 
more than 5 times as high-frequency keywords, which were 
subsequently incorporated into our analysis. As a result, among the 
initial 4,426 keywords, 522 met this established criterion and were 
included in our research. The most frequently occurring keyword was 
“Urinary Tract Infections,” appearing an impressive 332 times and 
exhibiting a substantial total linkage strength of 5,260. In close pursuit 
was the keyword “Cranberry,” which made 275 appearances and 
displayed a total linkage strength of 4,270 (please refer to Table 10). To 

visually depict the co-occurrence patterns of the specified keywords, 
we employed VOSviewer, as illustrated in Figure 11. Furthermore, 
Figure 12 showcases a word cloud created with R Studio, emphasizing 
the keywords that emerged most frequently in our analysis.

4.6 Thematic mapping and trends topic 
analysis

Analyzing this bibliometric data reveals critical research themes 
and their evolution over two decades from 2002 to 2024. The 
increasing prominence of terms like “d-mannose,” “antioxidant,” and 
“bacteriuria” suggests a shifting focus toward a deeper mechanistic 
understanding of cranberry’s action and its broader health 
implications. Essential research terms such as “urinary tract 
infection” and “cranberry” continue to hold central positions in the 
research landscape, emphasizing their enduring relevance. The 
emerging interest in terms like “bacterial adhesion” and 
“proanthocyanidins” indicates a refined inquiry into the specific 
bioactive constituents of cranberries and their anti-
adhesion properties.

4.6.1 Niche developments
Certain terms such as “proanthocyanidin,” “vaccinium 

macrocarpon,” and “antibacterial activity” exhibit lower developmental 
density but high centrality, suggesting their foundational importance 
in cranberry-related UTI research. Themes like “pregnancy” and 
“probiotics” are categorized as niche areas, reflecting targeted research 
into specific applications of cranberries in UTI management that 
contribute valuable insights. The identification of niche themes 

FIGURE 6

Worldwide distribution of scientific studies on cranberries in UTI management based on Scopus data from 1960 to 2024.
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suggests growing interest in areas such as the impact of cranberries 
during “pregnancy” and their interaction with “probiotics.” These 
areas offer promising avenues for future research, potentially leading 
to novel preventive and therapeutic approaches for UTIs.

4.6.2 Discussion emerging trends and their 
implications

The analysis indicates a shift in research focus from general 
investigations of cranberry’s efficacy toward a more detailed 
exploration of its bioactive components, particularly their preventive 
role against UTI pathogens. The increasing body of evidence on 
“d-mannose” and “proanthocyanidins” reflects a growing interest in 
non-antibiotic preventive strategies and their mechanisms of action, 
which is crucial given the rising antibiotic resistance.

4.6.3 The persistence of central themes
Despite emerging trends, “cranberry” and “urinary tract infection” 

remain central in research, highlighting continued interest in 
cranberry’s role in UTI prevention and treatment. The sustained 

centrality of these terms underscores their established presence in the 
literature and their importance as foundational concepts.

Thematic mapping (as shown in Figure 13) and trend analysis (as 
shown in Figure 14) illuminate the evolving research landscape on 
cranberries in UTI management. With a heightened focus on 
understanding the mechanistic action of cranberries and their 
bioactive compounds, the research community is moving toward 
optimizing cranberries’ utility in combating UTIs beyond mere 
efficacy. These insights reinforce the significance of ongoing research 
and development in addressing antibiotic resistance challenges and 
advancing women’s health through evidence-based 
non-antibiotic therapies.

5 Patents on cranberry in treatment of 
urinary tract infections

The introduction of Cranberry’s utilization in addressing 
urinary tract infections (UTIs) represents a pivotal moment in 

TABLE 6  Top 10 most productive authors in the field of cranberry research for UTI management.

Author H-Index G-Index M-Index Total citation Number of 
publications

Article 
fractionalized

Khoo C 10 13 0.833 370 13 1.99

Howell AB 9 13 0.360 1,651 13 3.66

Krueger CG 8 11 0.400 625 11 2.04

Lavigne J-P 8 9 0.444 417 9 1.64

Reed JD2 8 12 0.400 631 12 2.20

Sotto A 7 7 0.389 404 7 1.29

Howell A 6 6 0.333 670 6 0.94

Liu H 6 8 1.000 169 8 1.45

Bartolome B 5 6 0.385 241 6 0.97

Botto H 5 5 0.263 464 5 0.87

FIGURE 7

Timeline of key author contributions to cranberry UTI research from 2000 to 2024.
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the realm of patent innovations. This groundbreaking 
advancement materialized in 1992 through the patent titled 
“Manufacture of Cranberry Juice,” attributed to inventors 
Shimazu Yoshimi, Hashimoto Hikotaka, and Nakajima Yasuhiko. 

This patent, bearing the identification JPH04316468 and credited 
to Kikkoman Corp, laid the groundwork for subsequent 
innovations in harnessing cranberry’s therapeutic potential 
against UTIs. Over time, the field has witnessed a gradual uptick 

FIGURE 8

Top 10 institutions having the highest number of publications in the field of cranberry research in managing urinary tract infections.

FIGURE 9

Network visualization showing the connections between researchers in the field of cranberry uses in UTI research using Vosviewer.
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in the number of patents related to cranberry-based approaches 
for UTI management. This journey of cranberry’s emergence as 
a valuable resource in combating urinary tract infections 
commenced with the pioneering patent “Production of Cranberry 
Juice” in 1992. The subsequent surge in patent activity, alongside 
the global recognition signified by patent distribution among 
diverse patent offices, underscores the enduring influence of 
cranberry research in the domain of UTI management. The 
top 20 patents offer a comprehensive glimpse into the innovative 
advancements made in this field, reflecting the collective 
commitment to advancing cranberry-based solutions for urinary 
tract health (as shown in Table 11).

6 Challenges and future directions in 
cranberry research for UTI 
management

The exploration of cranberry’s potential in managing urinary 
tract infections (UTIs) represents an exciting yet complex frontier 
in clinical research. As we  endeavor to translate traditional 
remedies into evidence-based practices, several key challenges 

emerge, necessitating a strategic and multidisciplinary approach to 
guide future research directions.

6.1 Challenges in standardizing cranberry 
products for clinical research

A primary hurdle in studying cranberry’s efficacy against UTIs is 
the lack of standardization in cranberry products. Variability in form 
(juice, extract, capsules), dosage, and concentration of active 
components like proanthocyanidins (PACs) significantly complicate 
the comparison of study outcomes. This variability arises from 
differences in cranberry cultivars, harvesting methods, processing 
techniques, and commercial product formulations, all of which can 
influence the bioactivity of the final product. To address this challenge, 
it is crucial to develop standardized guidelines for producing and 
characterizing cranberry products used in clinical trials. Establishing 
benchmarks for PAC content and other bioactive compounds, along 
with standardized dosing regimens, will enable more consistent and 
comparable research outcomes. Collaborative efforts involving 
researchers, industry stakeholders, and regulatory agencies will 
be essential in advancing these standardization initiatives.

TABLE 7  Top 10 cited documents in the field of cranberry research in the treatment of urinary tract infections.

Paper title Journal Total citation 
(TC)

Total citations 
per year

Year of 
publication

Reference

“Randomised trial of cranberry-lingonberry juice and 

Lactobacillus GG drink for the prevention of urinary 

tract infections in women”

The BMJ 781 17.5217391 2001 (68)

“A-type cranberry proanthocyanidins and 

uropathogenic bacterial anti-adhesion activity”

Phytochemistry 650 21.5263158 2005 (120)

“A-Type Proanthocyanidin Trimers from Cranberry 

that Inhibit Adherence of Uropathogenic 

P-Fimbriated Escherichia coli”

Journal of Natural 

Products

592 16.875 2002 (121)

“The structure of cranberry proanthocyanidins which 

inhibit adherence of uropathogenic P-fimbriated 

Escherichia coli in vitro”

Phytochemistry 599 16.0416667 2002 (122)

“Inhibitory activity of cranberry juice on adherence 

of type 1 and type P fimbriated Escherichia coli to 

eucaryotic cells”

Antimicrobial 

Agents and 

Chemotherapy

558 8.97142857 1989 (123)

“Inhibition of bacterial adherence by cranberry juice: 

potential use for the treatment of urinary tract 

infections”

Journal of Urology 509 6.35 1984 (124)

“A randomized trial to evaluate the effectiveness and 

cost-effectiveness of naturopathic cranberry products 

as prophylaxis against urinary tract infection in 

women”

Canadian Journal 

of Urology

507 11.3636364 2002 (125)

“Multi-laboratory validation of a standard method for 

quantifying proanthocyanidins in cranberry 

powders”

Journal of the 

Science of Food 

and Agriculture

348 19 2010 (126)

“Phytochemicals of cranberries and cranberry 

products: characterization, potential health effects, 

and processing stability”

Critical review of 

food science 

nutrition

338 15.2 2009 (69)

“Recurrent Uncomplicated Urinary Tract Infections 

in Women: AUA/CUA/SUFU Guideline”

Journal of Urology 335 40 2019 (127)
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6.2 The need for further research to clarify 
inconsistent findings

Inconsistent findings across clinical trials underscore the 
necessity for further research to elucidate the mechanisms and 
conditions under which cranberry is most effective. These 
inconsistencies may stem from the aforementioned lack of 
standardization, as well as differences in study populations, 
methodologies, and outcome measures. While meta-analyses and 
systematic reviews have provided some clarity, the heterogeneity 
of data often limits the conclusiveness of these analyses. Future 
studies should strive for methodological rigor, including larger 
sample sizes, well-defined control groups, and longer follow-up 
periods. Additionally, investigating genetic and metabolic factors 
that may influence individual responses to cranberry 
consumption could provide insights into its varying efficacy. 
Precision nutrition approaches, considering individual variability 
in gut microbiota composition and metabolism, may also enhance 
our understanding of cranberry’s health benefits.

6.3 Emerging research areas and potential 
novel applications

Beyond UTI prevention, emerging research areas are exploring 
the broader therapeutic potential of cranberry. Its role in modulating 
the gut microbiome, combating antibiotic-resistant pathogens, and 
synergizing with other natural products opens new avenues for 
investigation. For instance, cranberry’s potential to disrupt biofilm 
formation by uropathogens offers a promising strategy for combating 
chronic and recurrent infections.

6.4 Cranberry in addressing antibiotic 
resistance

The global challenge of antibiotic resistance amplifies the 
importance of alternative strategies for UTI management. Cranberry’s 
unique mechanism of action, distinct from antibiotics, positions it as 
a valuable adjunct in the fight against resistant pathogens. Investigating 
cranberry’s efficacy against multi-drug-resistant strains and its impact 
on antibiotic susceptibility patterns could provide critical insights into 
its role in mitigating antibiotic resistance.

6.5 Potential for cranberry in combination 
therapies

The integration of cranberry into combination therapies for UTI 
management represents a frontier with significant therapeutic 
promise. Combining cranberry with probiotics, other natural 
products, or low-dose antibiotics could enhance therapeutic outcomes 
while minimizing the risk of resistance development. Such 
combination therapies could leverage synergistic effects to optimize 
efficacy, reduce dosages of conventional antimicrobials, and broaden 
the spectrum of action against diverse uropathogens. The journey of 
cranberry from a traditional remedy to a scientifically validated agent 
for UTI management is filled with challenges yet ripe with potential. 
Overcoming hurdles related to standardization and inconsistent 
findings will pave the way for more definitive conclusions about its 
efficacy. Simultaneously, embracing emerging research areas and 
innovative applications of cranberry could significantly advance our 

TABLE 8  Top 10 most cited countries in the field of cranberry research in 
managing urinary tract infections.

Country TC Average article 
citations

USA 4,936 42.9

ITALY 980 25.1

NEW ZEALAND 847 282.3

CANADA 721 40.1

UNITED KINGDOM 671 26.8

FRANCE 633 31.6

GERMANY 457 18.3

NETHERLANDS 359 39.9

AUSTRALIA 353 29.4

NORWAY 286 57.2

TABLE 9  Top 10 most cited journal in the field of cranberry research in managing urinary tract infections.

Element H-Index G-Index M-Index TC NP PY_start

JOURNAL OF AGRICULTURAL AND FOOD CHEMISTRY 13 14 0.65 687 14 2005

JOURNAL OF UROLOGY 7 8 0.171 1,030 8 1984

JOURNAL OF NATURAL PRODUCTS 5 5 0.2 499 5 2000

UROLOGY 5 7 0.096 177 7 1973

WORLD JOURNAL OF UROLOGY 5 6 0.192 226 6 1999

COCHRANE DATABASE OF SYSTEMATIC REVIEWS 4 4 0.333 85 4 2013

JOURNAL OF FUNCTIONAL FOODS 4 4 0.4 152 4 2015

JOURNAL OF OBSTETRICS AND GYNAECOLOGY CANADA 4 5 0.19 234 5 2004

PHYTOTHERAPY RESEARCH 4 4 0.308 144 4 2012

ANTIBIOTICS 3 5 0.273 51 5 2014
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arsenal against UTIs, particularly in the era of antibiotic resistance. 
Future directions in cranberry research hold promise not only for 
enhanced UTI management but also for a broader understanding of 
its role in human health and disease prevention.

7 Limitations

7.1 Language exclusivity concerns

Although our emphasis on English language articles enhances 
accessibility and linguistic clarity, it introduces a language bias. 
Research conveyed in languages other than English may present 
unique viewpoints and insights that could escape our scrutiny. 
However, this linguistic bias has no potential to yield an incomplete 
portrayal of the global research landscape.

7.2 Reliance on a single database

Our exclusive reliance on the Scopus database raises the 
possibility of overlooking research available in other reputable 
databases. While Scopus boasts extensive coverage, pertinent studies 
might be situated in databases with specialized subject domains or 
regional emphases.

7.3 Publication-centric bias

Bibliometric analysis predominantly hinges on published works, 
which could inadvertently exclude unpublished or ongoing research 
endeavors. This inclination toward published data may inadvertently 

FIGURE 10

Network visualization showing the connections between researchers based on the number of citations in the field of cranberry research in the 
management of UTIs.

TABLE 10  Bibliometric analysis of key topics in cranberry research for 
urinary tract infection management based on occurrences and linkage 
strengths.

S. no. Keyword Occurrence Total linkage 
strength

1 Urinary Tract 

Infections

332 5,260

2 Cranberry 275 4,270

3 Vaccinium 

macrocarpon

218 3,571

4 Escherichia coli 138 2,185

5 Cranberry Juice 107 1,861

6 Randomized 

controlled trial

72 1,646

7 Anti-infective agents 75 1,450

8 Recurrent infections 63 1,285

9 Proanthocyanidins 65 1,113

10 Infection Prevention 56 1,061
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disregard emerging or less-recognized contributions that have yet to 
be incorporated into the scholarly canon.

8 Conclusion

This comprehensive evaluation extensively explores the changing 
role of cranberries in the treatment of urinary tract infections (UTIs), 
with a particular emphasis on their viability as a non-antibiotic 
alternative in the face of escalating antibiotic resistance. Through a 

thorough bibliometric analysis that underscores substantial global 
research contributions, notably from the United States, it is evident that 
there is a growing academic and clinical interest in utilizing cranberries 
for UTI management. This recognition reflects a broader 
acknowledgment of their potential advantages in both preventing and 
treating these infections. The key findings from our assessment 
highlight the distinctive attributes of cranberries, particularly the 
presence of proanthocyanidins. These compounds have demonstrated 
promising outcomes by impeding the adhesion of uropathogenic 
bacteria, primarily E. coli, to the urinary tract. This mechanism presents 

FIGURE 11

Network analysis of research keywords in cranberry studies for urinary tract infection prevention and management.

FIGURE 12

Word cloud prepared using R-Studio Bibliometrix package. Size of keyword denoted number of occurrence.
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an intriguing avenue for preventing and treating UTIs, especially given 
the challenges posed by antibiotic resistance. Our scrutiny of clinical 
trials reveals inconsistent results regarding the effectiveness of 
cranberries in UTI management, emphasizing the imperative for 
further well-designed studies to establish conclusive evidence. The 
variability in outcomes underscores the intricate task of translating the 
bioactive properties of cranberries into clinically effective applications. 
Significantly, our review underscores the necessity for standardization 
in cranberry products and advocates for additional exploration into 
optimal dosage, efficacy, and safety profiles. This standardization is 

crucial for providing precise guidelines for the use of cranberries in 
UTI management and their seamless integration into clinical practice. 
While cranberries demonstrate promising potential in UTI 
management, there exists a substantial gap in our comprehension that 
demands attention through rigorous scientific research. Future 
investigations should prioritize the standardization of cranberry-based 
interventions, elucidate their therapeutic roles, and comprehend their 
interactions with conventional treatments. This review establishes the 
foundation for forthcoming explorations, contributing to the 
formulation of innovative and efficient strategies for UTI management.

FIGURE 13

Thematic mapping based on the most occurred keyword on cranberry research in the treatment of urinary tract infections.

FIGURE 14

Trend topics analysis based on keyword occurrence over year. Blue circle size denoted the number of occurrences of the keyword.
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TABLE 11  Top 20 most relevant patents in the field of cranberry research in managing urinary tract infection.

S. no. Patent title Patent description Patent ID Year of publication Reference

1 “Therapeutic compositions 

containing trimethoprim and 

cranberry extract and 

methods for treating and 

preventing urinary tract 

infections”

A blend of trimethoprim and cranberry extract, 

along with a pharmaceutical carrier to treat UTIs.

US20070166409 2007-07-19 (128)

2 “Composition for prevention 

or treatment of urinary tract 

infection”

A formulation consisting of the following 

components in suitable quantities: cranberry 

concentrate, D-mannose, ascorbic acid, bromelain, 

and inulin for the treatment of UTIs.

US20090175843 2009-07-09 (129)

3 “Cranberry extract useful in 

the treatment and prevention 

of urinary infections”

A highly concentrated extract derived from 

cranberry (Vaccinium macrocarpon), characterized 

by a complex composition that enhances its 

antibacterial properties

US10092539 2018-10-09 (130)

4 “Formulation and method 

for preventing urinary tract 

infections”

A combination of vitamin C, D-mannose, 

cranberry extract, and pineapple extract in the 

management of urinary tract infections (UTIs).

US20200060324 2020-02-27 (131)

5 “Cranberry extract for 

preventing and treating 

uncomplicated lower urinary 

tract infections”

A cranberry extract containing a total 

Proanthocyanidin degree of polymerization 

(%m/m) falling within the range of 12.5–15%, and 

with a ratio (weight of all proanthocyanidins 

polymers)/(total weight of proanthocyanidins) 

exceeding 60%. It serves as a standalone active 

ingredient preventing and treating uncomplicated 

lower UTIs.

EP3895761 2021-10-20 (132)

6 “Composition for the 

treatment or prevention of 

urinary tract infections and 

dosage form”

The composition includes an anti-adhesive 

substance made up of herbal extract(s) known for 

their ability to counteract bacterial adhesion in the 

urinary tract, combined with a diuretic 

component.

EP2662086 2013-11-13 (133)

7 “Method of preventing, 

controlling and ameliorating 

urinary tract infections using 

a synergistic cranberry 

derivative and d-mannose 

composition”

A formulation consisting of a cranberry derivative 

or a concentrated source of proanthocyanidins, 

along with D-mannose, presented in an orally 

consumable format for the purpose of UTI 

prevention.

US20090226548 2009-09-10 (134)

8 “Effervescent composition 

including cranberry extract”

An effervescent formulation, comprising both an 

effervescent agent and cranberry extract, ideally in 

an adequate quantity to reduce the detectable 

bacterial content in the urine of individuals 

afflicted with urinary tract infections.

US20050158381 2010-08-31 (135)

9 1. “Compositions comprising 

an American cranberry 

extract and phospholipids”

Combination of American cranberry extract with 

phospholipids, employed in the prevention and 

treatment of UTIs. Furthermore, it covers the 

procedures for crafting these mixtures and the oral 

administration formulations incorporating them.

US20210244782 2021-08-12 (136)

10 2. “Anti-inflammatory 

cranberry flavanol extract 

preparations”

Utilizing these extracts, including those containing 

the cranberry flavanol compound quercetin-3-α-

arabinofuranoside, for addressing inflammatory 

disorders.

US20110195138 2011-08-11 (137)

(Continued)
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TABLE 11  (Continued)

S. no. Patent title Patent description Patent ID Year of publication Reference

11 “Plant proanthocyanidins 

extract effective at inhibiting 

adherence of bacteria with 

P-type fimbriae to surfaces”

The process of isolating and characterizing plant 

Proanthocyanidin extracts and specific 

Proanthocyanidin compounds to prevent and treat 

urinary tract infections caused by P-type 

Escherichia coli.

US6608102 2003-08-19 (138)

12 “Compositions and methods 

for treating and/or 

preventing a urinary tract 

infection”

This composition, which includes D-Mannose, 

Phellodendron Extract, and Cranberry, is revealed. 

It is effective for both treating and preventing 

microbial infections and the agglutination of red 

blood cells caused by such infections.

US20190000908 2019-01-03 (139)

13 “Cranberry-based dietary 

supplement and dental 

hygiene product”

Cranberry origins are blended with extracts 

derived from Lou Han Kuo fruit, and/or extracts 

obtained from Stevia rebaudiana leaves, and/or 

extracts derived from Chinese Blackberry leaves. 

The end product is an enjoyable dietary 

supplement with a pleasing taste.

US20030108627 2003-06-12 (140)

14 “Extracts of Cranberry and 

Methods of Using Thereof ”

Merged extracts of cranberry and cinnamon are 

utilized. In specific variations, these combined 

extracts have been fine-tuned to manage urinary 

tract infections induced by E. coli, S. aureus, and 

C. albicans.

US20100028469 2010-02-04 (141)

15 “Cranberry Xyloglucan 

Oligosaccharide 

Composition”

A formulation derived from cranberry hulls that 

have undergone enzymatic treatment, aiming to 

diminish or prevent the attachment of 

microorganisms to cells possessing α-Gal-(1–4)-

Gal terminal oligosaccharide receptors for 

adhesion.

US20130316025 2016-04-19 (142)

16 “Compositions Comprising 

Cranberry Extract and 

Methods of Use Thereof ”

Presented here are formulations containing 

cranberry extract that are both potent and calorie-

friendly. Additionally, methods for preventing or 

treating infections through the administration of 

these described formulations are included.

US20110280851 2011-11-17 (143)

17 “American cranberry extract 

and its use”

The current innovation pertains to an extract 

obtained from Vaccinium plants and the method 

for its extraction. This extract, rich in 

proanthocyanidins, can serve as a dietary or 

nutraceutical product.

US20090258940 2009-10-15 (144)

18 “Cranberry-derived 

compositions for potentiating 

antibiotic efficacy against 

bacterial persistence”

Formulations originating from cranberries, 

incorporate xyloglucan and pectic 

oligosaccharides, along with iridoid terpene 

glycosides. Employed alongside antibiotics to 

collectively eradicate bacterial persister cells and 

impede bacterial dormant states, thereby 

enhancing treatment effectiveness in recurrent and 

other infections.

US20200179434 2022-06-28 (145)

19 “Use of cranberries with 

herbal components for 

preventing urinary tract 

infections.”

The utilization of polymeric proanthocyanidins 

(PACS) in amounts ranging from 36 mg to 120 mg 

for combatting urinary tract infections (UTIs).

EP3142678 2020-03-11 (146)

20 “Adjuvant comprising 

vaccinium macrocarpon”

Incorporating the bioactive compounds found in 

cranberry extract as a supplementary component 

in the treatment of urinary tract infections.

EP2227252 2012-07-25 (147)

Year of Publication format: YY-MM-DD.

90

https://doi.org/10.3389/fnut.2025.1502720
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Jangid et al.� 10.3389/fnut.2025.1502720

Frontiers in Nutrition 25 frontiersin.org

Data availability statement

The original contributions presented in the study are included in 
the article/Supplementary material, further inquiries can be directed 
to the corresponding authors.

Author contributions

HJ: Conceptualization, Investigation, Methodology, Writing – 
original draft. AS: Supervision, Validation, Writing  – review & 
editing. GK: Conceptualization, Supervision, Validation, Writing – 
review & editing.

Funding

The author(s) declare that no financial support was received for 
the research, authorship, and/or publication of this article.

Acknowledgments

I express sincere gratitude to Lovely Professional University and 
National Medical College & Teaching Hospital for creating an 
academic atmosphere and offering resources that greatly supported 
the successful culmination of this in-depth review paper.

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.

Generative AI statement

The authors declare that no Gen AI was used in the creation of 
this manuscript.

Publisher’s note

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

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fnut.2025.1502720/
full#supplementary-material

References
	1.	Yang X, Chen H, Zheng Y, Qu S, Wang H, Yi F. Disease burden and long-term 

trends of urinary tract infections: a worldwide report. Front Public Health. (2022) 
10:888205. doi: 10.3389/fpubh.2022.888205

	2.	McCann E, Sung AH, Ye G, Vankeepuram L, Tabak YP. Contributing factors to the 
clinical and economic burden of patients with laboratory-confirmed Carbapenem-
nonsusceptible gram-negative urinary tract infections. Clinicoecon Outcomes Res. (2020) 
12:191–200. doi: 10.2147/CEOR.S234840

	3.	Foxman B. Epidemiology of urinary tract infections: incidence, morbidity, and 
economic costs. Am J Med. (2002) 113:5–13. doi: 10.1016/S0002-9343(02)01054-9

	4.	Griebling TL. Urologic diseases in America project: trends in resource use for 
urinary tract infections in women. J Urol. (2005) 173:1281–7. doi: 
10.1097/01.ju.0000155596.98780.82

	5.	Chinemerem Nwobodo D, Ugwu MC, Oliseloke Anie C, Al-Ouqaili MTS, Chinedu 
Ikem J, Victor Chigozie U, et al. Antibiotic resistance: the challenges and some emerging 
strategies for tackling a global menace. J Clin Lab Anal. (2022) 36:e24655. doi: 
10.1002/jcla.24655

	6.	Hisano M, Bruschini H, Nicodemo AC, Srougi M. Cranberries and lower urinary 
tract infection prevention. Clinics (Sao Paulo). (2012) 67:661–7. doi: 
10.6061/clinics/2012(06)18

	7.	Jepson RG, Williams G, Craig JC. Cranberries for preventing urinary tract 
infections. Cochrane Database Syst Rev. (2012) 2012:CD001321. doi: 
10.1002/14651858.CD003265.pub3

	8.	Wang CH, Fang CC, Chen NC, Liu SSH, Yu PH, Wu TY, et al. Cranberry-containing 
products for prevention of urinary tract infections in susceptible populations: a 
systematic review and meta-analysis of randomized controlled trials. Arch Intern Med. 
(2012) 172:988–96. doi: 10.1001/archinternmed.2012.3004

	9.	Fu Z, Liska D, Talan D, Chung M. Cranberry reduces the risk of urinary tract 
infection recurrence in otherwise healthy women: a systematic review and meta-
analysis. J Nutr. (2017) 147:2282–8. doi: 10.3945/jn.117.254961

	10.	Williams G, Hahn D, Stephens JH, Craig JC, Hodson EM. Cranberries for 
preventing urinary tract infections. Cochrane Database Syst Rev. (2023) 4:CD001321. 
doi: 10.1002/14651858.CD001321.pub6

	11.	Zeng Z, Zhan J, Zhang K, Chen H, Cheng S. Global, regional, and national burden 
of urinary tract infections from 1990-2019: an analysis of the global burden of disease 
study 2019. World J Urol. (2022) 40:755–63. doi: 10.1007/s00345-021-03913-0

	12.	Odoki M, Almustapha Aliero A, Tibyangye J, Nyabayo Maniga J, Wampande E, 
Drago Kato C, et al. Prevalence of bacterial urinary tract infections and associated 
factors among patients attending hospitals in Bushenyi District, Uganda. Int J Microbiol. 
(2019) 2019:1–8. doi: 10.1155/2019/4246780

	13.	Wagenlehner F, Nicolle L, Bartoletti R, Gales AC, Grigoryan L, Huang H, et al. A 
global perspective on improving patient care in uncomplicated urinary tract infection: 
expert consensus and practical guidance. J Glob Antimicrob Resist. (2022) 28:18–29. doi: 
10.1016/j.jgar.2021.11.008

	14.	Tegegne KD, Wagaw GB, Gebeyehu NA, Yirdaw LT, Shewangashaw NE, Kassaw 
MW. Prevalence of urinary tract infections and risk factors among diabetic patients in 
Ethiopia, a systematic review and meta-analysis. PLoS One. (2023) 18:e0278028. doi: 
10.1371/journal.pone.0278028

	15.	Dasgupta C, Rafi MA, Salam MA. High prevalence of multidrug resistant 
uropathogens: a recent audit of antimicrobial susceptibility testing from a tertiary care 
hospital in Bangladesh. Pak. J Med Sci. (2020) 36:1297–302. doi: 10.12669/pjms.36.6.2943

	16.	Umemura T, Kato H, Hagihara M, Hirai J, Yamagishi Y, Mikamo H. Efficacy of 
combination therapies for the treatment of multi-drug resistant gram-negative bacterial 
infections based on meta-analyses. Antibiotics (Basel). (2022) 11:524. doi: 
10.3390/antibiotics11040524

	17.	Bajpai T, Pandey M, Varma M, Bhatambare GS. Prevalence of extended spectrum 
beta-lactamase producing uropathogens and their antibiotic resistance profile in patients 
visiting a tertiary care hospital in Central India: implications on empiric therapy. Indian 
J Pathol Microbiol. (2014) 57:407–12. doi: 10.4103/0377-4929.138733

	18.	Das S. Natural therapeutics for urinary tract infections—a review. Future J Pharm 
Sci. (2020) 6:64. doi: 10.1186/s43094-020-00086-2

	19.	Muzammil M, Adnan M, Sikandar SM, Waheed MU, Javed N, Ur Rehman MF. 
Study of culture and sensitivity patterns of urinary tract infections in patients presenting 
with urinary symptoms in a tertiary care hospital. Cureus. (2020) 12:e7013. doi: 
10.7759/cureus.7013

	20.	Zagaglia C, Ammendolia MG, Maurizi L, Nicoletti M, Longhi C. Urinary tract 
infections caused by Uropathogenic Escherichia coli strains—new strategies for an old 
pathogen. Microorganisms. (2022) 10:1425. doi: 10.3390/microorganisms10071425

	21.	Hasandka A, Singh AR, Prabhu A, Singhal HR, Nandagopal MSG, Mani NK. 
Paper and thread as media for the frugal detection of urinary tract infections (UTIs). 
Anal Bioanal Chem. (2022) 414:847–65. doi: 10.1007/s00216-021-03671-3

91

https://doi.org/10.3389/fnut.2025.1502720
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fnut.2025.1502720/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnut.2025.1502720/full#supplementary-material
https://doi.org/10.3389/fpubh.2022.888205
https://doi.org/10.2147/CEOR.S234840
https://doi.org/10.1016/S0002-9343(02)01054-9
https://doi.org/10.1097/01.ju.0000155596.98780.82
https://doi.org/10.1002/jcla.24655
https://doi.org/10.6061/clinics/2012(06)18
https://doi.org/10.1002/14651858.CD003265.pub3
https://doi.org/10.1001/archinternmed.2012.3004
https://doi.org/10.3945/jn.117.254961
https://doi.org/10.1002/14651858.CD001321.pub6
https://doi.org/10.1007/s00345-021-03913-0
https://doi.org/10.1155/2019/4246780
https://doi.org/10.1016/j.jgar.2021.11.008
https://doi.org/10.1371/journal.pone.0278028
https://doi.org/10.12669/pjms.36.6.2943
https://doi.org/10.3390/antibiotics11040524
https://doi.org/10.4103/0377-4929.138733
https://doi.org/10.1186/s43094-020-00086-2
https://doi.org/10.7759/cureus.7013
https://doi.org/10.3390/microorganisms10071425
https://doi.org/10.1007/s00216-021-03671-3


Jangid et al.� 10.3389/fnut.2025.1502720

Frontiers in Nutrition 26 frontiersin.org

	22.	Abou Heidar NF, Degheili JA, Yacoubian AA, Khauli RB. Management of urinary 
tract infection in women: a practical approach for everyday practice. Urol Ann. (2019) 
11:339–46. doi: 10.4103/UA.UA_104_19

	23.	Sherif I. Uroprotective mechanisms of natural products against cyclophosphamide-
induced urinary bladder toxicity: a comprehensive review. Acta Sci Pol Technol Aliment. 
(2020) 19:333–46. doi: 10.17306/J.AFS.0832

	24.	Saima S, Anjum I, Mobashar A, Jahan S, Najm S, Nafidi HA, et al. Spasmolytic and 
uroprotective effects of Apigenin by downregulation of TGF-β and iNOS pathways and 
upregulation of antioxidant mechanisms: in vitro and in silico analysis. Pharmaceuticals. 
(2023) 16:811. doi: 10.3390/ph16060811

	25.	Das S, Naik P, Panda P. Effect of Hemidesmus indicus R.Br. root extract on urinary 
tract infection causing bacteria. Int J Herbal Med. (2017) 5:160–8.

	26.	Murali VP, Kuttan G. Curculigo orchioides Gaertn effectively ameliorates the Uro-
and nephrotoxicities induced by cyclophosphamide administration in experimental 
animals. Integr Cancer Ther. (2016) 15:205–15. doi: 10.1177/1534735415607319

	27.	Chettaoui R, Mayot G, De Almeida L, Di Martino P. Cranberry (Vaccinium 
macrocarpon) dietary supplementation and fecal microbiota of Wistar rats. AIMS 
Microbiol. (2021) 7:257–70. doi: 10.3934/microbiol.2021016

	28.	Jurikova T, Skrovankova S, Mlcek J, Balla S, Snopek L. Bioactive compounds, 
antioxidant activity, and biological effects of European cranberry (Vaccinium oxycoccos). 
Molecules. (2019) 24:24. doi: 10.3390/molecules24010024

	29.	Nemzer BV, Al-Taher F, Yashin A, Revelsky I, Yashin Y. Cranberry: chemical 
composition, antioxidant activity and impact on human health: overview. Molecules. 
(2022) 27:1503. doi: 10.3390/molecules27051503

	30.	Šedbarė R, Sprainaitytė S, Baublys G, Viskelis J, Janulis V. Phytochemical 
composition of cranberry (Vaccinium oxycoccos L.) fruits growing in protected areas of 
Lithuania. Plants (Basel). (2023) 12:1974. doi: 10.3390/plants12101974

	31.	González de Llano D, Moreno-Arribas MV, Bartolomé B. Cranberry polyphenols 
and prevention against urinary tract infections: relevant considerations. Molecules. 
(2020) 25:3523. doi: 10.3390/molecules25153523

	32.	Blumberg JB, Camesano TA, Cassidy A, Kris-Etherton P, Howell A, Manach C, 
et al. Cranberries and their bioactive constituents in human health. Adv Nutr. (2013) 
4:618–32. doi: 10.3945/an.113.004473

	33.	Urena-Saborio H, Udayan APM, Alfaro-Viquez E, Madrigal-Carballo S, Reed JD, 
Gunasekaran S. Cranberry proanthocyanidins-PANI nanocomposite for the detection 
of bacteria associated with urinary tract infections. Biosensors (Basel). (2021) 11:199. 
doi: 10.3390/bios11060199

	34.	Howell AB, Botto H, Combescure C, Blanc-Potard AB, Gausa L, Matsumoto T, 
et al. Dosage effect on uropathogenic Escherichia coli anti-adhesion activity in urine 
following consumption of cranberry powder standardized for proanthocyanidin 
content: a multicentric randomized double blind study. BMC Infect Dis. (2010) 10:94. 
doi: 10.1186/1471-2334-10-94

	35.	Howell AB, Dreyfus JF, Chughtai B. Differences in urinary bacterial anti-adhesion 
activity after intake of cranberry dietary supplements with soluble versus insoluble 
Proanthocyanidins. J Diet Suppl. (2022) 19:621–39. doi: 10.1080/19390211.2021.1908480

	36.	Colletti A, Sangiorgio L, Martelli A, Testai L, Cicero AFG, Cravotto G. Highly 
active Cranberry’s polyphenolic fraction: new advances in processing and clinical 
applications. Nutrients. (2021) 13:2546. doi: 10.3390/nu13082546

	37.	Côté J, Caillet S, Doyon G, Dussault D, Sylvain JF, Lacroix M. Antimicrobial effect 
of cranberry juice and extracts. Food Control. (2011) 22:1413–8. doi: 
10.1016/j.foodcont.2011.02.024

	38.	Samarasinghe S, Reid R, AL-Bayati M. The anti-virulence effect of cranberry active 
compound proanthocyanins (PACs) on expression of genes in the third-generation 
cephalosporin-resistant Escherichia coli CTX-M-15 associated with urinary tract 
infection. Antimicrob Resist Infect Control. (2019) 8:181. doi: 10.1186/s13756-019-0637-9

	39.	Allameh Z, Salamzadeh J. Use of antioxidants in urinary tract infection. J Res 
Pharm Pract. (2016) 5:79–85. doi: 10.4103/2279-042X.179567

	40.	Vostalova J, Vidlar A, Simanek V, Galandakova A, Kosina P, Vacek J, et al. Are high 
proanthocyanidins key to cranberry efficacy in the prevention of recurrent urinary tract 
infection? Phytother Res. (2015) 29:1559–67. doi: 10.1002/ptr.5427

	41.	Mantzorou M, Giaginis C. Cranberry consumption against urinary tract 
infections: clinical state of-the-art and future perspectives. Curr Pharm Biotechnol. 
(2018) 19:1049–63. doi: 10.2174/1389201020666181206104129

	42.	Cimolai N, Cimolai T. The cranberry and the urinary tract. Eur J Clin Microbiol 
Infect Dis. (2007) 26:767–76. doi: 10.1007/s10096-007-0379-0

	43.	Feliciano RP, Mills CE, Istas G, Heiss C, Rodriguez-Mateos A. Absorption, 
metabolism and excretion of cranberry (poly) phenols in humans: a dose response study 
and assessment of inter-individual variability. Nutrients. (2017) 9:268. doi: 
10.3390/nu9030268

	44.	Barani M, Sangiovanni E, Angarano M, Rajizadeh MA, Mehrabani M, Piazza S, 
et al. Phytosomes as innovative delivery systems for phytochemicals: a comprehensive 
review of literature. Int J Nanomedicine. (2021) 16:6983–7022. doi: 10.2147/IJN.S318416

	45.	Luo B, Wen Y, Ye F, Wu Y, Li N, Farid MS, et al. Bioactive phytochemicals and their 
potential roles in modulating gut microbiota. J Agric Food Res. (2023) 12:100583. doi: 
10.1016/j.jafr.2023.100583

	46.	Sallam IE, Abdelwareth A, Attia H, Aziz RK, Homsi MN, von Bergen M, et al. 
Effect of gut microbiota biotransformation on dietary tannins and human health 
implications. Microorganisms. (2021) 9:965. doi: 10.3390/microorganisms9050965

	47.	Baron G, Altomare A, Regazzoni L, Fumagalli L, Artasensi A, Borghi E, et al. 
Profiling Vaccinium macrocarpon components and metabolites in human urine and the 
urine ex-vivo effect on Candida albicans adhesion and biofilm-formation. Biochem 
Pharmacol. (2020) 173:113726. doi: 10.1016/j.bcp.2019.113726

	48.	González de Llano D, Esteban-Fernández A, Sánchez-Patán F, Martínlvarez PJ, 
Moreno-Arribas MV, Bartolomé B. Anti-adhesive activity of cranberry phenolic 
compounds and their microbial-derived metabolites against uropathogenic Escherichia 
coli in bladder epithelial cell cultures. Int J Mol Sci. (2015) 16:12119–30. doi: 
10.3390/ijms160612119

	49.	Hamann GL, Campbell JD, George CM. Warfarin-cranberry juice interaction. Ann 
Pharmacother. (2011) 45:420–0. doi: 10.1345/aph.1P451

	50.	Paeng CH, Sprague M, Jackevicius CA. Interaction between warfarin and 
cranberry juice. Clin Ther. (2007) 29:1730–5. doi: 10.1016/j.clinthera.2007.08.018

	51.	Peron G, Pellizzaro A, Brun P, Schievano E, Mammi S, Sut S, et al. Antiadhesive activity 
and metabolomics analysis of rat urine after cranberry (Vaccinium macrocarpon Aiton) 
administration. J Agric Food Chem. (2017) 65:5657–67. doi: 10.1021/acs.jafc.7b01856

	52.	Beerepoot MAJ. Cranberries vs antibiotics to prevent urinary tract infections: a 
randomized double-blind noninferiority trial in premenopausal women. Arch Intern 
Med. (2011) 171:1270–8. doi: 10.1001/archinternmed.2011.306

	53.	Jensen HD, Struve C, Christensen SB, Krogfelt KA. Cranberry juice and 
combinations of its organic acids are effective against experimental urinary tract 
infection. Front Microbiol. (2017) 8:8. doi: 10.3389/fmicb.2017.00542

	54.	Liu H, Howell AB, Zhang DJ, Khoo C. A randomized, double-blind, placebo-
controlled pilot study to assess bacterial anti-adhesive activity in human urine following 
consumption of a cranberry supplement. Food Funct. (2019) 10:7645–52. doi: 
10.1039/C9FO01198F

	55.	Duncan SH, Conti E, Ricci L, Walker AW. Links between diet, intestinal anaerobes, 
microbial metabolites and health. Biomedicines. (2023) 11:1338. doi: 
10.3390/biomedicines11051338

	56.	Xia JY, Yang C, Xu DF, Xia H, Yang LG, Sun GJ. Consumption of cranberry as 
adjuvant therapy for urinary tract infections in susceptible populations: a systematic 
review and meta-analysis with trial sequential analysis. PLoS One. (2021) 16:e0256992. 
doi: 10.1371/journal.pone.0256992

	57.	Juthani-Mehta M, Van Ness PH, Bianco L, Rink A, Rubeck S, Ginter S, et al. Effect 
of cranberry capsules on bacteriuria plus pyuria among older women in nursing homes: 
a randomized clinical trial. JAMA. (2016) 316:1879–87. doi: 10.1001/jama.2016.16141

	58.	Babar A, Moore L, Leblanc V, Dudonné S, Desjardins Y, Lemieux S, et al. High 
dose versus low dose standardized cranberry proanthocyanidin extract for the 
prevention of recurrent urinary tract infection in healthy women: a double-blind 
randomized controlled trial. BMC Urol. (2021) 21:44. doi: 10.1186/s12894-021-00811-w

	59.	Schlager TA, Anderson S, Trudell J, Hendley JO. Effect of cranberry juice on 
bacteriuria in children with neurogenic bladder receiving intermittent catheterization. 
J Pediatr. (1999) 135:698–702. doi: 10.1016/S0022-3476(99)70087-9

	60.	Zhao S, Liu H, Gu L. American cranberries and health benefits – an evolving story 
of 25 years. J Sci Food Agric. (2020) 100:5111–6. doi: 10.1002/jsfa.8882

	61.	Ardito L, Scuotto V, Del Giudice M, Petruzzelli AM. A bibliometric analysis of 
research on big data analytics for business and management. Manag Decis. (2018) 
57:1993–2009. doi: 10.1108/MD-07-2018-0754

	62.	Sweileh WM. Bibliometric analysis of peer-reviewed literature on climate change 
and human health with an emphasis on infectious diseases. Glob Health. (2020) 16:44. 
doi: 10.1186/s12992-020-00576-1

	63.	Abdullah, Naved Khan M. Determining mobile payment adoption: a systematic 
literature search and bibliometric analysis. Cogent Bus Manage. (2021) 8:1893245. doi: 
10.1080/23311975.2021.1893245

	64.	Fan J, Gao Y, Zhao N, Dai R, Zhang H, Feng X, et al. Bibliometric analysis on 
COVID-19: a comparison of research between English and Chinese studies. Front Public 
Health. (2020) 8:477. doi: 10.3389/fpubh.2020.00477

	65.	Sidhu AK, Singh H, Virdi SS, Kumar R. A bibliometric analysis on job stress using 
visualizing network. JCCC. (2020) 12:21–9. doi: 10.31620/JCCC.12.20/04

	66.	Aria M, Cuccurullo C. Bibliometrix: an R-tool for comprehensive science mapping 
analysis. J Informet. (2017) 11:959–75. doi: 10.1016/j.joi.2017.08.007

	67.	Piotrowski C. Bibliometrics and citation analysis for the psychologist-manager: a 
review and select readings. Psychol Manager J. (2013) 16:53–71. doi: 10.1037/h0094735

	68.	Kontiokari T, Sundqvist K, Nuutinen M, Pokka T, Koskela M, Uhari M. 
Randomised trial of cranberry-lingonberry juice and Lactobacillus GG drink for the 
prevention of urinary tract infections in women. BMJ. (2001) 322:1571. doi: 
10.1136/bmj.322.7302.1571

	69.	Pappas E, Schaich KM. Phytochemicals of cranberries and cranberry products: 
characterization, potential health effects, and processing stability. Crit Rev Food Sci Nutr. 
(2009) 49:741–81. doi: 10.1080/10408390802145377

	70.	Bhargava K, Nath G, Bhargava A, Kumari R, Aseri GK, Jain N. Bacterial profile 
and antibiotic susceptibility pattern of uropathogens causing urinary tract infection in 

92

https://doi.org/10.3389/fnut.2025.1502720
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.4103/UA.UA_104_19
https://doi.org/10.17306/J.AFS.0832
https://doi.org/10.3390/ph16060811
https://doi.org/10.1177/1534735415607319
https://doi.org/10.3934/microbiol.2021016
https://doi.org/10.3390/molecules24010024
https://doi.org/10.3390/molecules27051503
https://doi.org/10.3390/plants12101974
https://doi.org/10.3390/molecules25153523
https://doi.org/10.3945/an.113.004473
https://doi.org/10.3390/bios11060199
https://doi.org/10.1186/1471-2334-10-94
https://doi.org/10.1080/19390211.2021.1908480
https://doi.org/10.3390/nu13082546
https://doi.org/10.1016/j.foodcont.2011.02.024
https://doi.org/10.1186/s13756-019-0637-9
https://doi.org/10.4103/2279-042X.179567
https://doi.org/10.1002/ptr.5427
https://doi.org/10.2174/1389201020666181206104129
https://doi.org/10.1007/s10096-007-0379-0
https://doi.org/10.3390/nu9030268
https://doi.org/10.2147/IJN.S318416
https://doi.org/10.1016/j.jafr.2023.100583
https://doi.org/10.3390/microorganisms9050965
https://doi.org/10.1016/j.bcp.2019.113726
https://doi.org/10.3390/ijms160612119
https://doi.org/10.1345/aph.1P451
https://doi.org/10.1016/j.clinthera.2007.08.018
https://doi.org/10.1021/acs.jafc.7b01856
https://doi.org/10.1001/archinternmed.2011.306
https://doi.org/10.3389/fmicb.2017.00542
https://doi.org/10.1039/C9FO01198F
https://doi.org/10.3390/biomedicines11051338
https://doi.org/10.1371/journal.pone.0256992
https://doi.org/10.1001/jama.2016.16141
https://doi.org/10.1186/s12894-021-00811-w
https://doi.org/10.1016/S0022-3476(99)70087-9
https://doi.org/10.1002/jsfa.8882
https://doi.org/10.1108/MD-07-2018-0754
https://doi.org/10.1186/s12992-020-00576-1
https://doi.org/10.1080/23311975.2021.1893245
https://doi.org/10.3389/fpubh.2020.00477
https://doi.org/10.31620/JCCC.12.20/04
https://doi.org/10.1016/j.joi.2017.08.007
https://doi.org/10.1037/h0094735
https://doi.org/10.1136/bmj.322.7302.1571
https://doi.org/10.1080/10408390802145377


Jangid et al.� 10.3389/fnut.2025.1502720

Frontiers in Nutrition 27 frontiersin.org

the eastern part of northern India. Front Microbiol. (2022) 13:965053. doi: 
10.3389/fmicb.2022.965053

	71.	Duicu C, Cozea I, Delean D, Aldea AA, Aldea C. Antibiotic resistance patterns of 
urinary tract pathogens in children from Central Romania. Exp Ther Med. (2021) 
22:748. doi: 10.3892/etm.2021.10180

	72.	Madrazo M, Esparcia A, López-Cruz I, Alberola J, Piles L, Viana A, et al. Clinical 
impact of multidrug-resistant bacteria in older hospitalized patients with community-
acquired urinary tract infection. BMC Infect Dis. (2021) 21:1232. doi: 
10.1186/s12879-021-06939-2

	73.	Jalil MB, Al Atbee MYN. The prevalence of multiple drug resistance Escherichia 
coli and Klebsiella pneumoniae isolated from patients with urinary tract infections. J Clin 
Lab Anal. (2022) 36:e24619. doi: 10.1002/jcla.24619

	74.	Khan MI, Xu S, Ali MM, Ali R, Kazmi A, Akhtar N, et al. Assessment of multidrug 
resistance in bacterial isolates from urinary tract-infected patients. J Radiat Res Appl Sci. 
(2020) 13:267–75. doi: 10.1080/16878507.2020.1730579

	75.	Mazzariol A, Bazaj A, Cornaglia G. Multi-drug-resistant gram-negative bacteria 
causing urinary tract infections: a review. J Chemother. (2017) 29:2–9. doi: 
10.1080/1120009X.2017.1380395

	76.	Umar Z, Ashfaq S, Parikh A, Ilyas U, Foster A, Bhangal R, et al. Stenotrophomonas 
Maltophilia and urinary tract infections: a systematic review. Cureus. 14:E26184.

	77.	Pandey S. Antibacterial and antifungal activities of Ocimum gratissimum L. Int J 
Pharm Pharm Sci. (2017) 9:26–31. doi: 10.22159/ijpps.2017v9i12.22678

	78.	Peng MM, Fang Y, Hu W, Huang Q. The pharmacological activities of compound 
Salvia Plebeia granules on treating urinary tract infection. J Ethnopharmacol. (2010) 
129:59–63. doi: 10.1016/j.jep.2010.02.029

	79.	Prabhu K, Prasathkumar M, Sivaraman J, Sadhasivam S, Gajdács M, Gasimov EK, 
et al. Phytochemical characterization, antibacterial, and anti-biofilm efficacy of 
Mangifera indica seed kernel: a preliminary study using in vitro and in silico approaches. 
J King Saud Univ Sci. (2023) 35:102688. doi: 10.1016/j.jksus.2023.102688

	80.	Liya SJ, Siddique R. Determination of antimicrobial activity of some commercial 
fruit (apple, papaya, lemon and strawberry) against bacteria causing urinary tract 
infection. Eur J Microbiol Immunol (Bp). (2018) 8:95–9. doi: 10.1556/1886.2018.00014

	81.	Lionel OO, Adegboyega IP, Ezekiel AO, Olufunke BC. Antimicrobial activity of 
garlic (Allium sativum) on selected uropathogens from cases of urinary tract infection. 
Ann Trop Pathol. (2020) 11:133. doi: 10.4103/atp.atp_9_20

	82.	Dehdari S, Hajimehdipoor H. Medicinal properties of Adiantum capillus-veneris 
Linn. in traditional medicine and modern phytotherapy: a review article. Iran J Public 
Health. (2018) 47:188–97.

	83.	Mohammed SS, Bashir A, David AA, Abdul-Rahman AA, Ninyio NN. 
Phytochemical constituents and antibacterial activity of ginger (Zingiber 1 officianale) 
extract on selected clinical isolates associated with urinary 2 tract infections (UTIS). 
Fusion Engineering and Design. (2019) 3:74–85.

	84.	Pekamwar SS, Kalyankar TM, Kokate SS. Pharmacological activities of Coccinia 
grandis: review. J Appl Pharm Sci. (2013) 3:114–9. doi: 10.7324/JAPS.2013.3522

	85.	Wadikar DD, Patki PE. Coleus aromaticus: a therapeutic herb with multiple 
potentials. J Food Sci Technol. (2016) 53:2895–901. doi: 10.1007/s13197-016-2292-y

	86.	Yamani HA, Pang EC, Mantri N, Deighton MA. Antimicrobial activity of Tulsi 
(Ocimum tenuiflorum) essential oil and their major constituents against three species of 
Bacteria. Front Microbiol. (2016) 7:681. doi: 10.3389/fmicb.2016.00681

	87.	Trill J, Simpson C, Webley F, Radford M, Stanton L, Maishman T, et al. Uva-ursi 
extract and ibuprofen as alternative treatments of adult female urinary tract infection 
(ATAFUTI): study protocol for a randomised controlled trial. Trials. (2017) 18:421. doi: 
10.1186/s13063-017-2145-7

	88.	Díaz K, Espinoza L, Madrid A, Pizarro L, Chamy R. Isolation and identification of 
compounds from bioactive extracts of Taraxacum officinale Weber ex F. H. Wigg. 
(dandelion) as a potential source of antibacterial agents. Evid Based Complement 
Alternat Med. (2018) 2018:2706417. doi: 10.1155/2018/2706417

	89.	Fazly Bazzaz BS, Darvishi Fork S, Ahmadi R, Khameneh B. Deep insights into 
urinary tract infections and effective natural remedies. Afr J Urol. (2021) 27:6. doi: 
10.1186/s12301-020-00111-z

	90.	Lagha R, Ben Abdallah F, AL-Sarhan BO, Al-Sodany Y. Antibacterial and biofilm 
inhibitory activity of medicinal plant essential oils against Escherichia coli isolated from 
UTI patients. Molecules. (2019) 24:1161. doi: 10.3390/molecules24061161

	91.	Fursenco C, Calalb T, Uncu L, Dinu M, Ancuceanu R. Solidago virgaurea L.: a 
review of its ethnomedicinal uses, phytochemistry, and pharmacological activities. 
Biomol Ther. (2020) 10:1619. doi: 10.3390/biom10121619

	92.	Ahmed J, Abdu A, Mitiku H, Ataro Z. In vitro antibacterial activities of selected 
medicinal plants used by traditional healers for treating urinary tract infection in 
Haramaya District, Eastern Ethiopia. Infect Drug Resist. (2023) 16:1327–38. doi: 
10.2147/IDR.S398204

	93.	Brendler T, Abdel-Tawab M. Buchu (Agathosma betulina and A. crenulata): 
rightfully forgotten or underutilized? Front Pharmacol. (2022) 13:813142. doi: 
10.3389/fphar.2022.813142

	94.	Sahib A, Mohammed H, Hamdan S. Use of aqueous extract of corn silk in the 
treatment of urinary tract infection. J Intercult Ethnopharmacol. (2012) 1:1. doi: 
10.5455/jice.20120525123150

	95.	Trivisonno LF, Sgarbossa N, Alvez GA, Fieiras C, Escobar Liquitay CM, Jung JH, 
et al. Serenoa repens for the treatment of lower urinary tract symptoms due to benign 
prostatic enlargement: a systematic review and meta-analysis. Investig Clin Urol. (2021) 
62:520–34. doi: 10.4111/icu.20210254

	96.	Wang Y, Singh AP, Nelson HN, Kaiser AJ, Reker NC, Hooks TL, et al. Urinary 
clearance of cranberry Flavonol glycosides in humans. J Agric Food Chem. (2016) 
64:7931–9. doi: 10.1021/acs.jafc.6b03611

	97.	Sun J, Marais JPJ, Khoo C, LaPlante K, Vejborg RM, Givskov M, et al. Cranberry 
(Vaccinium macrocarpon) oligosaccharides decrease biofilm formation by uropathogenic 
Escherichia coli. J Funct Foods. (2015) 17:235–42. doi: 10.1016/j.jff.2015.05.016

	98.	Pereira TA, Fernandes AR, Mendes A, Oliveira R, Casqueiro A, Birne R, et al. Are 
cranberry capsules effective and safe in preventing urinary tract infections in kidney 
transplantation? A randomized pilot clinical trial. Port J Nephrol Hypert. (2017) 
31:18–24.

	99.	Aziz U, Khan SK, Altaf U, Zainab A, Kanwal A, Naz F. Efficacy of cranberry juice 
in the prevention of recurrent urinary tract infection. Pak J Med Health Sci. (2022) 
16:204–6. doi: 10.53350/pjmhs22162204

	100.	Tong H, Heong S, Chang S. Effect of ingesting cranberry juice on bacterial growth 
in urine. Am J Health Syst Pharm. (2006) 63:1417–9. doi: 10.2146/ajhp050499

	101.	Luís Â, Domingues F, Pereira L. Can cranberries contribute to reduce the 
incidence of urinary tract infections? A systematic review with meta-analysis and trial 
sequential analysis of clinical trials. J Urol. (2017) 198:614–21. doi: 
10.1016/j.juro.2017.03.078

	102.	Uberos J, Rodríguez-Belmonte R, Rodríguez-Pérez C, Molina-Oya M, Blanca-
Jover E, Narbona-Lopez E, et al. Phenolic acid content and antiadherence activity in the 
urine of patients treated with cranberry syrup (Vaccinium macrocarpon) vs. 
trimethoprim for recurrent urinary tract infection. J Funct Foods. (2015) 18:608–16. doi: 
10.1016/j.jff.2015.08.009

	103.	Maki KC, Kaspar KL, Khoo C, Derrig LH, Schild AL, Gupta K. Consumption of 
a cranberry juice beverage lowered the number of clinical urinary tract infection 
episodes in women with a recent history of urinary tract infection 1. Am J Clin Nutr. 
(2016) 103:1434–42. doi: 10.3945/ajcn.116.130542

	104.	Nowack R, Schmitt W. Cranberry juice for prophylaxis of urinary tract 
infections – conclusions from clinical experience and research. Phytomedicine. (2008) 
15:653–67. doi: 10.1016/j.phymed.2008.07.009

	105.	Barbosa LN, Rall VLM, Fernandes AAH, Ushimaru PI, da Silva PI, Fernandes A. 
Essential oils against foodborne pathogens and spoilage bacteria in minced meat. 
Foodborne Pathog Dis. (2009) 6:725–8. doi: 10.1089/fpd.2009.0282

	106.	Fernández-Puentes V, Uberos J, Rodríguez-Belmonte R, Nogueras-Ocaña M, 
Blanca-Jover E, Narbona-López E. Efficacy and safety profile of cranberry in infants and 
children with recurrent urinary tract infection. An Pediatr (Barc). (2015) 82:397–403. 
doi: 10.1016/j.anpedi.2014.08.012

	107.	Duffey K, Sutherland L. Adult cranberry beverage consumers have healthier 
macronutrient intakes and measures of body composition compared to non-consumers: 
national health and nutrition examination survey (NHANES) 2005–2008. Nutrients. 
(2013) 5:4938–49. doi: 10.3390/nu5124938

	108.	Duffey KJ, Sutherland LA. Adult consumers of cranberry juice cocktail have 
lower C-reactive protein levels compared with nonconsumers. Nutr Res. (2015) 
35:118–26. doi: 10.1016/j.nutres.2014.11.005

	109.	Jeitler M, Michalsen A, Schwiertz A, Kessler CS, Koppold-Liebscher D, Grasme 
J, et al. Effects of a supplement containing a cranberry extract on recurrent urinary tract 
infections and intestinal microbiota: a prospective, uncontrolled exploratory study. J 
Integr Complement Med. (2022) 28:399–406. doi: 10.1089/jicm.2021.0300

	110.	Heitmann K, Nordeng H, Holst L. Pregnancy outcome after use of cranberry in 
pregnancy – the Norwegian mother and child cohort study. BMC Complement Altern 
Med. (2013) 13:345. doi: 10.1186/1472-6882-13-345

	111.	Al-Juhaishi A, Al-Khafaji T, Mustafa R, Alshehristani R. Effect of cranberry in 
enhancing oral hypoglycemic agents in uncontrolled type-II diabetic patients. J Glob 
Pharma Technol. (2019) 10:319–24.

	112.	Super EA, Kemper KJ, Woods C, Nagaraj S. Cranberry use among pediatric 
nephrology patients. Ambul Pediatr. (2005) 5:249–52. doi: 10.1367/A04-185R1.1

	113.	Gautam A, Agrawal PK, Pursnani N, Maheshwari PK, Rani R. 764-P: preventive 
effect of cranberry extract for SGLT2i-associated urinary tract infection: a case control 
study. Diabetes. (2021) 70:764-P. doi: 10.2337/db21-764-P

	114.	Mohammed Abdul MI, Jiang X, Williams KM, Day RO, Roufogalis BD, Liauw 
WS, et al. Pharmacodynamic interaction of warfarin with cranberry but not with garlic 
in healthy subjects. Br J Pharmacol. (2008) 154:1691–700. doi: 10.1038/bjp.2008.210

	115.	Pagonas N, Hörstrup J, Schmidt D, Benz P, Schindler R, Reinke P, et al. 
Prophylaxis of recurrent urinary tract infection after renal transplantation by cranberry 
juice and L-methionine. Transplant Proc. (2012) 44:3017–21. doi: 
10.1016/j.transproceed.2012.06.071

93

https://doi.org/10.3389/fnut.2025.1502720
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.3389/fmicb.2022.965053
https://doi.org/10.3892/etm.2021.10180
https://doi.org/10.1186/s12879-021-06939-2
https://doi.org/10.1002/jcla.24619
https://doi.org/10.1080/16878507.2020.1730579
https://doi.org/10.1080/1120009X.2017.1380395
https://doi.org/10.22159/ijpps.2017v9i12.22678
https://doi.org/10.1016/j.jep.2010.02.029
https://doi.org/10.1016/j.jksus.2023.102688
https://doi.org/10.1556/1886.2018.00014
https://doi.org/10.4103/atp.atp_9_20
https://doi.org/10.7324/JAPS.2013.3522
https://doi.org/10.1007/s13197-016-2292-y
https://doi.org/10.3389/fmicb.2016.00681
https://doi.org/10.1186/s13063-017-2145-7
https://doi.org/10.1155/2018/2706417
https://doi.org/10.1186/s12301-020-00111-z
https://doi.org/10.3390/molecules24061161
https://doi.org/10.3390/biom10121619
https://doi.org/10.2147/IDR.S398204
https://doi.org/10.3389/fphar.2022.813142
https://doi.org/10.5455/jice.20120525123150
https://doi.org/10.4111/icu.20210254
https://doi.org/10.1021/acs.jafc.6b03611
https://doi.org/10.1016/j.jff.2015.05.016
https://doi.org/10.53350/pjmhs22162204
https://doi.org/10.2146/ajhp050499
https://doi.org/10.1016/j.juro.2017.03.078
https://doi.org/10.1016/j.jff.2015.08.009
https://doi.org/10.3945/ajcn.116.130542
https://doi.org/10.1016/j.phymed.2008.07.009
https://doi.org/10.1089/fpd.2009.0282
https://doi.org/10.1016/j.anpedi.2014.08.012
https://doi.org/10.3390/nu5124938
https://doi.org/10.1016/j.nutres.2014.11.005
https://doi.org/10.1089/jicm.2021.0300
https://doi.org/10.1186/1472-6882-13-345
https://doi.org/10.1367/A04-185R1.1
https://doi.org/10.2337/db21-764-P
https://doi.org/10.1038/bjp.2008.210
https://doi.org/10.1016/j.transproceed.2012.06.071


Jangid et al.� 10.3389/fnut.2025.1502720

Frontiers in Nutrition 28 frontiersin.org

	116.	Mehmood Y, Umar H, Riaz H, Farooq U, Yousaf H. A clinical trial of cranberry 
and elderberry extracts (Berdi® sachet) for urinary tract infection in Pakistani 
population. J Pharm Res Int. (2019) 31:1–6. doi: 10.9734/jpri/2019/v31i630347

	117.	Moroi MK, Loloi J, Songdej N. Cranberry supplementation as a cause of major 
intraoperative bleeding during vascular surgery due to aspirin-like platelet inhibition. 
Blood Coagul Fibrinolysis. (2020) 31:402–4. doi: 10.1097/MBC.0000000000000912

	118.	Griffiths AP, Beddall A, Pegler S. Fatal haemopericardium and gastrointestinal 
haemorrhage due to possible interaction of cranberry juice with warfarin. J R Soc Promot 
Health. (2008) 128:324–6. doi: 10.1177/1466424008096615

	119.	Dave AA, Samuel J. Suspected interaction of cranberry juice extracts and 
tacrolimus serum levels: a case report. Cureus. (2016). doi: 10.7759/cureus.610

	120.	Howell AB, Reed JD, Krueger CG, Winterbottom R, Cunningham DG, Leahy M. 
A-type cranberry proanthocyanidins and uropathogenic bacterial anti-adhesion activity. 
Phytochemistry. (2005) 66:2281–91. doi: 10.1016/j.phytochem.2005.05.022

	121.	Foo LY, Lu Y, Howell AB, Vorsa N. A-type Proanthocyanidin trimers from 
cranberry that inhibit adherence of Uropathogenic P-Fimbriated Escherichia coli. J Nat 
Prod. (2000) 63:1225–8. doi: 10.1021/np000128u

	122.	Foo LY, Lu Y, Howell AB, Vorsa N. The structure of cranberry proanthocyanidins 
which inhibit adherence of uropathogenic P-fimbriated Escherichia coli in  vitro. 
Phytochemistry. (2000) 54:173–81. doi: 10.1016/S0031-9422(99)00573-7

	123.	Zafriri D, Ofek I, Adar R, Pocino M, Sharon N. Inhibitory activity of cranberry 
juice on adherence of type 1 and type P fimbriated Escherichia coli to eucaryotic cells. 
Antimicrob Agents Chemother. (1989) 33:92–8. doi: 10.1128/AAC.33.1.92

	124.	Sobota AE. Inhibition of bacterial adherence by cranberry juice: potential use for 
the treatment of urinary tract infections. J Urol. (1984) 131:1013–6. doi: 
10.1016/S0022-5347(17)50751-X

	125.	Stothers L. A randomized trial to evaluate effectiveness and cost effectiveness of 
naturopathic cranberry products as prophylaxis against urinary tract infection in 
women. Can J Urol. (2002) 9:1558–62.

	126.	Prior RL, Fan E, Ji H, Howell A, Nio C, Payne MJ, et al. Multi-laboratory 
validation of a standard method for quantifying proanthocyanidins in cranberry 
powders. J Sci Food Agric. (2010) 90:1473–8. doi: 10.1002/jsfa.3966

	127.	Anger J, Lee U, Ackerman AL, Chou R, Chughtai B, Clemens JQ, et al. Recurrent 
uncomplicated urinary tract infections in women: AUA/CUA/SUFU guideline. J Urol. 
(2019) 202:282–9. doi: 10.1097/JU.0000000000000296

	128.	Royds R. Therapeutic compositions containing trimethoprim and cranberry 
extract and methods for treating and preventing urinary tract infections. 
US20070166409A1. (2007). Available at: https://patents.google.com/patent/
US20070166409A1/en?oq=US20070166409 (Accessed November 14, 2023).

	129.	Gans AM. Composition for prevention or treatment of urinary tract infection. 
US20090175843A1. (2009). Available at: https://patents.google.com/patent/
US20090175843A1/en?oq=US20090175843 (Accessed November 14, 2023).

	130.	Sanoner P, Bochard V, Charissou L, Lastique B, Jacob M, Thomas P. Cranberry 
extract useful in the treatment and prevention of urinary infections. US10092539B2. 
(2018). Available at: https://patents.google.com/patent/US10092539B2/
en?oq=US10092539 (Accessed November 14, 2023).

	131.	Truong JT. Formulation and method for preventing urinary tract infections. 
Us20200060324a1. (2020). Available at: https://patents.google.com/patent/
US20200060324A1/en?oq=US20200060324 (Accessed September 18, 2023).

	132.	Baratto G. Cranberry extract for preventing and treating uncomplicated lower 
urinary tract infections. EP3895761A1. (2021). Available at: https://patents.google.com/
patent/EP3895761A1/en?oq=EP3895761 (Accessed September 18, 2023).

	133.	Hendriks M, Bouter P, den Ende MV. Composition for the treatment or 
prevention of urinary tract infections and dosage form. EP2662086A1. (2013). Available 
at: https://patents.google.com/patent/EP2662086A1/en?oq=EP2662086 (Accessed 
September 18, 2023).

	134.	Minatelli JA, Hill WS. Method of preventing, controlling and ameliorating 
urinary tract infections using a synergistic cranberry derivative and d-mannose 
composition. US20090226548A1. (2009). Available at: https://patents.google.com/
patent/US20090226548A1/en?oq=US20090226548 (Accessed September 18, 2023).

	135.	Aldritt M, Lee R, Wehling F. Effervescent composition including cranberry 
extract. US20050158381A1. (2005). Available at: https://patents.google.com/patent/
US20050158381A1/en?oq=US20050158381 (Accessed September 18, 2023).

	136.	Arpini S, Mombelli G, Morazzoni P, Peterlongo F, Riva A, Ronchi M. 
Compositions comprising an American cranberry extract and phospholipids. 
US20210244782A1. (2021). Available at: https://patents.google.com/patent/
US20210244782A1/en?oq=US20210244782 (Accessed September 18, 2023).

	137.	Vorsa N, Vvedenskaya IO, Huang MT, Rosen RT, Rosen SL. Anti-inflammatory 
cranberry flavonol extract preparations. US20110195138A1. (2011). Available at: https://
patents.google.com/patent/US20110195138A1/en?oq=US20110195138 (Accessed 
September 18, 2023).

	138.	Howell AB, Vorsa N. Plant proanthocyanidin extract effective at inhibiting 
adherence of bacteria with P-type fimbriae to surfaces. US6608102B1. (2003). Available 
at: https://patents.google.com/patent/US6608102B1/en?oq=US6608102 (Accessed 
September 18, 2023).

	139.	Amir M. Compositions and methods for treating and/or preventing a urinary 
tract infection. US20190000908A1. (2019). Available at: https://patents.google.com/
patent/US20190000908A1/en?oq=US20190000908 (Accessed September 18, 2023).

	140.	Selzer J, John FS. Cranberry based dietary supplement and dental hygiene 
product. US20030108627A1. (2003). Available at: https://patents.google.com/patent/
US20030108627A1/en?oq=US20030108627 (Accessed September 18, 2023).

	141.	Alberte RS, Roschek WP Jr, Li D. Extracts of cranberry and methods of using 
thereof. US20100028469A1. (2010). Available at: https://patents.google.com/patent/
US20100028469A1/en?oq=US20100028469 (Accessed September 18, 2023).

	142.	Hotchkiss AT, Nunez A, Khoo C, Strahan GD. Cranberry xyloglucan 
oligosaccharide composition. US20130316025A1. (2013). Available at: https://patents.
google.com/patent/US20130316025A1/en?oq=US20130316025 (Accessed September 
18, 2023).

	143.	Herzlinger AS, Wu TSP. Compositions comprising cranberry extract and 
methods of use thereof. US20110280851A1. (2011). Available at: https://patents.
google.com/patent/US20110280851A1/en?oq=US20110280851 (Accessed 
September 18, 2023).

	144.	Besnard M, Inisan C, Rousseau I. American cranberry extract and its use. 
US20090258940A1. (2009). Available at: https://patents.google.com/patent/
US20090258940A1/en?oq=US20090258940 (Accessed September 18, 2023).

	145.	Rowley D, Sun J, Deering R, Seeram N, Cohen P. Cranberry-derived compositions 
for potentiating antibiotic efficacy against bacterial persistence. US20200179434A1. 
(2020). Available at: https://patents.google.com/patent/US20200179434A1/
en?oq=US20200179434 (Accessed September 18, 2023).

	146.	Scialpi A. Use of cranberries with herbal components for preventing urinary tract 
infections. EP3142678A1. (2017). Available at: https://patents.google.com/patent/
EP3142678A1/en?oq=EP3142678 (Accessed September 18, 2023).

	147.	Hochman N, Hochman J, Weiss E, Ofek I. New adjuvant. EP2227252A2. (2010). 
Available at: https://patents.google.com/patent/EP2227252A2/en?oq=EP2227252 
(Accessed September 18, 2023).

94

https://doi.org/10.3389/fnut.2025.1502720
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.9734/jpri/2019/v31i630347
https://doi.org/10.1097/MBC.0000000000000912
https://doi.org/10.1177/1466424008096615
https://doi.org/10.7759/cureus.610
https://doi.org/10.1016/j.phytochem.2005.05.022
https://doi.org/10.1021/np000128u
https://doi.org/10.1016/S0031-9422(99)00573-7
https://doi.org/10.1128/AAC.33.1.92
https://doi.org/10.1016/S0022-5347(17)50751-X
https://doi.org/10.1002/jsfa.3966
https://doi.org/10.1097/JU.0000000000000296
https://patents.google.com/patent/US20070166409A1/en?oq=US20070166409
https://patents.google.com/patent/US20070166409A1/en?oq=US20070166409
https://patents.google.com/patent/US20090175843A1/en?oq=US20090175843
https://patents.google.com/patent/US20090175843A1/en?oq=US20090175843
https://patents.google.com/patent/US10092539B2/en?oq=US10092539
https://patents.google.com/patent/US10092539B2/en?oq=US10092539
https://patents.google.com/patent/US20200060324A1/en?oq=US20200060324
https://patents.google.com/patent/US20200060324A1/en?oq=US20200060324
https://patents.google.com/patent/EP3895761A1/en?oq=EP3895761
https://patents.google.com/patent/EP3895761A1/en?oq=EP3895761
https://patents.google.com/patent/EP2662086A1/en?oq=EP2662086
https://patents.google.com/patent/US20090226548A1/en?oq=US20090226548
https://patents.google.com/patent/US20090226548A1/en?oq=US20090226548
https://patents.google.com/patent/US20050158381A1/en?oq=US20050158381
https://patents.google.com/patent/US20050158381A1/en?oq=US20050158381
https://patents.google.com/patent/US20210244782A1/en?oq=US20210244782
https://patents.google.com/patent/US20210244782A1/en?oq=US20210244782
https://patents.google.com/patent/US20110195138A1/en?oq=US20110195138
https://patents.google.com/patent/US20110195138A1/en?oq=US20110195138
https://patents.google.com/patent/US6608102B1/en?oq=US6608102
https://patents.google.com/patent/US20190000908A1/en?oq=US20190000908
https://patents.google.com/patent/US20190000908A1/en?oq=US20190000908
https://patents.google.com/patent/US20030108627A1/en?oq=US20030108627
https://patents.google.com/patent/US20030108627A1/en?oq=US20030108627
https://patents.google.com/patent/US20100028469A1/en?oq=US20100028469
https://patents.google.com/patent/US20100028469A1/en?oq=US20100028469
https://patents.google.com/patent/US20130316025A1/en?oq=US20130316025
https://patents.google.com/patent/US20130316025A1/en?oq=US20130316025
https://patents.google.com/patent/US20110280851A1/en?oq=US20110280851
https://patents.google.com/patent/US20110280851A1/en?oq=US20110280851
https://patents.google.com/patent/US20090258940A1/en?oq=US20090258940
https://patents.google.com/patent/US20090258940A1/en?oq=US20090258940
https://patents.google.com/patent/US20200179434A1/en?oq=US20200179434
https://patents.google.com/patent/US20200179434A1/en?oq=US20200179434
https://patents.google.com/patent/EP3142678A1/en?oq=EP3142678
https://patents.google.com/patent/EP3142678A1/en?oq=EP3142678
https://patents.google.com/patent/EP2227252A2/en?oq=EP2227252


Frontiers in Nutrition 01 frontiersin.org
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Introduction: For centuries, Cistanche deserticola Y. C. Ma has been considered to 
have the effect of “tonifying the kidney and strengthening the yang,” and is used 
for the prevention and treatment of diseases such as impotence, female infertility, 
lumbago and senile constipation. Polysaccharides and small molecules of acteoside 
are the main chemical compounds co-existing in Cistanche deserticola Y. C. Ma with 
health benefits, but the interaction of these two compounds in vivo is not yet known.

Methods: Here, we  investigated the effects of unprocessed Cistanche 
polysaccharides and wine-processed Cistanche polysaccharides on the 
metabolism of acteoside in  vivo through gut microbiota. Male Sprague–
Dawley rats were randomly divided into Control group, unprocessed Cistanche 
polysaccharide group (UCP group) and wine-processed Cistanche polysaccharide 
group (WCP group). After 21 days of intervention with unprocessed Cistanche 
polysaccharides and wine-processed Cistanche polysaccharides, rats were given 
100 mg/kg of acteoside on day 22. Acteoside and its associated metabolites 
pharmacokinetically studied were analysed using UPLC-QqQ-MS, and the 
composition of short-chain fatty acids (SCFAs) in excrement was measured using 
the technique of GC–MS. The microbiological composition of the intestines was 
discovered using 16S rRNA gene amplicon sequencing.

Results: The results showed that the Cistanche polysaccharides used in this 
experiment, including unprocessed Cistanche polysaccharides and wine-
processed Cistanche polysaccharides, could regulate the diversity of gut 
microbiota and increase the number of beneficial bacteria, especially wine-
processed Cistanche polysaccharides were able to promote the growth of 
Ligilactobacillus and Duncaniella genus, and improve the production of SCFAs 
and the absorption of acteoside.

Discussion: By exploring the synergistic effects of large molecules Cistanche 
polysaccharides and small molecule acteoside, this paper provides a new 
explanation for the scientific use of plant-derived polysaccharides to improve the 
bioavailability of oral drugs.
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1 Introduction

Cistanche deserticola Y.C. Ma (CD), a perennial psammophytic 
species endemic to arid regions of China, Mongolia, Japan, and other 
East Asian territories, holds a distinguished position in traditional 
medicine systems spanning over two millennia. Revered as the 
principal constituent of the renowned Wubishuyu Pill in the classical 
medical compendium <Beiji Qianjin Yaofang>, CD demonstrates 
particular prominence in reproductive health formulations such as the 
Suoyang Gujing Pill  - a testament to its historical application in 
replenishing kidney yang, enhancing essence-blood nourishment, and 
modulating immune resilience. Modern pharmacological 
investigations substantiate these traditional claims through evidence 
of multifaceted bioactivities including neuroprotection, 
immunomodulation, endocrine regulation, anti-fatigue effects, 
hepatoprotection, antioxidant capacity, antimicrobial/antiviral 
properties, and antineoplastic potential (1). Phytochemical analyses 
reveal acetoside, a phenylethanoid glycoside demonstrating 
remarkable biological versatility through its demonstrated antioxidant, 
anticonvulsant, neuroprotective, anti-inflammatory, antifungal, 
antihypertensive, and immunoenhancing properties. Cistanche 
polysaccharides have a variety of pharmacological activities, including 
immunomodulation, antioxidant, anti-aging, hepatoprotective, anti-
inflammatory and intestinal microbiota regulation (2, 3). As this 
species’ predominant bioactive component alongside 
polysaccharide macromolecules.

Current pharmacopoeial standards record raw Cistanche 
deserticola and its wine-steamed product. Pharmacodynamic studies 
demonstrate that steam by rice wine induces significant phytochemical 
transformations, notably a marked reduction in acteoside content 
coupled with a substantial increase in isoacteoside levels (4). This 
compositional shift correlates with enhanced therapeutic efficacy in 
kidney yang-tonifying applications, suggesting potential synergistic 
enhancement through processing. Furthermore, structural 
modification of polysaccharide components during wine steaming has 
been demonstrated to substantially improve antioxidant capacity (5), 
though the molecular mechanisms underlying this phenomenon 
remain incompletely elucidated. Notably, the potential synergistic 
interaction between bioactive polysaccharides and phenylethanoid 
glycosides, particularly isoacteoside, represents a critically 
understudied area requiring systematic investigation.

Emerging evidence suggests that acteoside’s therapeutic efficacy is 
constrained by its limited bioavailability and rapid hepatic metabolism 
following oral administration, prompting investigations into 
complementary bioactive components capable of enhancing systemic 
delivery. Non-digestible polysaccharides from Traditional Chinese 
Medicine (TCM) have emerged as particularly promising candidates 
due to their unique structural characteristics that enable 
gastrointestinal resistance while modulating gut microbiota 
composition and metabolic activity (6, 7), thereby functioning as 
prebiotic agents that facilitate herbal compound absorption through 
microbial biotransformation (8). This symbiotic relationship is 
exemplified by multiple TCM systems where polysaccharides 
demonstrate synergistic interactions with bioactive small molecules: 
Ginseng polysaccharides enhance ginsenoside Rb1 bioavailability 
through microbiota-mediated metabolism, ameliorating dextran 
sulfate sodium (DSS)-induced colitis in rodent models (9); soybean-
derived polysaccharides improve genistein bioavailability while 

attenuating high-fat diet-induced adiposity and metabolic dysfunction 
in murine studies (7); lotus root polysaccharides (LRPs) demonstrate 
antioxidant synergism with phenolic compounds through microbial 
fermentation (10); and Astragalus polysaccharides (APS) enhance 
flavonoid bioavailability via gastrointestinal stabilization and 
permeation enhancement (11). Building upon this foundational 
knowledge, our study specifically investigates two critical aspects of 
Cistanche deserticola Y.C. Ma (CD) polysaccharide functionality, the 
differential effects of raw versus wine-processed CD polysaccharides 
on gut microbiota profiles, and processing-induced alterations in 
acteoside’s metabolic pathways and bioactive transformations that 
may influence its pharmacokinetic behavior and therapeutic potential.

This study systematically investigates the synergistic mechanisms 
between polysaccharides and acteoside in Cistanche deserticola 
through integrated multi-omics analysis. The experimental design 
scheme is shown in Figure 1. We developed a UPLC-QqQ-MS method 
for simultaneous quantification of acteoside metabolites (caffeic acid 
and hydroxytyrosol) in biological samples, coupled with 16S rRNA 
sequencing and SCFA metabolomics to profile gut microbiota 
modulation. Comparative evaluation of rice wine-processed versus 
raw polysaccharides revealed enhanced bioavailability enhancement 
correlated with structural characteristics of processed polysaccharides. 
Our findings establish a mechanistic framework for optimizing 
polysaccharide-phenylethanoid glycoside synergy through controlled 
processing, demonstrating enhanced therapeutic index potential for 
Cistanche-derived nutraceuticals.

2 Materials and methods

2.1 Materials

Cistanche deserticola Y.C. Ma was collected from Alashan 
mengrongshantang cistanche Co. Ltd. The samples were identified by 
Prof. Yanjun Zhai (Liaoning university of Traditional Chinese 
Medicine). The plant specimens (The herbarium voucher number of 
20,210,508-111) were deposited in the herbarium of the Technical 
Innovation Center of Traditional Chinese Medicine Processing, 
Liaoning University of Traditional Chinese Medicine. China Chengdu 
Herb Substance Co. Ltd. was the source of the standard substances, 
including acteoside (NO: 220115), caffeic acid (NO: 220412), 
hydroxytyrosol (NO: 220214), and the internal standard genistein 
(NO: 220402). Fisher Scientific (Pittsburgh, PA) supplied 
chromatography-grade acetonitrile and methanol. Anaqua Chemical 
Supply Inc. (Wilmington, USA) provided the formic acid. Cellulase 
(batch number: C8260), Amylase (batch number: G8290), Papain 
(batch number: G8430) were purchased from Beijing Solebold 
Technology Co., Ltd. Pure water (ddH2O, Milli-Q® IQ Element), 
Methyl tert-butyl ether (Lot number: 1634-04-4, HPLC grade, 
Shanghai Anpel Experimental Technology Co., LTD), Sulfuric acid 
(Lot number: 7664-93-9, Purity≥95(AR), Sinopharm Chemical 
Reagent Co., Ltd.) 2-Methylvaleric acid (Lot number: 97-61-0, 
Purity≥99.5), Acetic acid (Lot number:64-19-7, Lot number: 
Purity≥99.5), Propionic acid (Lot number: 79-09-4, Purity≥99.5), 
Isobutyric acid (Lot number: 79-31-2, Purity≥99.5), Butyric acid (Lot 
number: 107-92-6, Purity≥99.5), Isovaleric acid (Lot number: 
503-74-2, Purity≥99.5), Valeric acid (Lot number:109-52-4, 
Purity≥99.5), Hexanoic acid (Lot number:142-62-1, Purity≥99.5), 
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Heptanoicacid (Lot number: 111-14-8, Purity≥99.5),Octanoic acid 
(Lot number: 124-07-2, Purity≥99.5), Nonanoic acid (Lot number: 
112-05-0, Purity≥99.5), Decanoic acid (Lot number: 334-48-5, 
Purity≥99.5) all purchased from Dr. Ehrenstorfer GmbH. Analytical 
grade chemical reagents comprised the remaining ones.

2.2 The preparation and preliminary 
identification of Cistanche polysaccharides

2.2.1 The preparation of Cistanche 
polysaccharides

Unprocessed Cistanche deserticola slices (UCDS) and wine-
processed Cistanche deserticola slices (WCDS) were processed 
according to Chinese Pharmacopoeia (2020 edition) (12). 

UCDS:Remove impurities, wash clean, moisten thoroughly, cut into 
5 mm thick slices, and dry. WCDS: Take the cistanche slices and steam 
them according to the wine steaming method (General rule 0213) 
until the wine is exhausted and removed after being steamed for 4 h 
at 1.25 atmospheric pressure, then dried at 55°C in an oven for drying. 
A total of 2.0 kg of UCDS or WCDS was ground into a rough powder. 
Two additional times, at 60°C for 2 h each, dry coarse powder was 
extracted using an aqueous solution containing 95% ethanol (v/v). The 
proportions of solid to liquid were 1:12 and 1:10, respectively to 
remove fat and wax, filtered, and dried in a cool ventilated place.

The powder was immersed in purified water (material-liquid ratio 
1:10) and extracted with composite enzymes (cellulase 30 g, amylase 
10 g and papain 5 g) at 55°C for 1 h at reflux, and then boiling rapidly 
to render the enzyme inactive. A dialysis membrane (MWCO 
3500 Da) was used to dialyze the permeate for 2 days after the water 

FIGURE 1

Experimental scheme. Cistanche polysaccharides regulate gut microbiota to increase acteoside bioavailability: an in-depth analysis of intestinal flora, 
short-chain fatty acids, and pharmacokinetic regulation.
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solution was mixed and filtered. Then concentrated under reduced 
pressure and then precipitated in 80% ethanol, stood under 4°C for 
24 h. The precipitate was isolated through centrifugation at 4,000 rpm 
for 5 min. After that, the water solution was concentrated under low 
pressure, five times as much anhydrous ethanol was added to make 
the ethanol v/v fraction 80%, stood under 4°C for 24 h. Centrifugation 
was used to separate the precipitate for 10 min at 4,000 rpm. To obtain 
the unprocessed Cistanche polysaccharide (UCP), the precipitate was 
dried within a vacuum drier at 50°C after 3 cycles of cleaning with 
acetone and anhydrous ethanol. The same method is used to obtain 
wine-processed Cistanche polysaccharide (WCP).

2.2.2 Preliminary identification of Cistanche 
polysaccharides

The sulfuric acid phenol method was used to determine the 
polysaccharide content, with glucose serving as a standard. Using the 
BCA method, the total protein content was calculated.

	
( ) = ×

m1Polysaccharide yield % 100%
m0

In the formula, m0 is the mass of cistanche slices before 
degreasing; m1 is the mass of dried crude polysaccharide.

The average molecular weight was measured by gel permeation 
chromatography (GPC) in combination with multiangle laser light 
scattering (DAWN HELEOS-II laser photometer Wyatt Technology 
Co., USA) and a differential refractive index detector Optilab 
T-rEX(RID) (Wyatt Technology Co., USA).The system was equipped 
with an Ohpak SB-803 + Ohpak SB-804 + Ohpak SB-805 
(300 × 8 mm, 10 μm, Shodex, Japan) column. During analysis, 
ultrapure water was applied as the mobile phase with a flow rate of 
0.3 mL/min (45°C). Data collection and analysis were performed by 
Wyatt Technology ARTRAV software.

The polysaccharide sample (5 mg) was dissolved in 2 M 
trifluoroacetic acid (TFA) and hydrolyzed in a sealed glass tube at 
121°C for 2 h. The hydrolysate was dried with nitrogen, then followed 
by the addition of 10 mL deionized water and filtered through 0.22 μm 
microporous filtering film for measurement. The supernatant was 
injected into a ICS5000 system (Thermo Fisher, USA) with a Dionex™ 
CarboPac™ PA20(150*3.0 mm, 10 μm)columnn (mobile phase: A, 
ddH2O; B, 0.1 M NaOH; C, 0.1 M NaOH & 0.2 M NaAC; flow rate: 
0.5 mL/min; column temperature:30°C) 0.13 kinds of monosaccharide 
standards including fucose, rhamnose, arabinose, galactose, glucose, 
xylose, mannose, fructose, ribose, galacturonic acid, glucuronic acid, 
mannuronic acid, guluronic acid were determined as references.

2.3 Experimental animals and sample 
collection

2.3.1 Animals
Liaoning Changsheng Biotechnology Co. Ltd. (Laboratory 

Animal Resource Center of Liaoning Province), license number: 
SCXK 2020–0001 (Benxi, Liaoning, China) supplied male Sprague–
Dawley rats (SPF grade) weighing 250 ± 20 g. Each one was raised at 
an animal facility with SPF housing and breeding practices. In this 
study, all animal experiments were conducted in accordance with 
ARRIVE guidelines and in accordance with the National Research 

Council’s Guidelines for the Care and Use of laboratory animals. The 
Research Ethics Committee of Liaoning University of Traditional 
Chinese Medicine has granted the ethical approval of animal 
participation in this study. (Approval No. 2020067). This study focused 
on the therapeutic effects of Cistanche polysaccharides and WCP on 
male kidney deficiency-related diseases, so male rats were selected as 
experimental subjects. Cistanche deserticola is mainly used in clinical 
treatment of male kidney deficiency impotence, infertility and other 
symptoms (13). The physiological and behavioral characteristics of 
male rats are relatively stable. On the one hand, female rats interfere 
with estrogen due to estrus cycles, the accuracy of experimental data 
(14); on the other hand, gender differences are the first factor affecting 
the intestinal barrier. The intestinal permeability of females is usually 
lower than that of males (15). In order to ensure the consistency and 
reliability of experimental results, male rats were selected in this 
experiment to be closer to clinical applications.

2.3.2 Cistanche polysaccharide intervention and 
sample collection

After a week of acclimatization, rats were split into three groups 
at random: the wine-processed Cistanche polysaccharide group (WCP 
group), the unprocessed Cistanche polysaccharide group (UCP 
group), and the blank control group (Control group). Six rats each 
group were raised in the same cage for breeding. Prior to the 
experiment, provide water and regular laboratory meals to the rats at 
will and fast for one night before the experiment.

In order to ensure the continuous intake of Cistanche 
polysaccharides, it was calculated according to the requirements of the 
Chinese Pharmacopoeia (16) based on the daily dosage of Cistanche 
for adults, the polysaccharide yield of Cistanche polysaccharides and 
the equivalent conversion formula of the drug administration between 
humans and rats (17). An appropriate amount of raw Cistanche 
polysaccharide and Cistanche wine polysaccharide were weighed, 
dissolved in pure water, and prepared with 15.06 g·kg−1 administration 
solution for continuous administration for 21 days. After fasting 
overnight, on day 22, two fresh fecal samples were collected from each 
rat, put straight into a sterile tube from the anus, avoiding contact with 
skin or urine, and stored in a −80°C freezer immediately after freezing 
with liquid nitrogen for subsequent analysis. For the pharmacokinetics, 
in a 1.5 mL heparinized centrifuge tube, 0.3 mL of continuous blood 
collected from the orbital vein was taken from 0 min, 5 min, 10 min, 
30 min, 1.0 h, 1.5 h, 2.0 h, 4.0 h, 6.0 h, 8.0 h, 10 h, 12 h, 24 h, and 36 h 
following oral administration of acteoside (100 mg/kg) in the three 
groups. Using a cryo-centrifuge, plasma samples were produced by 
centrifuging at 800 g for ten minutes at 4°C. After that, plasma 
samples were gathered and kept for later examination at −80°C.

2.4 Pharmacokinetic study

2.4.1 Calibration standards and quality control 
(QC) sample preparation

Accurately weighed acteoside, caffeic acid, and hydroxytyrosol 
(1.0 mg) were put to a 1.5 mL brown centrifuge container along with 
1.0 mL cold 50% methanol to dissolve and thoroughly mix. A 4°C 
freezer was then used to make and store the stock solution (1 mg/
mL). Moreover, 50% methanol was used to dilute 1 μg/mL of the IS 
working solution. Acteoside, caffeic acid, and hydroxytyrosol mother 
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liquor were successively diluted with 50% methanol to produce a 
mixed control series of working solutions at concentrations of 50, 250, 
500, 1,000, 2,000, 5,000, 10,000 and 20,000  ng/mL. The brown 
centrifuge tube was filled with 5 μL of the preceding working 
solutions, 45 μL of blank plasma, vortexed, and combined for a 
minute to make standard curve samples containing acteoside, caffeic 
acid, and hydroxytyrosol at 5, 25, 50, 100, 200, 500, 1,000, and 
2,000 ng/mL. As low, medium, and high dosage quality control 
samples, plasma samples with concentrations of 25, 200, and 1,000 ng/
mL were employed. Before being analyzed, the entire set of QC 
samples were kept at −80°C.

2.4.2 Preparation of plasma samples
A centrifuge was used to get 100 μL of plasma specimens for 

15 min at 4°C. Following this,20 μL of genistein (1 μg/mL IS) solution 
and 600 μL of cold acetonitrile were then included and centrifuged for 
5 min, the mutant proteins were separated by vortexing for 5 min, and 
then they were spun down for 15 min at 4°C at 14,000 rpm. The 
supernatant was gathered and dried at 40°C with a light nitrogen 
stream. The dried remnant was then immersed in 100 μL of 25% 
aqueous acetonitrile fluid, and centrifugation was performed again for 
10 min at 4°C at 14,000 rpm. Ultimately, the LC–MS/MS system was 
injected with 2 μL of the liquid for analysis.

2.4.3 UPLC-QqQ-MS analysis
A 1.7 μm and 2.1 × 100 mm I.D. ACQUITY UPLC BEH C18 

column was used to separate the samples. 0.1 percent formic acid in 
water (solvent A) and acetonitrile (solvent B) formed the mobile 
phase, which had the following gradient: 0 to 4 min, 90–35% A; 4 to 
5 min, 35–10% A; 5 to 6 min, 10–0% A; 6.1 to 10 min, 10% A. With a 
column temperature of 30°C, the flow rate was fixed at 0.3 mL/min.

In the mass spectrometry analysis, negative ionization mode was 
performed with the following optimized parameters: capillary voltage, 
3.0 kV; desolvation temperature, 400°C. Nitrogen was used as 
desolvation and cone gas, at a flow rate of 800 and 30 L/h, respectively. 
The mass spectrometry research employed negative ionization mode, 
with optimum values of 400°C for the desolvation temperature and 
3.0 kV for the capillary voltage. Nitrogen served as the cone gas and 
for desolvation, with flow rates of 30 and 800 L/h, respectively. Thus, 
multiple reaction monitoring (MRM) of the acteoside transitions at 
623.37 → 161.02 m/z, caffeic acid transitions at 179.01 → 135.03 m/z, 
hydroxytyrosol transitions at 153.03 → 122.95 m/z,genistein 
transitions at 269.08 → 132.57 m/z was used for quantification. The 
cone voltage for acteoside, caffeic acid, hydroxytyrosol and genistein 
were 64 V, 32 V, 32 V and 56 V; 38 V, 14 V, 14 V, and 34 V were the 
collision energies. The mass spectra of acteoside, caffeic acid, 
hydroxytyrosol and genistein were shown in Figure  2. Data were 
processed using Masslynx workstation data acquisition and qualitative 
analysis software (4.1, Waters, USA).

2.4.4 Validation of methods
In compliance with the International Conference on 

Harmonization Harmonized Guideline Bioanalytical Method 
Validation M10 and the U.S. Bioanalytical Method Validation 
Guidance for Industry, method validation was carried out to evaluate 
selectivity, lower limit of quantification (LLOQ), linearity, accuracy, 
precision, matrix effects, extraction recovery, and stability of 
pharmacokinetic studies.

To investigate the possible interference of endogenous chemicals 
with four compounds in animal plasma, the method’s selectivity was 
assessed. In order to accomplish this, different chromatograms were 
reviewed, including plasma specimens from six blank animals, blank 
animal plasma samples that had been mixed with an internal standard 
solution and control solution, and plasma samples that were taken 
1.0 h after the rats had been given acteoside orally.

A concentration range of 5.00 ~ 2000.00 ng/mL was used to 
determine linearity. The level of the analytical substance was 
determined as the abscissa (X) by injecting three samples of each 
concentration of the standard solution. The ratio of the analytical 
substance’s peak area to the IS in the sample served as the ordinate (Y) 
to establish the standard curve. The weighted least squares linear 
regression method was then used to obtain the regression equation 
(weighted factor = 1/x2) By gradually diluting QC samples at low 
concentration levels with a signal-to-noise ratio of 3:10, the limits of 
detection (LOD) and quantitation (LOQ) were ascertained. A 
minimum limit of quantification (LLOQ) is the lowest concentration 
on the standard curve and the lowest amount of analyte that can 
be quantified with a precision (relative standard deviation, RSD) of no 
more than 15% and an acceptable accuracy (relative error, RE) of 
85% ~ 115%.

By producing six samples in parallel at each concentration and 
analyzing them over the course of 1 day or three consecutive days, 
respectively, QC samples at low, medium, and high concentrations 
were used to calculate the intra-day and inter-day precision and 
accuracy. Precision, defined as RSD, which is, should be below 15 %, 
and accuracy is measured by comparing the average analyte 
concentration with the nominal concentration. Within 15% of the 
nominal value is the acceptable range for the proportion of the 
deviation (RE) from the average from the nominal value.

The peak areas obtained for the QC samples at low, medium, and 
high concentrations that were subjected to the extraction procedure 
were compared with those obtained from blank plasma extracts that 
had been spiked post-extraction at the corresponding concentrations 
to estimate the extraction recovery in sets of six replicates of 
QC samples.

An examination of stability using QC samples at low, medium, 
and high doses. Short-term stability was measured by injecting 
samples after staying 4 h at room temperature (25°C). After 
preparation, the sample was kept at 4°C for 24 h, and the dosage was 
injected to ascertain the sample’s stability. To determine long-term 
stability, samples were frozen at −80°C for 15 days before being 
injected. By thawing the samples three times in a row at room 
temperature and a freezer at −20°C, the freeze–thaw stability 
was ascertained.

2.4.5 Statistical and pharmacokinetic evaluation
Using the DAS program (Chinese Pharmacological Society, 

Beijing, China), pharmacokinetic parameters were estimated. Every 
data point is displayed as mean ±SD. With SPSS 16.0, a one-way 
ANOVA was carried out. p values less than 0.05 were deemed to 
indicate an important variation in the data.

Statistical analysis Using the DAS program (Chinese 
Pharmacological Society, Beijing, China), pharmacokinetic 
parameters were estimated. Every data point is displayed as mean 
±SD. With SPSS 16.0, a one-way ANOVA was carried out. p values less 
than 0.05 were deemed to indicate an important variation in the data. 
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FIGURE 2

UPLC-QqQ-MS spectrums of genistein (A), acteoside (B), caffeic acid (C) and hydroxytyrosol (D) and instance chromatograms from blank plasma (E), 
plasma spiking with analyte along with IS (F), and plasma sample 1.0 h after acteoside oral administration (G) a: total ion current chromatogram; b: 
acteoside extract ion flow chromatogram; c: caffeic acid extract ion flow chromatogram; d: hydroxytyrosol extract ion flow chromatogram; e: 
genistein extract ion flow chromatogram.
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Using the DAS program (Chinese Pharmacological Society, Beijing, 
China), pharmacokinetic parameters were estimated. Every data point 
is displayed as mean ±SD. With SPSS 16.0, a one-way ANOVA was 
carried out. p values less than 0.05 were deemed to indicate an 
important variation in the data.

2.5 Gut microbiota structural profiling

The CTAB technique was applied to extract the DNA. After being 
dissolved within 50 μL of elution buffer, the whole DNA remains 
freezing at −80°C. Universal primers were used for sequencing and 
individual barcods were added to the 5′ ends of the primers for each 
sample. A total of 25 μL of response mixture—which included 2.5 μL 
of each primer, 12.5 μL of PCR Premix, and 25 ng of target DNA—was 
used for the PCR amplification process. The first cycle of denaturation 
at 98°C for 30 s, the 32 cycles of denaturation at 98°C for 10 s, cooling 
at 54°C for 30 s, and extension at 72°C for 45 s, and the final elongation 
at 72°C for 10 min were the PCR settings used for amplified the 
microbiological 16S sequences.2% agarose gel electrophoresis was 
used to validate the PCR results. To eliminate the potential for false-
positive PCR results as a negative control, ultrapure water was utilized 
during the DNA extraction procedure in place of an experiment 
solution. Qubit (Invitrogen, USA) was used to quantify the PCR 
products after they had been purified using AMPure XT beads 
(Beckman Coulter Genomics, Danvers, MA, USA). Prior to 
sequencing, the amplicon libraries were created, and the Agilent 2,100 
Bioanalyzer (Agilent, USA) and the Library Quantification Kit for 
Illumina (Kapa Biosciences, Woburn, MA, USA) were used to 
measure the amplicon library’s size and quantity. 250 bp paired-end 
reads were produced when the library was sequenced (Table 1) on the 
NovaSeq 6,000 platform.

2.6 Research on short-chain fatty acids 
(SCFAs)

Oral administration of WCP and UCP was conducted for 3 weeks 
in male Sprague–Dawley rats, respectively. On the twenty-second day 
of the trial, feces samples were gathered and promptly frozen at 
−80°C. Using gas chromatography (GC), the following SCFAs can 
be determined: acetic acid, butyric acid, decanoic acid, hexanoic acid, 
heptanoic acid, isovaleric acid, isobutyric acid, nonanoic acid, 
octanoic acid, propionic acid and valeric acid. The standardized 
parameters for SCFA measurements are shown in 
Supplementary Table S4, S5.

Enter 200 mg of feces into two milliliter EP tubes, extract with one 
milliliter of Milli-Q H2O, and vortex combine for 10 sec. Pulverized in 
an iron ball crusher at 40 Hz for 4 min, followed by 3 repetitions of an 
ultrasonic treatment for 5 min while soaking in ice. At 5000 rpm and 
4°C, centrifuge for 20 min. Add 0.1 mL of 50% H2SO4 and 0.8 mL of the 
extraction liquid (25 mg/L stock in methyl tert-butyl ether) as an 
internal standard. Swirl blend for 10 s, oscillate for 10 min, and then 
ultrasonic treat for 10 min (incubated in cold water). Deposit the 0.8 mL 
of supernatant into new 2 mL EP tubes. At 4°C and 10,000  rpm, 
centrifuge for 15 min. Retain approximately 30 min at −20°C. For GC–
MS analysis, put the supernatant into a brand-new 2 mL container. 
Using the SHIMADZU-GC2030-QP2020-NX GC–MS, the HP-FFAP 

capillary column was linked. In (5:1) fractional mode, 1 μL was the 
injection volume. Helium serves as the carrier gas, and its front inlet 
purge flow rates are 3 3 mL·min−1 and 1 mL·min−1, respectively. The 
predetermined heating mode was 80°C for 1 min, followed by a five-
minute ramp to 200°C at 10°C/min and a one-minute ramp to 240°C 
at 40°C/min. The temperature of the ion source was 200°C, while the 
injection temperature was 240°C. Measurements from mass 
spectrometry were obtained in Scan/SIM mode with an electron’s 
impact energies of −70 eV, covering the m/z range of 30–150 Da.

2.7 Bioinformatics analysis

Using the Illumina NovaSeq system, specimens were sequenced 
in accordance with the manufacturer’s instructions. Sequence 
installation, data filtration, and barcodes and priming sequence 
cleavage in accordance with QIIME2 (18). After denoising using 
techniques like “DE-replication,” which is comparable to clumping 
with 100% similarities, DADA2 (Divisive Amplicon Denoising 
Algorithm) technology was employed to create an OTU (Operational 
Taxonomic Units) database using the idea of ASVs (Amplicon 
Sequence Variants). After obtaining the final ASV characteristic tables 
and ASV characteristic sequence, the α-diversity index of the intestine 
microbe abundance (Observed_species and Chao1 indices) and 
community diversity (Shannon and Simpson indicators) were 
calculated and evaluated using the QIIME2. Bray-Curtis lengths are 
employed in β-diversity analysis to examine modifications to structure 
in communities of bacteria. The Linear Discriminant Analysis Effect 
Size technique is intended for the identification of biomarkers and for 
the evaluation of sequencing data. By comparing the species 
abundances of various groups, the groups with notable variations were 
identified. The Kruskal-Wallis rank-sum test was utilized to identify 
all characteristic species. To determine if all subspecies of the 
substantially different species found in the previous phase descended 
to the same biological level, the Wilcoxon rank-sum test was 
employed. The effect size of each differential gut microbiota and the 
traits linked to each group of rats were determined by linear 
discriminant analysis (LDA), and the R package ggcorrplot was used 
to accomplish the ultimate differential species. Using SPSS 22.0 carried 
out principal coordinate analysis (PCoA) correlation analysis. An 
ANOVA was used to examine the SCFA data. GraphPad Prism 
(GraphPad Prism version 5.1) was utilized for statistical examination 
and graphical representation of the data. To avoid false positive results, 
a Kruskal-Wallis test with Bonferroni correction was employed.

TABLE 1  PCR primer sequences.

Region Primers

V3-V4 341F(5′-CCTACGGGNGGCWGCAG-3′)

805R(5′-GACTACHVGGGTATCTAATCC-3′)

Archae F(5′-GYGCASCAGKCGMGAAW-3′)

R(5′-GGACTACHVGGGTWTCTAAT-3′)

V4 515F(5′-GTGYCAGCMGCCGCGGTAA-3′)

806R (5′-GGACTACHVGGGTWTCTAAT-3′)

V4-V5 F(5′-GTGCCAGCMGCCGCGG-3′)

R(5′-CCGTCAATTCMTTTRAGTTT-3′)
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3 Results

3.1 Preparation and analysis of Cistanche 
polysaccharides

In this study, two Cistanche deserticola polysaccharides were 
obtained by complex enzyme extraction, dialysis, alcohol precipitation, 
washing and drying. Table  2 displays the composition of two 
polysaccharides. Using a glucose standard curve, the total sugar 
content of the specimen was ascertained. The results showed that after 
being steaming by rice-wine, the yield of polysaccharides increased, 
the total sugar content was higher, and the molecular weight decreased 
significantly. Cistanche deserticola polysaccharides are mainly 
composed of arabinose, galactose, glucose, and xylose. The proportion 
of xylose in UCP is higher than that in WCP, while the proportion of 
glucose and arabinose in WCP increases.

3.2 Effect of Cistanche polysaccharides on 
the pharmacokinetics of oral acteoside in 
rats

3.2.1 Method validation
The representative chromatograms of blank plasma, plasma 

samples spiked with the analytical substance and IS, and a plasma 
sample taken from a rat after acteoside was administered orally in 
Figure 2 demonstrated the method’s selectivity by showing that there 
were no endogenous compound interference peaks in the 
chromatographic results and a good baseline resolution of the analyte 
acteoside, caffeic acid, hydroxytyrosol, and genistein (IS) at retention 
times of about 3.70 min, 3.19 min, 1.67 min, and 4.77 min, 
respectively.

Table  3 displayed the regression equations, linear ranges, 
correlation coefficients (R2), and LLOQs. Accuracy, precision, matrix 
effects, and extraction recoveries were shown in Table 4. In Table 3 
excellent linearity across the concentration range was indicated by the 
R2 values for each regression equation above 0.994. The established 
technique for the measurement of analytes in rat plasma was found to 
be sensitive, as evidenced by the accuracy (RE, %) and precision (RSD, 
%) of the LLOQ for each analyte meeting the required standards. The 
analyte QC samples in Table 4 showed less than 15% intraday and 
interday accuracy and precision, demonstrating that the analytical 

approach is reliable and accurate for the pharmacokinetic 
investigations of analytes following oral acteoside administration. 
Caffeic acid, hydroxytyrosol, and acteoside extraction recoveries of 
QC samples ranged from 85.30 to 90.94% on average. There was no 
discernible matrix impact during the sample analysis, as indicated by 
the average matrix effect, which varied from 85.76 to 91.58%.

Table 5 displays the stability data, which comprise short-term, post-
preparation, long-term, and freeze–thaw stability. Results reveal that the 
analytes in plasma samples show good stability in various circumstances.

3.2.2 Pharmacokinetic behaviors of acteoside
Acteoside’s limited oral absorption, quick metabolism, and quick 

bodily excretion all lead to its incredibly low bioavailability. Acteoside’s 
limited oral bioavailability makes it challenging for the drug to reach an 
exact concentration in the blood at the point of behavior, which restricts 
its biological activities. The majority of glycosides are digested in the 
gastrointestinal system by enzymes or microbes prior to being absorbed 
by the body (19). In order to clarify the gavage dose of acteoside and to 
explore its pharmacokinetic studies, the levels of acteoside and its two 
metabolite compounds in rat plasma were determined rapidly and 
reliably by UPLC-MS. In order to achieve acceptable resolution and 
symmetrical peak morphologies in a comparatively short analysis time, 
the chromatographic conditions were first optimized by column, mobile 
phase, and gradient elution methods. Following multiple optimization 
trials, the trio of compounds achieved a precise MS identification in 
under 10 min of well-separation on an ACQUITY UPLC BEH C18 
(2.1 × 100 mm, 1.7 μm) column using a 0.1% formic acid-acetonitrile 
mobile phase. Scanners operating in MRM mode with an ESI-source 
were used to precisely and sensitively identify the chemical structures 
of the acteoside and its metabolites. To achieve the highest relative 
abundance of parent and product ions for various analytes, the MS/MS 
settings and collision energies (CE) were optimized.

Rats were given acteoside orally at a dose of 100 mg/kg, and the 
pharmacokinetic analysis of this dosage was effectively conducted 
using the approved methodology. Figure 3 displayed the acteoside 
mean plasma concentration-time curve. The DAS system (Chinese 
Pharmacological Society, Beijing, China) was utilized for 
pharmacokinetic analysis, which involved calculating the maximum 
plasma concentration after administration (Cmax), drug half-life (t1/2), 
drug peak time (Tmax), and area under the plasma concentration-time 
curve (AUC). A two-compartment open model (weight = 1/cc) 
provided the best match to the primary pharmacokinetic parameters 

TABLE 3  Analytes in rat plasma: linearity and LLOQs.

Compounds Calibration curve regression 
equation

R2 Linear range 
(ng/ mL)

LLOQ (ng/ mL)

Acteoside Y1 = 0.217351X1−2.9291 0.9983 5.00~2000.00 5

Caffeic acid Y2 = 0.425741X2+3.72924 0.9971 5.00~2000.00 5

Hydroxytyrosol Y3 = 0.401161X3+0.176857 0.9943 5.00~2000.00 5

TABLE 2  The compositions of cistanche polysaccharides.

Samples Yield (%) Total sugar 
(%)

Protein (%) Molecular 
weight (kDa)

Monosaccharide constitutions (%)

Ara Gal Glc Xyl

UCP 22.82 58.10 3.95 22.868 2.15 8.62 15.86 2.98

WCP 25.02 63.60 3.71 3.315 3.55 7.56 18.13 0.46
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TABLE 4  Measurements in rat plasma: exactness, consistency, matrix influence, and extraction recovery.

Compounds Concentration 
(ng/mL)

Intra-day Inter-da Extraction 
recoveries (%)

Matrix effect
(%)

Mean ± SD 
(ng/mL)

Precision 
RSD (%)

Accuracy RE 
(%)

Mean ± SD 
(ng/mL)

Precision 
RSD (%)

Accuracy RE 
(%)

Acteoside

25 27.61 ± 1.01 3.66 10.51 28.29 ± 1.12 3.96 10.71 88.79 ± 2.55 86.98 ± 7.13

200 203.53 ± 0.96 0.47 5.09 205.44 ± 3.59 1.75 4.15 89.33 ± 3.62 88.18 ± 8.07

1,000 1001.24 ± 0.94 0.094 0.12 1002.31 ± 4.21 0.42 0.11 88.79 ± 2.55 85.76 ± 10.23

Caffeic acid

25 23.13 ± 1.17 5.07 10.59 22.09 ± 1.18 5.33 10.44 85.30 ± 4.32 87.42 ± 4.71

200 198.24 ± 0.63 0.32 5.11 197.67 ± 3.85 1.95 5.35 87.65 ± 5.04 86.09 ± 6.59

1,000 999.35 ± 1.59 0.16 0. 40 997.55 ± 4.29 0.43 0.12 87.99 ± 3.14 85.78 ± 9.13

Hydroxytyrosol

25 22.25 ± 0.85 3.84 10.77 23.17 ± 1.07 4.63 10.04 89.79 ± 6.05 89.98 ± 2.36

200 202.54 ± 3.22 1.59 5.21 201.33 ± 4.29 2.13 6.51 90.94 ± 4.35 91.34 ± 7.03

1,000 1001.71 ± 2.8 0.28 0.31 1002.9 ± 2.11 0.21 0.23 89.45 ± 6.55 91.58 ± 5.37

TABLE 5  Stability of analytes under different storage conditions (n = 6).

Compounds Concentration (ng/mL) Short-term stability 
(RSD,%)

Post-preparation stability 
(RSD,%)

Long-term stability 
(RSD,%)

Freeze–thaw stability 
(RSD,%)

Acteoside

25 6.91 7.03 8.28 7.93

200 3.15 3.46 6.67 4.56

1,000 2.79 3.68 4.99 4.45

Caffeic acid

25 7.78 8.33 9.75 9.14

200 7.34 7.87 8.56 8.23

1,000 4.91 6.87 8.43 7.08

Hydroxytyrosol

25 5.34 6.32 7.78 7.04

200 3.26 4.89 5.86 5.78

1,000 2.44 3.21 4.63 4.24
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given in Table 6 based on the Akaike Information Criterion (AIC) and 
R2 values. The values of acteoside AUC (0-t), AUC (0-∞), Tmax and 
Cmax in the plasma of rats administered with Cistanche polysaccharides 
were significantly higher than those of contral group. The mean Cmax 
of acteoside in WCP, UCP and Control groups was 1592.34 μg/L, 
1031.34 μg/L and 863.45 μg/L, respectively, which was 1.84 times 
higher in WCP group and 1.19 times higher in UCP than control 
group. In addition, both Tmax and t1/2 of acteoside were prolonged in 
the WCP and UCP groups compared to the control group. The t1/2 of 
the WCP group was 1.18 times higher than that of the UCP group.

3.2.3 Pharmacokinetic behaviors of metabolites 
from acteoside

A total of 11 metabolites, including hydroxytyrosol, hydroxytyrosol 
sulfate conjugation, caffeic acid, etc., have been found as a result of 
numerous investigations that have demonstrated the stability of 
acteoside in modeled gastric and intestinal liquids and its metabolism 
in human intestinal flora. These metabolites can be produced by eight 
different metabolic processes, such as deglycosylation, rhamnose 
removal, and hydroxytyrosol removal (20). Figure 4 displays the average 
plasma concentration-time curves of hydroxytyrosol and caffeic acid in 
the plasma of the three groups of rats following oral acteoside delivery. 
Figure 4A shows that, within 4 h, the WCP group’s caffeic acid content 
was higher than that of the UCP group and the control group. This 
suggests that a greater amount of acteoside in the WCP group was 
hydrolyzed and converted to caffeic acid through metabolism. 
Furthermore, as Figure 4B illustrates, within a 2-h period, the WCP and 
UCP groups showed higher levels of hydroxytyrosol presence than the 
control group. The hydroxytyrosol mean plasma concentration-time 
curve revealed that the pharmacokinetic curve displayed a double-peak 

phenomena with a brief peak time interval. The quick metabolism of 
acteoside in the liver following absorption-acteoside is transformed into 
the secondary metabolite hydroxytyrosol and subsequently released 
into plasma-may account for the second peak (21). Table 7 demonstrates 
that the UCP group’s t1/2 for caffeic acid was longer than that of the 
control group, and that the WCP and UCP groups’ AUC (0-∞) and 
Cmax values for both caffeic acid and hydroxytyrosol were considerably 
greater than those of the control group. Compared to the UCP group, 
the WCP group’s Cmax for caffeic acid was 1.26 times higher, and the Cmax 
of hydroxytyrosol was 1.61 times that of the UCP group.

3.3 Effect of Cistanche polysaccharides on 
the composition and diversity of gut 
microbiota

Using 16S rRNA gene sequencing research to assess the impact of 
WCP and UCP on the microbiota in the gut. After splicing, an overall 
of 1.333.424 valid tags were produced; 453,507 tags in the control 
group, 435,105 tags in the UCP group, and 444,812 tags in the WCP 
group were subjected to assurance of quality and chimeric screening 
(Supplementary Table S1). After denoising by the DADA2 method 
(22), 3,148 amplicon sequence variant (ASV) numbers of ASVs in the 
three groups sequences were generated. The Venn diagram (Figure 5A) 
illustrates the different. Of all ASVs in this work, 953 ASVs were 
shared by three groups. In addition, 2,743 ASVs were detected in 
WCP group, while no was detected in control group, and 2,247 ASVs 
were detected in UCP group. However, different groups had their own 
separate sets of ASVs: the UCP group was 1930, the WCP group was 
2,426, and the control group was 1,677. Simultaneously, there were 
3,314, 3,512 and 4,068 ASVs each in control group, UCP group and 
WCP group. This implies that the species richness of the rat gut 
microbiota was enhanced by Cistanche polysaccharides.

3.3.1 Examining the variations in the gut 
microbiome structure

When examining the microbial community’s composition in 
intestinal fecal samples, α-and β-diversity are frequently employed to 
assess the microbial community’s variation, complexity, and 
population makeup. When examining the microbial community’s 
composition in intestinal fecal samples, α- and β-diversity are 
frequently employed to assess the microbial community’s variation, 
complexity, and population makeup. With the use of the indices of 
Chao1, Observed species, Goods_coverage, Shannon, Simpson, and 
pielou-e, α-diversity primarily represents the richness and 

FIGURE 3

Acteoside’s mean plasma concentration-time profiles in rats 
following oral administration.

TABLE 6  Acteoside’s mean pharmacokinetic characteristics following oral treatment (100 mg/kg) in rats (n = 6).

Parameters Unit Control UCP WCP

AUC(0-t) ug/L*h 4202.886 ± 153.241 4978.446 ± 230.543 6656.577 ± 542.814

AUC(0-∞) ug/L*h 4356.133 ± 129.766 5051.794 ± 266.616 6689.322 ± 632.723

MRT(0-t) h 3.942 ± 0.165 4.938 ± 0.165 4.996 ± 0.032

MRT(0-∞) h 4.337 ± 0.512 5.294 ± 0.629 5.598 ± 0.837

t1/2 h 2.062 ± 1.296 3. 237 ± 1.431 3. 804 ± 1.763

Tmax h 0.50 0.75 0.75

Cmax ug/L 863.45 ± 63.43 1031.34 ± 98.32 1592.34 ± 103.21
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homogeneity. Chao1 and Observed_species provide an estimate of the 
number of species present in a community, which is known as 
abundance. Microbial coverage is expressed in Goods_coverage, 
which requires the coverage index to be equal to 1, that is, most of each 
base in the genome of the sample to be tested can be sequenced. The 
Pielou-e index represents evenness, while the Shannon and Simpson 
indices suggest diversity. Figures 5B-G shows that all five indices in the 
WCP group were considerably higher than those in the control group 

(p < 0.05), indicating that the administration of WCP improved 
community homogeneity and richness. The gut microbiota’s diversity 
was found to be  improved by UCP, as evidenced by the greater 
Shannon and Simpson indices of the UCP group compared to the 
control group (p < 0.05). Conversely, when comparing the UCP group 
to the control group, there were no appreciable changes in any of the 
three indexes of Chao1, Observed species, and Pielou-e. This suggested 
that the UCP intervention had no discernible impact on the diversity 
of the gut microbiome. β-diversity is a measure of the variations in 
species between environmental communities. To perform β-diversity 
analysis, the distance matrix between any two samples in the 
environment must be calculated. Principal coordinate analysis (PCoA) 
(23) and cluster analysis (UPGMA) (24) are then used to identify 
sample differences. Figure  5H displays the findings of the PCoA 
analysis using the feature sequence, which is able to differentiate 
characteristics between various groups. The samples from the control 
group and the WCP group were separated by a considerable amount, 
suggesting that the two groups’ microbial structures and compositions 
were very different from one another. There was little variation in the 
microorganism structure and makeup of the UCP group and the 
control group, as evidenced by the close spacing between the samples 
in the two groups. The clustered tree grouping in the UPGMA diagram 
is represented by branches of different colors. The shorter the branch 
length, the more similar the two samples are, and the higher the 
similarity of the samples. Figures 5H,I illustrates how distinct the 
WCP group and the control group are from each other, and this 
visualization of the data could be used to graphically represent how 
the microbial evolution of the two groups is unique, suggesting that 
the WCP has the ability to regulate the intestinal flora of normal rats.

3.3.2 Evaluating the gut microbiota’s composition
In the three groups, totals of 23 different phyla of gut microbiota 

were identified., and the phylum data with significant differences are 
shown in Supplementary Table S2. Among them Firmicutes, 
Bacteroidota, Actinobacteriota, Campylobacterota, Desulfobacterota, 
Proteobacteria, Patescibacteria, Cyanobacteria, Verrucomicrobiota are 

FIGURE 4

After oral delivery, mean plasma concentration-time profiles 
containing hydroxytyrosol (B) and caffeic acid (A) in rats.

TABLE 7  Average pharmacokinetic characteristics of metabolites following oral acteoside delivery (100 mg/kg) in rats (n = 6).

Analytes Parameters Unit Control UCP WCP

Caffeic acid

AUC(0-t) ug/L*h 76.094 ± 13.35 99.992 ± 17.68 124.683 ± 25.89

AUC(0-∞) ug/L*h 109.781 ± 15.36 117.183 ± 13.35 143.676 ± 26.67

MRT(0-t) h 1.564 ± 0.172 1.539 ± 0.166 1.525 ± 0.161

MRT(0-∞) h 2.508 ± 0.273 2.182 ± 0.267 2.098 ± 0.256

t1/2 h 2.166 ± 0.693 1.329 ± 0.824 1.289 ± 0.914

Tmax h 0.75 0.75 0.75

Cmax ug/L 30.43 ± 14.22 44.09 ± 15.75 55.54 ± 16.89

Hydroxytyrosol

AUC(0-t) ug/L*h 40.596 ± 3.243 56.452 ± 5.413 90.562 ± 6.728

AUC(0-∞) ug/L*h 42.519 ± 4.243 60.485 ± 5.722 91.323 ± 6.925

MRT(0-t) h 1.203 ± 0.132 1.186 ± 0.124 1.266 ± 0.139

MRT(0-∞) h 1.383 ± 0.145 1.461 ± 0.153 1.536 ± 0.168

t1/2 h 0.813 ± 0.129 0.908 ± 0.106 0.537 ± 0.116

Tmax h 0.25 0.25 0.25

Cmax ug/L 30.32 ± 10.92 44.36 ± 14.02 71.43 ± 32.02
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the main phylum. As Figures 6A,B illustrates, the distribution of these 
phylums is different among the three groups. Furthermore, the WCP 
group had a higher number of species detected at the phylum level 
than control group and the Elusimicrobiota phylum was newly added 
to the WCP. The abundance of Firmicutes, Actinobacteriota, 
Patescibacteria, Cyanobacteria, and Verrucomicrobiota increase during 
the same period. At the genus level, 31 genera of gut microbiota have 
been discovered, and the data with significant differences are shown 
in Supplementary Table S3. The groups WCP and UCP can increase 
Bifidobacterium, Romboutsia and decrease the Lachnospiraceae_
NK4A136_group to varying degrees. Ligilactobacillus and Duncaniella 
were observed to be considerably higher in the WCP group according 
to the control group (Figures 6C–F).

3.3.3 PICRUSt2 predicting function prediction
Microbiota and function were “mapped” with PICRUSt2 (25). The 

PICRUSt2 program was utilized to estimate the function based on the 
species annotation and OTU abundance data from the database. The 

samples were functionally annotated with KEGG COG, EC, KO, PFAM, 
TIGRFAM pathways, and STAMP was employed to do the comparison 
analysis. Figure 6G displays the prediction results with p < 0.05. With 
respect to abundance, the Cistanche polysaccharide-administered WCP 
and UCP groups were found to be more abundant than the Control 
group in the following pathways: TCA cycle I (prokaryotic), L-alanine 
biosynthesis superpathway, UDP-N-acetylglucosamine-derived 
O-antigen building blocks biosynthesis superpathway and peptidoglycan 
biosynthesis II (staphylococci).These pathways directly affect the 
metabolism of acteoside or lead to the production of metabolites into the 
bloodstream and exert pharmacological effects.

3.4 Effect of Cistanche polysaccharides on 
short-chain fatty acids (SCFAs) of rats

Figure  7A illustrates that following 21 days of Cistanche 
polysaccharide administration, the levels of acetic acid, propionic acid, 

FIGURE 5

Venn diagram showing the composition of the intestinal microbiota in the WCP, UCP, and Control groups (A); Effect of Cistanche polysaccharides on 
gut microbiota α-diversity: Chao1 index (B), observed species index (C), Goods_coverage index (D), shannon index (E), Simpson index (F) and pielou-e 
index (G).The data is shown as mean ± SD (n = 6). Using SPSS (version 33.0) software, one-way ANOVA and the independent-samples Kruskal-Wallis 
test were used to identify significant differences. *p < 0.05 vs. Control group; Impact of Cistanche polysaccharides on the β-diversity of the gut 
microbiota: PCoA analysis adopting the unweighted UniFrac distances (H) and UPGMA applying the weighted UniFrac distance-based methods (I). Six 
samples were represented by each plot.
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FIGURE 6

Relative abundance of the phylum-level microbial makeup (A). A heatmap displaying the corresponding abundances of a given phylum, highlighting 
notable variations within each group (B). The microbial composition’s proportions divided based on genus (C). A heatmap showing the corresponding 

(Continued)
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isobutyric acid, butyric acid, isovaleric acid, valeric acid, and octanoic 
acid were significantly elevated (p < 0.05) in the WCP group compared 
to the control group; the levels of acetic acid, propionic acid, isobutyric 
acid, butyric acid, isovaleric acid, valeric acid, and octanoic acid 
(p < 0.05) in the UCP group increased significantly than those in the 
control group (Figures 7B–L) but lower than those in the WCP group. 
The findings demonstrated that the intake of WCP and UCP both 
enhanced the quantity of SCFAs in the rat intestinal tract and could 
have improved the low bioavailability of oral acteoside in the gut. The 
effect of WCP is better than that of UCP.

In addition, the relationship between SCFA and gut microbiota 
was assessed. Figure 7M illustrates this relationship. SCFAs had a 
positive correlation (p < 0.05) with Corynebacterium, Lactobacillus, 
and Muribaculum, however a negative correlation (p < 0.05) with the 
gut microbes Bacteroides, Ruminococcus, Turicibacter 
and Subdolilegum.

4 Discussion

Cistanche deserticola is used as both food and medicine in China. 
Chemical analysis showed phenylethanoid glycoside and 
polysaccharides were the main active constituents. Acteoside, the main 
phenylethanoid in Cistanche deserticola, has anti-oxidation, sex 
hormones regulation (26), neuroprotective (27) and anti-inflammatory 
(28) biological activities, However, its druggability is limited due to the 
poor bioavailability, fast and extensive metabolism in vivo. Non-digested 
polysaccharides can serve as carriers or excipients in drug delivery 
systems, inhibiting the degradation of glycoside drugs in the intestine, 
improving drug absorption, increasing drug solubility, and enhancing 
drug bioavailability in vivo, achieving synergistic efficacy enhancement 
of drug (29). Cistanche polysaccharides induce core changes in the 
composition and diversity of intestinal microbiota and promote the 
absorption of echinacoside in  vivo (30). Ginseng polysaccharides 
enhance ginsenoside Rb1 intestinal absorption by enhancing gut 
microbial metabolism and exposure to microbial metabolites (9). 
Soybean soluble polysaccharides modulate gut microbes and enhance 
the absorption of genistein in soybean in mice (31). These studies show 
that polysaccharides can promote the absorption of small molecule 
in vivo by regulating the diversity of the gut microbiota.

Chemical analysis of Cistanche polysaccharides showed that there 
was no significant change in the protein content of polysaccharides 
after rice-wine process. The total sugar content increased from 58.1 to 
63.6%, and sugar yield increased from 22.82 to 25.02%. The increase 
of polysaccharide yield after being processed may be related to the 
hydrolysis of polysaccharides during the rice-wine steaming process 
(32, 33). The molecular weight for UCP and WCP was 22.868 kDa and 
3.315 kDa separately. Results showed a significant change in the 
proportion of monosaccharide composition, with an increase in Glc 
and Ara content and a decrease in Gal and Xyl ratio in the WCP group.

Pharmacokinetic studies have shown that Cmax of acteoside 
increased by 1.19 times and 1.84 times, AUC(0-∞) increased by 1.16 

times and 1.54 times after oral administration of UCP and WCP, 
respectively. According to literature reports, acteoside may generate 
caffeic acid, hydroxytyrosol, and 3-HPP through ester and glycosidic 
bond cleavage in vivo (34–37) (Figure 8) The Cmax of caffeic acid in 
plasma increased by 1.45 times and 1.83 times, and the AUC(0-∞) 
increment rate can reach 142 and 214% times for hydroxytyrosol. 
Administration of WCP significantly increased the level of absorption 
of acteoside and its metabolites in vivo.

Cistanche polysaccharides induced core changes in abundance and 
diversity of gut microbiota. After 21 days of administration of WCP and 
UCP, there were differences in the composition and structure of the gut 
microbiota in rats. The abundance of Firmicutes, Actinobacteriota, 
Patescibacteria in WCP and UCP group was significantly increased, 
while the Elusimicrobiota phylum was newly added to the WCP. Gut 
Firmicutes has an important role in health, it is one of the main phylum 
in the human intestine (38), Firmicutes establishes a symbiotic 
relationship with the host through innate tolerance and resistance to 
control systemic immunity and avoid widespread  inflammatory 
damage (39). The Elusimicrobiota phylum has been found to promote 
fatty acid and amino acid synthesis, and ultimately improve the growth 
(40). Firmicutes may have great potential in the treatment of metabolic 
and inflammatory diseases (41), suggesting that Cistanche 
polysaccharide administration promotes intestinal Firmicutes 
supplementation and thus exerts anti-inflammatory effects. Level of 
Genus Bifidobacterium and Romboutsia in WCP and UCP groups 
increased. Bifidobacterium as a type of intestinal degrading bacteria, 
maintains the balance of the intestinal environment and protects the 
host (42). Romboutsia can reduce the occurrence of inflammatory 
reactions (43). Reduced abundance of Lachnospiraceae_NK4A136_
group in the WCP and UCP groups compared to the control group. 
High level of Lachnospiraceae_NK4A136_group can be observed in 
intestinal barrier damage rats induced by high-fat diet (HFD). Low 
levels of Lachnospiraceae_NK4A136_group can reduce the risk of 
intestinal pathogen colonization and inflammation (44). 
Ligilactobacillus, which is significantly increased in the WCP group, is 
a beneficial bacterium with anti-inflammatory effects both in vivo and 
in vitro (45). The WCP group significantly increased the abundance of 
Duncaniella. Duncaniella has been shown to protect the host from 
DSS-induced inflammatory colonic injury (46). These results show that 
the wine-processed Cistanche deserticola polysaccharides may regulate 
intestinal microorganisms and enhance anti-inflammatory ability.

The products of polysaccharides decomposition and metabolism by 
gut microbiota play an important role in various metabolic processes of 
the body. Intestinal flora decomposes polysaccharides by secreting 
enzymes (glycoside hydrolase, lyase, and esterase), produces short-chain 
fatty acids (SCFAs) including formic acid, acetic acid, propionic acid, 
and butyric acid (47). Cistanche polysaccharides improve intestinal 
microbiota disorders by influencing the structure and function of 
intestinal microbiota, inducing beneficial bacteria to produce a variety 
of metabolites such as short-chain fatty acids (SCFAs). Our experimental 
results showed that the content of acetic acid, butyric acid, propionic 
acid and isobutyric acid significantly increased in the WCP group.

abundances of specific specified genera, with notable variations between each group (D). Linear discriminant analysis (LDA) effect sizes were used to 
examine variations in microbial taxa among the three groups (E). The taxa that belong in each group with the greatest differential abundance are 
indicated by LEfSe plots. (F); PICRUSt2 functional annotation of pathway (G). n = 6.
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FIGURE 7

Cistanche polysaccharides administration increased the production of microbial SCFA metabolites. Measured by GC–MS in the stool of the Control, 
UPS, and WPS groups, (A) Total acid, (B) Acetic acid, (C) Propionic acid, (D) Isobutyric acid, (E) Butyric acid, (F) Isovaleric acid, (G) Valeric acid, 

(Continued)
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Many factors affect the level of SCFAs in the feces, including the 
composition and the amount of gut microbiota, the dietary source 
(48). Accumulating studies shows that polysaccharides structure, 
including composition of monosaccharide residues, degree of 
polymerization, both can affect fermentation properties and SCFAs 
production (49). From our results, we  illustrated that Cistanche 
polysaccharides modulate SCFAs production and polysaccharides of 
different processed products have different effect.

The correlation analysis showed that Corynebacterium, 
Lactobacillus, and Muribaculum were positively correlated with 
SCFAs, while Bacteroides, Ruminococcus, Turicibacter and 
Subdolilegum were negatively correlated. Butyric acid and propionic 
acid are produced by glycolysis of carbohydrates in the intestine 
through the action of Firmicutes; Bacteroides contribute to the 
formation of acetic acid and propionic acid in the intestine. Butyrate 
can regulate the intestinal immunity and inflammatory response of 
epithelial cells through inhibition of histone deacetylases (HDACs) 

and induction of anti-inflammatory cytokine expression (50), 
propionate exerts an immunomodulatory mechanism in acute 
myeloid leukemia by inducing ferroptosis (51). In this experiment, the 
content of butyrate and propionate was significantly increased in the 
WCP group. Cistanche polysaccharides, particularly wine-processed 
products, demonstrate prebiotic-like activity through SCFA-mediated 
immunomodulatory pathways that enhance acteoside bioavailability, 
optimize gut barrier integrity, and facilitate small molecule absorption 
via microbiota-mediated metabolic activation.

5 Conclusion

In this work, we  developed a quick and easy-to-use UPLC-
QqQ-MS technique and effectively used it to investigate the acteoside 
pharmacokinetics in rat plasma following oral administration of 
Cistanche polysaccharides. This study indicated that 21 days 

(H) Hexanoic acid, (I) Heptanoicacid, (J) Octanoic acid, (K) Nonanoic acid, (L) Decanoic acid, and (M) Correlation heat map between fecal microbiota 
and fecal SCFAs content after Cistanche polysaccharides administration. ANOVA was used to establish significance, and values were reported as mean 
± SD. *p < 0.05 in comparison to the control group.

FIGURE 7 (Continued)

FIGURE 8

Metabolism process of phenylethanoid glycosides in vivo.
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continuous administration of Cistanche polysaccharides can improve 
the composition and structure of intestinal microbiota, especially 
increased the level of Ligilactobacillus and Duncaniella, then promote 
the absorption of acteoside and its metabolites caffeic acid and 
hydroxytyrosol. The effect of WCP is superior to that of 
UCP. Comparative analysis revealed that both WCP and UCP exert 
comparable prebiotic-like effects on intestinal microbiota modulation, 
with WCP demonstrating superior capacity for short-chain fatty acid 
production and immune-enhancing bioactivities. They also promote 
higher Cmax of acteoside and their metabolites, which is an effective 
way to enhance small molecule absorption and metabolism. In the 
further research, to clarify the mechanism by which polysaccharides 
from Cistanche deserticola increase the metabolism and absorption of 
small compounds in vivo, we will concentrate on the regulatory effects 
of the second phase metabolic enzymes and transporters of efflux in 
the inrastinal tract. In addition, we will examine gender bias and 
extended intervention time to assess the long-term effects of Cistanche 
polysaccharides on the microbiota and sustained improvement 
in bioavailability.
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Background: Celiac disease (CeD) is an autoimmune disorder characterized by 
damage to the small intestine that occurs in genetically predisposed individuals 
after gluten consumption. Dietary exclusion is the only treatment. Gliadin is one of 
the main protein component of wheat gluten, and is poorly digested. Undigested 
peptide, p31-43, triggers several different processes, including inflammation. 
Intestinal organoids from CeD biopsies are good models for studying CeD 
inflammation. Postbiotics have been shown to modulate the effects of p31-43 in 
Caco-2 cells and inflammation in CeD organoids. The aims of this study was to 
study the anti-inflammatory activity of milk-based postbiotics from of L. plantarum.

Methods: Postbiotics from L. plantarum CECT 749-fermented milk enriched 
with LA (linoleic acid), SCGs (Spent Coffee Grounds) and SCG oil were 
produced. Gliadin peptide p31-43 was used to induce inflammation on Caco2 
cells. Organoids were derived from intestinal biopsies of 3 controls (CTRs) and 
3 GCD (gluten containing diet)-CeD patients. NF-kB activation, a marker of 
inflammation, was evaluated by Western Blot analysis.

Results: The results showed that pretreatment with all milk-based postbiotics 
of L. plantarum, except for SCG oil, inhibited the activation of NF-kB in the 
presence of the gliadin peptide in Caco-2 cells. The most efficient postbiotics, 
namely, milk-based postbiotics of L. plantarum with or without SCGs, could also 
reduce inflammation in intestinal organoids from CeD patients.

Conclusion: Milk-based postbiotics of L. plantarum, with or without SCGs, 
prevents the proinflammatory effects of gliadin on Caco-2 cells and constitutive 
inflammation in CeD intestinal organoids, independent of the CLA (Conjugated 
linoleic acid) concentration.

KEYWORDS

celiac disease, postbiotic, CLA, Caco-2 cells, intestinal organoids, inflammation

1 Introduction

Celiac disease (CeD) is an immune-mediated enteropathy that primarily affects the small 
intestine in response to the ingestion of gluten, a protein present in wheat, barley, and rye. A 
gluten-free diet is the only therapy for these patients, who must eliminate gluten-containing 
cereals from their diet for life. CeD results from interactions between genetic factors, which 
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are characterized mainly by HLAs, Human Leukocyte Antigen, class 
I and II genes, and environmental factors, which contribute to the 
generation of inflammation in the intestine (1–3). Among the 
environmental factors that induce inflammation, nutrients, including 
gluten, play a central role. Nutrients may have two effects, 
proinflammatory or anti-inflammatory effects, and the microbiota 
may mediate their destiny (4). However, how, when, and where 
inflammation is generated in CeD is still being determined (5).

Gliadin, the main protein in wheat-gluten, is a protein that is 
difficult to digest by intestinal endopeptidases. Undigested gliadin 
peptides may have biological activity (6). Some of them can activate 
the adaptive immune response, as they are well presented to T cells. 
Other peptides, such as the p31–43 peptide, play key roles in the 
inflammatory/innate immune response to gliadin (6). Specifically, this 
peptide has pleiotropic activity, including the induction of 
proliferation and inflammation with the activation of the nuclear 
transcription factor-B (NF-kB) pathway (7–9). The nuclear factor 
kappa B (NF-κB) family of transcription factors is a key regulator of 
immune development, immune responses, inflammation, and cancer. 
However, it is activated after phosphorylation mechanisms (pNF-kB). 
The activation of this pathway is associated with several stimuli, and 
upon ligand-receptor engagement, distinct cellular outcomes, 
appropriate to the specific signal received, are set into motion (10).

NF-kB is also a key protein in the regulation of inflammation in 
the intestine (11). Moreover, the NF-kB pathway has been found to 
be altered in intestinal biopsy samples from CeD patients, both at 
GCD (Gluten Containing Diet) and GFD (Gluten Free Diet) (12, 13), 
and in intestinal organoids (13). Interestingly, after gluten treatment, 
there was an increase in NF-kB expression in CeD biopsy samples at 
both GCD and GFD (1, 12).

Interestingly, in CeD biopsy samples and organoids, constitutive 
inflammation, characterized by an increase in IL6 and IL1B, which are 
also part of the NF-kB pathway, has been described even before the 
occurrence of the intestinal lesion (13, 14). The constitutive 
inflammation of intestinal organoids from CeD patients is reduced in 
the presence of probiotics from Lactobacillus paracasei and 
Lactobacillus rhamnosus GG (15–17).

Pro- and postbiotics and conjugated linoleic acids (CLAs) are 
helpful in treating inflammatory-related diseases (18–20). CLAs are 
polyunsaturated acids and are a mixture of positional and geometric 
isomers of linoleic acid, a polyunsaturated omega-6 fatty acid also 
known as cis, cis-9,12-octadecadienoic acid. Linoleic acid and CLA 
are essential fats that must be part of the diet. The concentration of 
CLAs can be  increased naturally by the selection of ad hoc 
microorganisms and fermentation conditions. Linoleic acid is a 
precursor in the synthesis of CLA; it is often added to the matrix to 
be fermented in its pure form (21, 22) or by adding vegetable oils, 
such as safflower oil (23) and sunflower oil (24). Interestingly, the line 
guide written by Vitale and Giacco in 2020 defined roasted coffee 
waste, such as spent coffee grounds (SCGs), as foods which contains 
a high concentration of linoleic acid (25).

SCGs are the most abundant coffee byproduct (26), and in 2017, 
its worldwide production reached 9.6 million tons as described in 
International Coffee Organization (ICO). SCGs have been widely 
studied as a material for biodiesel production (27). However, in 
recent years, it has also been used for food applications (26).

The aims of the present work was both the sustainable production 
of a functional milk-based beverage fermented by L. plantarum CECT 

749 that was enriched in CLAs after the addition of LA, SCGs and 
SCG oil, and the study of the potential anti-inflammatory effects of 
these compounds in the presence of p31-43 in Caco-2 cells and CeD 
intestinal organoids.

2 Materials and methods

2.1 Fermentation experimental apparatus

The system consisted of a Pyrex batch reactor (20 cm, ID of 10 cm, 
1.5 L) equipped with an external jacket to circulate a service fluid from a 
thermostatically controlled water bath. The mixing system consisted of 
a stainless-steel impeller equipped with three Rushton turbines. It was 
connected to a motor that adjusted the stirring speed. The head plate was 
equipped with an input for the insertion of an In Pro 3,100 probe 
(Mettler Toledo, Milan, Italy) that was connected to an M300 transmitter 
(Mettler Toledo, Milan, Italy), which is helpful for inline temperature/pH 
measurements, and an input connected to a tank containing a 4 M 
NaOH solution that was fed by a peristaltic pump for pH control.

2.2 Strain

Lactobacillus plantarum CECT 749 (from the Spanish Type 
Culture Collection, CECT, Valencia Spain) is a gram-positive 
bacterium that has been studied for its antifungal activity (28) and 
ability to produce CLA (21, 23, 29). The strain was stored at −20°C in 
cryovials containing 1 mL of a solution of animal-free broth [AFB- 
Animal Free Broth; composition: 20 g/L Bacto Yeast Extract (BD 
Biosciences, Milan, Italy), 0.5 g/L MgSO4 (Sigma–Aldrich, Milan, 
Italy), 50 g/L glucose (Sigma–Aldrich), 0.5 g/L citric acid (Sigma–
Aldrich) and glycerol (20%, Sigma–Aldrich)]. Before each 
fermentation, after thawing, the strain was revitalized by adding 9 mL 
of AFB and then incubated for 24 h at 37°C. The revitalized strain had 
a bacterial concentration of 108 CFU/mL, and the inoculum contained 
1% v/v fermentation substrate.

2.3 Fermentation substrates and 
experimental conditions

The fermentation substrate was 1 L of skim milk (GranaroloⓇ - 
UHT), which was purchased from a local market and contained 20 g/L 
glucose (Sigma–Aldrich, Milan, Italy). To test the microbial capacity 
in the production of CLA, different compounds, as CLA precursors, 
were used, allowing the following experimental conditions (30) to 
be defined:

	•	 Exp. Condition 1 (milk): Milk with only glucose as a 
negative control.

	•	 Exp. Condition 2 (milk + LA): Milk with glucose and 0.5 mg/mL 
free linoleic acid (LA, 99% purity; Sigma Aldrich, St. Louis, MO, 
USA), since a previous study suggested this concentration as the 
best concentration for maximum CLA production (31).

	•	 Exp. Condition 3 (milk + SCG oil): Milk with glucose and 1.3 g 
of the oil extracted from PassalacquaⓇ spent coffee grounds 
(PassalacquaⓇ, Mexico blend type, 100% Arabica) to guarantee 
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that the free LA (from now on LA) concentration was the same 
as that in Exp. Condition 2 (where the LA concentration in spent 
coffee grounds corresponds to 40% of the total fat in the spent 
coffee ground oil) (32). The extraction method used to obtain the 
coffee oil is described below. “Free LA” are the linoleic acids 
totally available for the conversion in a conjugated form.

	•	 Exp. Condition 4 (milk + SCG): Milk with glucose and 20 g of 
PassalacquaⓇ spent coffee grounds; this amount was chosen since 
the literature reported that, to obtain the optimal LA 
concentration (0.5 mg/mL), 10 grams of dry waste would 
be  needed. Wet spent coffee grounds contain an average of 
50–60% water; therefore, to release the abovementioned amount 
of LA, two times the weight (20 grams) of spent coffee grounds 
was added (32).

Glucose was added for each experimental condition to favor a 
more rapid fermentation process. The addition of linoleic acid, SCG 
oil, and raw SCGs to milk was followed by sonication to homogenize 
the matrix to be fermented and promote the dispersion and extraction 
of the fat phase in the dairy matrix.

For each condition tested, fermentation was carried out for 48 h 
at 37°C. Fermented samples were withdrawn aseptically from the 
reactor at specific times (after inoculation (t0) and after 24 (t24) and 48 
(t48) hours).

2.4 SCG oil extraction method

SCG oil extraction was performed using a hydrofluorocarbon 
(HFC) solvent, 1,1,1,2-tetrafluoromethane (Norflurane, R134a), 
under subcritical conditions with a laboratory-scale system via a 
patented process (51). Norflurane is a haloalkane refrigerant with 
a boiling point of 26.3°C at atmospheric pressure and a vapor 
pressure of 6.61 bar at 25°C (33). Liquid Norflurane was 
percolated through a dry SCG matrix bed and placed in an 
extraction chamber at 8–10 bar to enrich its coffee oil content. 
The mixture was subsequently passed through an expansion 
vessel, where Norflurane was gasified at lower pressure 
(approximately 4–5 bar), and the oily solute was released at the 
bottom. Afterwards, the clean gaseous Norflurane was 
recompressed and recycled in liquid form to the extraction 
chamber, where the extraction phase was repeated.

2.5 Analytical methods

2.5.1 Microbiological analysis
A spread plate method was used to determine the vital bacterial 

load of the inoculum, the microbial concentration during the entire 
process, and the presence of contaminants. After serial dilutions, the 
sample was spread on MRS agar (Oxoid, Basingstoke, UK) for the 
enumeration of lactobacilli; MacConkey agar (Oxoid, Basingstoke, 
UK) and Gelatin peptone agar (Biolife, Milan, Italy) were used for the 
detection of eventual contaminants. All the plates were incubated at 
37°C for 48 h before being read. Anaerobic kits (Anaerogen Compact, 
Oxoid, Basingstoke, UK) were used for MRS plates to guarantee 
anaerobic growth conditions for L. plantarum CECT 749 
during incubation.

2.5.2 Lactic acid quantification
The concentration of lactic acid was determined by high-

performance liquid chromatography (HPLC) on an Agilent 
Technologies 1,100 instrument equipped with an Agilent Synergi 
Hydro-RP C18 column (250 mm × 4.6 mm and a pore size of 4 μm) 
and a visible/UV detector. The mobile phase consisted of 0.27% 
KH2PO4 aqueous solution at a pH of 2 modified with H3PO4 (eluent 
A) and 100% methanol (eluent B), and a gradient consisting of 30% B 
in 2.6 min followed by 100% A in 2.9 min with a flow rate of 1 mL/
min was used. The detection wavelength was set at 210 nm.

2.5.3 CLA analysis
Fat extraction was performed according to Stefanov et al. (33). 

A total of 10 g of milk fermented samples (collected at times t0, t24, 
t48 and postbiotics for each tested condition) was mixed with 
16 mL of previously prepared dichloromethane–ethanol (DM–E) 
solution (2:1 ratio, v/v) in a 40 mL centrifuge-grade glass test tube, 
vortexed for 90 s and then centrifuged for 8 min (2,500 g at −4°C, 
MPW Med. Instruments, MPW-352R, Warszawa, Polonia). The 
supernatant was discharged, and 10 mL of the DM-E solution was 
added to the test tube. The mixture was vortexed and then 
centrifuged for 6 min (2,500 × g at −4°C). The upper organic phase 
containing the milk fat was filtered (597½, 240 mm diameter, 
Schleicher & Schuell, Dassel, Germany), dichloromethane was 
removed by a reduced pressure rotary evaporator (Bibby Sterilin 
RE-100, Bibby Scharlau Italia S.r.l., Riozzo di Cerro al Lambro (MI) 
Italia), and the samples were evaporated until dryness was achieved. 
After extraction, the fats were transesterified according to the 
method of Ichihara et al. (52). The lipid sample was dissolved in 
0.20 mL of toluene, and then, 1.50 mL of methanol and 0.30 mL of 
the reagent mixture (consisting of 9.7 mL of HCI (35%, w/w) 
diluted with 41.5 mL of methanol) were added in this order. The 
tube was vortexed and then heated at 100°C for 1 h. After cooling, 
1 mL of hexane and 1 mL of water were added to extract the methyl 
esters in the hexane phase. Finally, the samples were analyzed via 
GC (Varian CP 3800 Gascromatographer, Palo Alto, United States) 
equipped with an FID detector and a ZB WAX plus column (60 m 
0.25 mm 0.2 μm, Phenomenex, Aschaffenburg, Germany), with 
helium used as the gas carrier (1.2 mL/min).

2.6 Caco-2 cells and treatment

Human colon adenocarcinoma-derived cells (Caco-2) obtained 
from the Interlab Cell Line Collection (Centro di Biotecnologie 
Avanzate, Genoa, Italy) were grown in DMEM supplemented with 
10% fetal calf serum, 100 units of penicillin–streptomycin/mL, and 
1 mmol/L glutamine (Gibco Invitrogen, Milan, Italy). The cells were 
maintained in a humidified atmosphere (95% air and 5% CO2) at 
37°C. The postbiotic milk-based beverages were obtained by thermal 
treatment (85°C, 30 s). The milk-based postbiotic beverages were 
freeze-dried, resuspended in DMEM-free medium (2% w/v), 
centrifuged thrice at 1500 rpm for 5 min and after each centrifugation 
the supernatant was recovered, and after the last centrifugation, the 
supernatant was filtered using the 0.22 μm filter (ref SLGS033SS, 
Merk, Ireland). The sequence of P31-43, an LPS-free synthetic peptide, 
was LGQQQPFPPQQPY (Caslo > 95% purity, MALDITOF analysis; 
DK-2800 Kongens Lyngby, Denmark), and it was used at 100 μg/mL 
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(15, 16). Previous studies describe the optimal concentration of 
p31-43 on Caco-2 cells to be  100 μg/mL, in these studies this 
concentration was able to have several different effects (6, 34).

For the treatment, more than 2×106 cells were seeded in 60 mm 
culture dishes overnight for attachment. The next day, the cells were 
exposed in presence or not to milk-based probiotics and postbiotics 
supplemented with LA, SCG and SCG for 1 h, as based on previous 
published data. Caco-2 cells were pretreated with milk-based 
postbiotics at 2% w/v for 30 min and subsequently stimulated with 
P31–43 at 100 μg/mL (15, 16, 35).

2.6.1 Cell viability and optimal concentrations of 
milk-based postbiotic

For the cell viability experiment, more than 2×106 cells were 
seeded in 60 mm culture dishes overnight for attachment. The next 
day, the cells were exposed in presence or not to milk-based probiotics 
and postbiotics supplemented with LA for 24 and 48 h of fermentation 
at concentrations between 0.1 and 10% for 1 h at 37°C in DMEM-free 
medium. At the end of incubation, cell viability was assessed by a 
trypan blue dye exclusion assay based on the microscopic quantitation 
of live cells (unstained) and dead cells (blue cytoplasm). Cells were 
automatically counted using the Countess automated cell counter 
(Thermo Fisher Scientific, Milan, Italy). A high viability range was 
evident at concentrations of 0, 1, 1, and 2% (Supplementary Figures 1, 2). 
As the CLA concentration in the matrix studied was the same after 24 
and 48 h of fermentation and considering that the viability did not 
change at 0.1% (1.3×107 CFU/g), 1, and 2%, we used the postbiotics 
after 24 h at concentrations of 1% (1.3×108 CFU/g) and 2% (2.6×108 
CFU/g) weight/volume.

2.7 Intestinal organoids

One to two duodenal biopsies were taken with standard 
endoscopic EGD (esophageal gastroduodenoscopy) from three 
control subjects, for which the final diagnosis is attributed to 
functional disorders, and three patients with CeD. The CeD patients 
was diagnosed following the ESPGHAN 2020 guidelines they 
presented villus atrophy in the intestinal biopsy (MARSH T3c) and 
were positive for anti-tTg antibodies in the serum. These conditions 
satisfied the ESPGHAN 2020 guidelines that state HLA-testing is not 
required in patients with positive TGA-IgA, if they qualify for CD 
diagnosis with biopsies or if they have high serum TGA-IgA ≥ 10xULN 
and EMA-IgA positivity. The biopsy samples were placed in 10 mL of 
ice-cold PBS supplemented with 2 mM EDTA (cat. 15,575,020, 
Thermo Fisher, Milan, Italy) and 0.5 mM DDT (D0632, Sigma–
Aldrich, Milan, Italy). After 60 min, Crypt units were isolated by using 
washing buffer (WB) containing penicillin (100 units/mL), 

streptomycin (0.1 mg/mL), l-glutamine (2 mM), and FBS (10%, v/v) 
in DMEM/F12 with HEPES on ice for 30 min. The digest was filtered 
through a 70 m strainer (Falcon, Milan, Italy). Crypts were collected 
by centrifugation at 2800 rpm for 5 min. The supernatant was 
discarded, and the crypts were carefully resuspended in 40 μL of 
ice-cold Matrigel matrix (Corning 356,231, Milan, Italy) to enable 
three-dimensional growth in 48-well plates; the plates were incubated 
in a cell culture incubator at 37°C and 5% carbon dioxide for 10 min 
to allow the Matrigel to solidify. Afterwards, 300 μL of cell culture 
medium enriched with supplements (CM-S) (13) was added to each 
well and replaced every second day. For 2D organoids, organoids were 
seeded in six wells pretreated with Matrigel diluted at 1:40  in 
phosphate-buffered saline (PBS) (13, 15, 16, 36) (Table 1).

2.8 Western blot

After treatment, the Caco-2 cells were washed twice with cold PBS 
and resuspended in lysis buffer (50 mM Tris–HCl (pH 7.4), 1 mM 
EDTA, 1 mM EGTA, 5 mM MgCl2, 150 mMNaCl, 1% Triton, 1 mM 
PMSF, 1 mM VO4, 100 × Aprotinin, and 50 × LAP, all of which were 
purchased from Sigma, Milan, Italy, except for LAP, which was 
obtained from Roche, Milan, Italy). The cell lysates were analyzed 
using SDS-PAGE with a standard running buffer (25 mM Tris, 
192 mM glycine, and 0.1% SDS) and transferred onto nitrocellulose 
membranes by a Trans-Blot Turbo transfer system (cat. 1704158; 
Bio-Rad, Milan, Italy) in a stain free gel at 10% (#cat 4,568,033; 
Bio-Rad, Milan, Italy). The membranes were washed, blocked with 5% 
non-fat dry milk, and probed with onto nitrocellulose membranes 
(Whatman Gmbh, Dassel, Germany). The membranes were blotted 
with rabbit anti-pNF-kB (Elabscience, Microtech, Naples, Italy) and 
mouse anti-GAPDH (Glyceraldehyde-3-phosphate dehydrogenase) 
(cat. G8795, Sigma-Aldrich). GAPDH or total protein intensity were 
used as loading controls. The bands were visualized using enhanced 
chemiluminescence (ECL) plus (Cat. 1705062 Bio-Rad Milan, Italy) 
with 2–10 min exposure times. The band intensity was evaluated by 
integrating all the pixels of a band after subtraction of the background 
to calculate the average of the pixels surrounding the band (13, 15, 
16, 36).

2.9 ELISA

The levels of IL-8 were measured using commercial test kits (IL-8/
CXCL8 cat.#D8000C, Bio-techne R&D System, Milan, Italy) on 
culture media of GCD-CeD intestinal organoids treated and not with 
milk-based L. plantarum of postbiotics with and without SCG respect 
to CTRs’.

TABLE 1  Organoids characteristics.

Patients Age range 
(Years)

Sex Biopsy (marsh 
classification*)

Serum antiTG2 
(U/mL)

Anti-endomysial 
antibody (EMA)

CTR (n = 3) 4–15 M = 2 F = 1 3 = T0 Negative Negative

GCD-CeD (n = 3) 3–17 M = 2 F = 1 3 = T3c >100 Positive

*T3: Flat destructive lesion (c: total).
The sex classification: M represent the male group, F represent the female group.
The serum antibody antiTG2 is Anti-Transglutaminase-2.
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2.10 Statistical analysis

Statistical analysis and graphics were obtained from Graph Pad 
Prism (San Diego, CA, USA). The means and standard deviations of 
the experimental data were calculated; their significance was 
evaluated by Student’s t test and two way ANOVA multiple 
comparison, with only results that presented values of p < 0.05 
considered significant.

3 Results

3.1 Spent coffee grounds (SCGs) improved 
bacterial growth and lactic acid production

We studied Plantarum CECT 749 bacterial growth under different 
conditions (Figure  1). In all cases, the initial concentration was 
approximately 106 CFU/mL, reaching 1.8×108 ± 2.6×107 CFU/mL 
after 24 h of fermentation in the case of the negative control (milk); 
1.5×107 ± 7.1×106 CFU/mL when milk was supplemented with 
linoleic acid (milk +LA); 6.7×107 ± 2.3×107 CFU/mL when milk was 
supplemented with spent coffee ground oil (milk + SCGs oil); and 
5.0×108 ± 7.1×107 CFU/mL when milk was supplemented with raw 
spent coffee grounds (milk + SCGs) (Figure 1A).

Milk supplemented with SCGs resulted in the best matrix for 
L. plantarum growth, reaching 6.6×108 ± CFU/mL at 48 h of 
fermentation, a value that was one log higher than that observed for 
milk fermented with LA (5.8×107 ± 2.5×107 CFU/mL) and that 
observed for milk fermented with SCG oil (6.2×107 ± 1.6×107 CFU/
mL) (Figure 1A).

The amount of lactic acid produced in fermented milk (Figure 1B) 
in the presence of SCGs was 5.46 ± 0.05 g/L after 24 h (p < 0.05 respect 
to Milk, Milk with LA and Milk with SCG oil) and 12.66 ± 0.88 g/L 
after 48 h (p < 0.05 respect to Milk with LA) of fermentation. Milk 
fermented with only glucose (negative control) showed lactic acid 
production (lactic acid at 24 h: 1.46 ± 0.12 g/L; at 48 h: 3.94 ± 0.10 g/L) 
amounts that were similar to that measured in milk fermented with 
LA (lactic acid at 24 h: 0.98 ± 0.22 g/L; at 48 h: 2.05 ± 0.24 g/L) and 
with SCG oil (lactic acid at 24 h: 1.32 ± 0.13 g/L; at 48 h: 
2.99 ± 0.15 g/L).

3.2 LA supplementation of milk promoted 
CLA production during fermentation with 
Lactobacillus plantarum

The concentration of total CLAs found during fermentation is 
shown in Figure 2. SCG oil and SCGs, which were used as sources of 

FIGURE 1

Bacterial growth, lactic acid production and CLAs concentration in milk-based postbiotics with linoleic acid (LA), Spent Coffee Grounds (SCGs) and 
SCG oil. (A) Bacterial growth (CFU/mL) observed after 0, 24 and 48 h of fermentation in milk alone (milk, circles), milk fermented with linoleic acid (milk 
+ LA; squares), milk fermented with spent coffee ground oil (milk + SCG oil; triangles) and milk fermented with raw spent coffee grounds (milk + SCGs; 
inverted triangles). The bars represent the standard deviations of three independent experiments. Different letters indicate significant differences. 
ANOVA test: * = p < 0.05. (B) Lactic acid production observed after 0, 24 and 48 h of fermentation in milk alone (milk, circles), milk fermented with 
linoleic acid (milk + LA; squares), milk fermented with spent coffee ground oil (milk + SCG oil; triangles) and milk fermented with raw spent coffee 
grounds (milk + SCGs; inverted triangles). The bars represent the standard deviations of three independent experiments. Different letters indicate 
significant differences ANOVA test: * = p < 0.05. (C) Concentration of total CLAs (g/L) observed after 0, 24 and 48 h of fermentation in milk fermented 
with linoleic acid (Milk + LA; squares), milk fermented with spent coffee ground oil (milk + SCG oil; triangles) and milk fermented with raw spent coffee 
grounds (milk + SCGs; inverted triangles). The bars represent the standard deviations of three independent experiments. Different letters indicate 
significant differences ANOVA test: * = p < 0.05.
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linoleic acid, were tested for CLA production. CLAs were present at 
T0  in the samples containing SCG and SGC oil even before 
fermentation, with concentrations of approximately 0.5 g/L for both 
samples. The difference was statistically significant for both SCG and 
SGC oil respect to the sample milk added with LA (p < 0.05 for both 
matrix) (Figure 1C). Milk fermented alone is not represented in the 
graph because no CLAs were detected, as expected. Milk fermentation 
in the presence of LA was the only sample in which CLAs were 
produced, with concentrations of 1.52 ± 0.06 g/L (p < 0.05) and 
1.29 ± 0.04 g/L (p < 0.05) after 24 h and 48 h, respectively. The CLA 
concentration in the different tested postbiotics remained 
approximately the same as that evaluated in the probiotic samples 
confirming that the mild heat treatment did not affect the 
CLA concentration.

3.3 Pretreatment of milk-based postbiotics 
with or without the addition of LA or SCGs 
prevented the P31-43-induced increase in 
pNF-kB

We tested the effects of milk-based postbiotics on Caco-2 at 
concentrations of 1 and 2%, because these were able to preserve the 
cell viability (Supplementary Figures  1, 2). Both 1% 

(Supplementary Figure 1) and 2% concentrations were used to prevent 
on NF-kB increase mediated by p31-43, but only the 2% w/v of the 
postbiotics (2.6×108 CFU/g) was able to prevent p31-43 effects on 
NF-kB activation (Figures 2A,B). Indicating that the concentration of 
the post biotic is an important factor for its activity. Caco-2 cells were 
treated with milk-based postbiotics with the addition of LAs to 
understand whether CLAs exert different biological effects on 
inflammation pathways. Caco-2 cells were pretreated with milk-based 
L. plantarum postbiotics at 2% w/v, with or without the addition of 
LA, for 30 min, and subsequently stimulated with p31-43. To assess 
inflammation, we  evaluated the phosphorylation of NF-kB by 
WB. Our data revealed an increase in pNF-kβ levels after stimulation 
with P31-43. Both milk-based postbiotics (with and without the 
addition of an LA source) reduced the level of pNF-kβ induced by 
p31-43. These findings indicated that milk-based postbiotics with LA 
achieved the same pNF-kβ reduction effect as milk-based postbiotic 
with only L. plantarum (Figures 2A,B, p < 0.05 for both).

Additionally, we evaluated the effects of milk-based postbiotics 
added with SCGs and SCG oil in Caco-2 cells in the presence of the 
gliadin peptide. For this purpose, Caco-2 cells were pretreated with 
milk-based postbiotics at 2% w/v for 30 min and subsequently 
stimulated with P31-43, and the activation of pNF-kβ was evaluated 
via WB. Pretreatment with milk-based postbiotics combined with 
SCGs reduced in a statistically significant way the levels of pNF-kβ 

FIGURE 2

Effects of milk based postbiotics of L. plantarum CECT 749, with or without the addition of LA, SCG oil or SCGs at 2% concentration, after 24 h of 
fermentation on Caco-2 cells after treatment with P31-43. (A) Western blot analysis of protein lysates from untreated Caco-2 cells (NT), those treated 
with P31-43 for 1 h, and those pretreated with milk based postbiotic of L. plantarum CECT 749 after 24 h of fermentation with the addition of LA, 
blotted with antibodies against pNF-kB. GAPDH was used as a loading control. The immunoblotting analysis was representative of three independent 
experiments. (B) Densitometric analysis of bands from the WB shown in A. Columns represent the mean, and bars represent the standard deviation of 
the relative intensity of pNF-kB with respect to the total GAPDH protein. Student’s t test: * = p < 0.05. (C) Western blot analysis of protein lysates from 
untreated Caco-2 cells (NT), those treated with P31-43 for 1 h, and those pretreated with milk-based postbiotic of L. plantarum CECT 749 after 24 h of 
fermentation with the addition of SCG oil and SCGs, were blotted with antibodies against pNF-kB. GAPDH was used as a loading control. The 
immunoblotting analysis was representative of three independent experiments. (D) Densitometric analysis of bands from the WB shown in A. Columns 
represent the mean, and bars represent the standard deviation of the relative intensity of pNF-kB with respect to the total GAPDH protein. Student’s t 
test: * = p < 0.05. (E) Western blot analysis of protein lysates from untreated Caco-2 cells (NT), those treated with P31-43 for 1 h, and those pretreated 
with milk based postbiotic of L. plantarum CECT 749 after 24 h of fermentation, and alone and with the addition of SCGs, were blotted with antibodies 
against pNF-kB. Stain-free gel was used as a loading control. The immunoblotting analysis was representative of three independent experiments. 
(F) Densitometric analysis of the bands from the WB shown in A. Columns represent the mean, and bars represent the standard deviation of the relative 
intensity of pNF-kB with respect to the total protein intensity. Student’s t test: * = p < 0.05.
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induced by p31-43 (Figures 2C,D, p < 0.05). However, milk-based 
postbiotics with SCG oil did not significantly inhibit the increase in 
pNF-kβ levels induced by P31-43 (Figures 2C,D).

The milk-based postbiotic with SCGs was more efficient than the 
milk-based postbiotic in preventing P31-43-induced activation of 
NF-kB under the same conditions (Figures 2E,F). In fact, the mean 
phosphorylation of NF-kB in Caco-2 cells pretreated with the milk-
based L. plantarum postbiotic with SCGs was half than that of NF-kB 
in Caco-2 cells pretreated with the milk-based L. plantarum postbiotic, 
although a significant difference was not detected between the two 
groups analyzed.

3.4 In CeD intestinal organoids milk based 
postbiotic of Lactobacillus plantarum with 
or without SCGs reduced inflammation

The milk-based postbiotic activity of L. plantarum was tested in 
intestinal organoids derived from CeD patients with villus atrophy 
and compared with that of intestinal organoids derived from control 
subjects. Intestinal organoids can be  obtained from stem cells 
LGR5 + present in intestinal crypts. This kind of multipotent cells 
could differentiate toward a limited number of cell types in the 
presence of specific growth factors. The stem cells are grown in 3D and 
enclosed in a matrix, which serves as a basal membrane. By using 
appropriate stimuli, they differentiate into epithelial cells. They can 
be grown and amplified for several weeks as spheroids. However, to 
know the response to stimuli of a pro-inflammatory nature or to 

investigate the possible beneficial effect of pre-pro-postbiotics and 
nutraceuticals or drugs, it is necessary to create a 2D monolayer of 
intestinal epithelial cells. Two-dimensional monolayers of intestinal 
organoids allow direct contact of the apical, adsorptive pole of the cells 
with the culture medium; this cannot occur in 3D culture as the apical 
sides of the cells are enclosed in the spherical organoids. Due to the 
lack of an appropriate scaffold, they do not form villi, instead the 
crypts are nicely represented as budding from the main spheroid 
(Supplementary Figure 2). Morphologically they do not show great 
differences although we  (13) and others (37) have noticed that 
GCD-CeD organoids appear more dense respect to controls.

To test postbiotic activity, intestinal organoids were opened in 2D 
on Matrigel pretreated plates and treated with milk-based postbiotics 
from L. plantarum with or without SCGs for 3 h. Compared with 
CTRs organoids, intestinal organoids from CeD patients were 
inflamed (Figures 3A,B, p < 0.01). In fact, CeD organoids presented 
increased NF-kB phosphorylation levels, as measured by WB13. 
Compared with that of the untreated CeD intestinal organoid, the 
pNF-kB of the milk-based L. plantarum postbiotic with or without the 
addition of SCGs was reduced by 4.63- and 5.42-fold, respectively 
(Figures 3A,B, p < 0.05 for both). Interestingly, the levels of pNF-kB 
in intestinal organoids from CeD patients after treatment with milk-
based L. plantarum postbiotics with and without SCGs were similar 
to the levels found in intestinal organoids from controls.

IL-8 an inflammatory cytokine most abundant in the intestinal 
epithelium can induce NF-kB activation (38) and is increased in IBD 
and CeD intestinal biopsies (39). Culture media from CTR and 
GCD-CeD, treated and not with milk- based L. plantarum postbiotics 

FIGURE 3

Effects of the milk-based postbiotic of L. plantarum CECT 749 and milk-based postbiotic of L. plantarum alone or with the addition of SCGs in 
intestinal organoids of CeD patients. (A) Western blot analysis of protein lysates from organoids from CeD patients, untreated and treated with milk-
based postbiotic of L. plantarum alone or with the addition of SCGs for 3 h, and control organoids were blotted with antibodies against pNF-kB. 
(B) Densitometric analysis of the bands from the WB shown in A. Columns represent the mean, and bars represent the standard deviation of the 
relative intensity of pNF-kB with respect to the total protein intensity. Number of organoids was indicated. Student’s t test: * = p < 0.05. (C) ELISA 
showing IL-8 cytokine levels in the culture media of GCD-CeD intestinal organoids treated with and without milk-based postbiotics of L. plantarum, 
with and without SCG and CTR organoids. The numbers of organoids analyzed are indicated. The columns represent the media, and bars represent the 
standard deviation. Student’s t test: * = p < 0.05, ** = p < 0.05.
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with and without the addition of SCG were analyzed by ELISA assay 
to test IL-8 levels. The results shown in Figure 3C indicate that IL-8 
increased in CeD respect to CTR in a statistically significant way. The 
treatment with both the postbiotics, with and without, SCG was able 
to decrease IL-8 levels, but only the postbiotic with SCG reduced this 
cytokine in a statistically significant way, indicating that the SCG on 
some read outs is more efficient than the postbiotic alone.

3.5 Discussion

We demonstrated that the presence of LA and SCG oil in the 
fermented milk negatively affected both bacterial growth and lactic 
acid production during 48 h of fermentation. On the other side the 
addition of SCG promoted microbial proliferation and lactic acid 
formation which were even higher than those observed in fermented 
milk without any additives. Indicating that the SCG probably is 
improving the bacterial growth and lactic acid formation. L. plantarum 
could convert LA to conjugated linoleic acids (CLAs). As a source of 
LA we used not only LA, but also the used food waste SCGs and SCG 
oil that are a natural source of LA (32). The maximum amount of 
CLAs was produced after 24 h of fermentation in milk supplemented 
with LA, with a higher CLA concentration being achieved than other 
concentrations reports in the literature where the same fermentation 
conditions (31) or the same microorganisms (21) were used. During 
fermentation in milk supplemented with SCGs or SCG oil, no CLA 
production was observed, probably because CLAs were already 
abundant in the matrix supplemented with the coffee byproducts.

The higher bacterial growth and lactic acid production observed 
when SCGs was added to milk could be due to the presence of some 
oligosaccharides (40), such as mannooligosaccharides (MOS) and 
galactomannans, for which previous works have already shown the 
prebiotic effect on lactic acid bacteria (41). SCGs has already been 
used as a substrate to be fermented by lactic acid bacteria to produce 
lactic acid (42, 43), after preliminary chemical and enzymatic 
pretreatments. In the present work, L. plantarum was able to 
metabolize SCGs and to use it as prebiotic without any pretreatment, 
to the best of our knowledge this has been unreported before.

SCGs are a rich source of polysaccharides (more than 50% by dry 
weight), such as cellulose and hemicellulose; among the sugars, 
mannose, galactose, and glucose are the most abundant. Lignin is also 
present in significant amounts (close to 25%), and the total fiber 
content is 60% (44). Approximately 20% of SCGs consist of proteins. 
SCGs have antioxidant potential (44) because of the presence of 
phenolic compounds (Supplementary Table 3) such as chlorogenic 
acid, caffeine, and flavonoids; considering its high fiber content, high 
concentration of linoleic acid and anti-inflammatory potential, it can 
be considered for the development of functional foods.

In the present study, we  investigated the effects of milk-based 
postbiotics obtained from L. plantarum CECT 749 with and without 
free LA, SCGs or SCG oil on inflammation in Caco-2 cells after 
treatment with the gliadin peptide P31-43 and in intestinal organoids 
from CeD patients. Intestinal epithelial cells derived from intestinal 
carcinoma, Caco-2 cells, or staminal intestinal cells such as intestinal 
organoids were used to test the ability of milk-based postbiotics to 
prevent gliadin peptide P31-43-induced inflammation.

Caco-2 cells are widely used as an in vitro model to study the 
intestinal barrier and intestinal absorption in patients with celiac 
disease and gluten sensitivity (8, 34). After exposure to gluten 

peptides, Caco-2 cells exhibit increased intestinal permeability, and 
several other pathways, such as inflammation are altered (8). Conte 
et al. demonstrated that in the presence of both P31-43 and PTG, 
Caco-2 cells were inflamed and exhibited increased pNF-kB levels 
(15). In the same model, postbiotics from both L. paracasei and 
L. rhamnosus GG prevented the proinflammatory effects induced by 
gliadin peptides on Caco-2 cells (15, 16).

The effect was observed only with 2% fermented products, 
indicating that their activity is concentration dependent and that 
L. plantarum with added LA was able to prevent the effects of P31-43 
on NF-kB activation. Although L. plantarum with SCGs was more 
efficient than L. plantarum alone in preventing P31-43 activity, the 
difference was not statistically significant. L. plantarum with SCG oil 
alone was not able to prevent the effects of P31-43 on CaCo2 cells. 
This is probably due to the fact that SCG oil does not benefit the 
bacteria’s growth, activities and the production of active metabolites. 
The interference of the fatty matrix on bacterial activities has already 
been described in the literature (45, 46).

Considering that three different postbiotic samples characterized 
by a different CLA concentration (namely milk with LA: 1,5 g/L CLA; 
milk without any addition: no CLA detected; milk with SCG: 0,5 g/L 
CLA) all showed a similar anti-inflammatory capacity, it is very likely 
that the effects on P31–43-induced inflammation did not depend on 
CLA production. We do not know why L. plantarum lost its activity 
after treatment with SCG oil; very likely, the high-fat matrix was not 
ideal for the production of one or more metabolites needed for the 
anti-inflammatory effect.

Intestinal organoids, which mimic miniature of the intestine, are 
a cell model used to study pathogenic agents and mechanisms related 
to celiac disease, such as inflammation (37, 47–49). Organoids are 
good models for studying some pathogenetic mechanisms of CeD, 
such as proliferation and constitutive inflammation, because they 
reproduce these alterations found in CeD biopsy samples (13, 36). 
Moreover, other studies demonstrated that treatment with L. paracasei 
and L. rhamnosus GG was able to reduce constitutive inflammation in 
CeD intestinal organoids (15, 16). In this manuscript we  have 
confirmed that GCD-CeD organoids were inflamed respect to the 
controls by using two different read outs, namely the activation of 
NF-kB and the levels of IL-8 in the culture media. Both were increased 
in GCD-CeD organoids and decreased by the milk-based postbiotic 
with and without the addition of SCG. To note is the result on IL-8 
reduction that was statistically significant only after treatment with 
milk-based L. plantarum postbiotic added with SCG.

The mechanism by which milk-based postbiotics obtained by the 
fermentation of L. plantarum, with and without the addition of LA 
or SCGs, exert their biological effects after treatment with P31-43 in 
Caco-2 cells and CeD intestinal organoids still needs to be clarified. 
The possible ability of milk-based postbiotics of L. plantarum with 
SCGs to prevent P31-43-induced inflammation could be associated 
with the presence of molecules with antioxidant activity and anti-
inflammatory effects in this waste product (50). Further studies will 
be necessary to investigate which metabolites exert anti-inflammatory 
effects. Interestingly, in presence of SCG the bacteria grow was better 
and produce more lactic acids, indicating a better fermentation 
activity, but the production of CLA that was basically absent. All this 
indicating that CLA are not responsible for the anti-inflammatory 
activity, probably mediated by other metabolites. However, this 
observation confirms the possibility of reusing food waste from 
coffee processing to produce functional foods with improved 
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beneficial properties. This enhanced effect of SCGs cannot 
be described on the constitutive inflammation of CeD organoids. 
This is probably because different inflammatory pathways are 
engaged in intestinal organoids.

In conclusion, milk-based postbiotics of L. plantarum, with or 
without SCGs, can prevent P31-43-induced inflammation in Caco-2 
cells and reduce constitutive inflammation in CeD organoids.

These preclinical studies provide a good basis for initiating clinical 
trials in celiac patients to prevent the proinflammatory effects of 
gliadin peptides. It would be interesting to test the ability of postbiotics 
to prevent disease in potential patients who have anti-transglutaminase 
antibodies but have not yet developed the intestinal lesions typical of 
celiac disease. However, more studies are needed to investigate the 
related safety parameters and biological activity of postbiotics in vivo. 
Despite patients’ best efforts, some subjects can experience continuous 
exposure due to cross-contamination or traces of gluten in food. These 
risks could, in some cases, compromise the health and quality of life 
of these patients. Therefore, it is generally useful to study compounds 
that can prevent the inflammatory effects of gliadin with the hope of 
reducing the burden of living with celiac disease and improving long-
term health outcomes.
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Unveiling the therapeutic benefits 
of black chokeberry (Aronia 
melanocarpa) in alleviating 
hyperuricemia in mice
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1 Department of Food Sciences, National Chiayi University, Chiayi, Taiwan, 2 Department of Food 
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Taiwan

Background: Hyperuricemia not only increases the risk of cardiovascular 
diseases such as dyslipidemia, hypertension, coronary artery disease, obesity, 
metabolic syndrome, and type-2 diabetes, but also severely impacts kidney 
function, potentially leading to acute kidney injury and chronic kidney disease.

Methods: This study aims to investigate the health benefits of black chokeberry 
(Aronia melanocarpa) on hyperuricemic mice induced by oxonic acid.

Result: The experimental results showed that black chokeberry had no significant 
toxic or negative effects in mice. The measurement of uric acid (UA) indicated 
that black chokeberry suppressed the UA levels. Additionally, the xanthine 
oxidase activity in the high-dose group was significantly decreased, along 
with reductions in serum urea nitrogen and creatinine levels. Black chokeberry 
effectively increased the glutathione levels in hyperuricemic mice and reduced 
malondialdehyde levels, as well as significantly inhibiting adenosine deaminase 
activity.

Conclusion: Its efficacy is comparable to that of the marketed drug allopurinol, 
underscoring the potential of black chokeberry as a functional product for uric 
acid reduction.

KEYWORDS

adenosine deaminase, black chokeberry, hyperuricemia, uric acid, xanthine oxidase

1 Introduction

Hyperuricemia refers to an excessively high concentration of uric acid (UA) in the serum. 
Typically, hyperuricemia is diagnosed when serum UA levels exceed 7 mg/dL in men and 
6 mg/mL in women. The global prevalence of hyperuricemia is approximately 19.37%, with 
higher incidences observed in men and postmenopausal women (1). As the condition 
progresses, it may develop into gouty arthritis, kidney stones, and cause renal damage (2).

UA is the final product of purine metabolism, with most serum UA originating from 
endogenous purines, and about one-third coming from dietary sources. Hyperuricemia is 
caused by excessive production of UA and insufficient renal excretion. Therefore, current 
medications for lowering UA primarily work by promoting UA excretion and inhibiting 
xanthine oxidase (XO) (3). However, these drugs are often associated with side effects such as 
allergies, diarrhea, hepatotoxicity, and nephrotoxicity (4, 5). Hence, there is a need for 
alternative safe and effective treatments for hyperuricemia.
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Aronia melanocarpa, commonly known as black chokeberry, is a 
berry rich in polyphenolic compounds and flavonoids. Its main active 
components include chlorogenic acid, neochlorogenic acid, 
anthocyanins, proanthocyanidins, and quercetin derivatives. 
Numerous studies have confirmed its health benefits, including 
antioxidant, anti-inflammatory, antimicrobial, antihypertensive, lipid-
lowering, antidiabetic, hepatoprotective, and neuroprotective effects 
(6). Previous studies have shown that black chokeberry can improve 
serum UA levels, reduce xanthine oxidase activity, and inhibit 
inflammation associated with acute gout in rat models (7). 
Additionally, black chokeberry has been shown to alleviate kidney 
damage by reducing the expression of pro-inflammatory factors, 
oxidative stress, lipid peroxidation, and apoptosis, thereby improving 
renal function (8).

This study used domestically sourced black chokeberry to 
evaluate serum UA, blood urea nitrogen (BUN), and creatinine 
(CRE) levels in mice, assessing kidney function. It also measured 
xanthine oxidase, glutathione (GSH), malondialdehyde (MDA), and 
adenosine deaminase (ADA) activity to assess liver function. The 
UA-lowering effects of black chokeberry were further explored in 
hyperuricemic mice induced by oxonic acid potassium salt (OA). 
Black chokeberry demonstrated potential in inhibiting UA 
production, reducing BUN, and lowering creatinine levels, while also 
inhibiting the activity of xanthine oxidase and adenosine deaminase. 
These results suggest that black chokeberry may improve both kidney 
and liver function in mice and holds promise as a functional product 
for lowering UA.

2 Methods

2.1 Sample preparation

After juicing for black chokeberries, the juice was filtered 
through a 40-mesh sieve and then vacuum filtered to remove the 
skin and pulp. The filtrate was then freeze-dried using a vacuum 
freeze dryer, and the resulting dried powder constituted the black 
chokeberry. This powder was stored at −20°C for 
subsequent experiments.

2.2 Animals

This study was approved by the Laboratory Animal Care and Use 
Committee of National Chiayi University (Approval No. 112021). 
Male ICR mice, 5 weeks old, were purchased from LASCO 
Biotechnology Co., Ltd. to establish an oxonic acid potassium salt 
(OA)-induced hyperuricemia model by ip. After acclimatizing the 
mice for 1 week, they were randomly divided into six groups, each 
with six mice: blank, OA (250 mg/kg bw/day) induction by 
intraperitoneal injections, OA + allopurinol (10 mg/kg bw/day), 
OA + low-dosage sample (450 mg/kg bw/day), OA + medium-dosage 
sample (900 mg/kg bw/day), and OA + high-dosage sample (1800 mg/
kg bw/day). The experiment lasted for 1 week. After the experiment, 
blood was collected via cardiac puncture for biochemical analysis, and 
the liver and kidneys were dissected. The organs were rinsed with 
saline, weighed, wrapped in aluminum foil, and rapidly frozen in 
liquid nitrogen, then stored at-80°C for further analysis.

2.3 Serum preparation

Place the collected blood in a tube without anticoagulant and 
allow it to clot at room temperature for 1 h, and then centrifugation 
was carried out at 3,000 rpm for 10 min at 4°C to separate the serum 
and stored at −80°C.

2.4 Liver homogenate preparation

Liver (0.4 g) was homogenated with PBS, and the solution was 
centrifuged at 5,000 rpm for 10 min at 4°C, the supernatant was 
collected and stored at −80°C.

2.5 Measurement of blood urea nitrogen

Analyze using the Urea Enzymatic Kinetic Method commercial 
kit (RANDOX). Add 10 μL of serum and the standard solution to 
1 mL of the reaction reagent containing α-oxoglutarate, ADP, urease, 
GLDH, NADH, and Tris buffer (pH 7.6) for incubation at 37°C for 
30 s, then the absorbance at 340 nm was measured. Continue the 
reaction for another 60 s and measure the absorbance at 340 nm again.

The calculation formula: BUN = Standard concentration × 
ΔAsample, 340 nm/ΔAstandard, 340 nm.

2.6 Measurement of serum creatinine 
content

Analyze using the Creatinine commercial kit (RANDOX). Add 
100 μL of serum and the standard solution to 1 mL of the reaction 
reagent containing 35 μmol/L picric acid and 0.32 mol/L sodium 
hydroxide. Measure the absorbance at 492 nm after 30 s and again 
after 150 s.

The calculation formula: CRE = Standard concentration × 
ΔAsample, 492 nm/ΔAstandard, 492 nm.

2.7 Measurement of serum uric acid 
content

Analyze using the Uric Acid commercial kit (RANDOX). Add 
20 μL of serum and the uric acid standard solution to 1 mL of the 
reaction reagent containing HEPES buffer, 3,5-dichloro-2-
hydroxybenzenesulfonic acid, 4-aminophenazone, uricase, and 
peroxidase. Mix thoroughly and incubate in a water bath at 37°C for 
5 min. Measure the absorbance at 520 nm.

The calculation formula: UA = Standard concentration × (Asample, 

520 nm/Astandard, 520 nm).

2.8 Measurement of xanthine oxidase 
activity

The activity of xanthine oxidase in the liver is measured based on 
the conversion of xanthine to uric acid (9). Adding 100 μL of liver 
homogenate and the uric acid standard solution to 4.9 mL of the 
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reaction reagent containing 50 μM xanthine and 5 mM 
EDTA. Incubate at 37°C for 30 min, then add 500 μL of 0.58 M HCl 
to terminate the reaction. Measure the absorbance at a wavelength 
of 290 nm.

2.9 Measurement of glutathione content

Liver homogenate (100 μL) to 100 μL of 5% TCA solution and 
incubate on ice for 5 min. Centrifugating at 12,000 rpm for 15 min, 
and collect 150 μL of the supernatant. Add this to 750 μL of Tris/
EDTA solution (pH 8.2) and mix thoroughly. Then, add 37.5 μL of 
5,5′-DithioBis-(2-Nitrobenzoic Acid) (DTNB) solution, incubate for 
5 min, and measure the absorbance at 412 nm (10).

2.10 Measurement of malondialdehyde 
content

Liver tissue homogenate (40 μL) and TEP standard to 120 μL of 
deionized water and 40 μL of 8.1% SDS solution. Mix thoroughly and 
incubate at room temperature for 5 min. Then, add 300 μL of 20% 
ethanolic acid (pH 3.5) and 300 μL of 0.8% TBA reagent, and incubate 
at 95°C for 1 h. After cooling, centrifuge at 4,000 rpm for 10 min and 
measure the absorbance of the supernatant at 532 nm (11).

2.11 Measurement of adenosine deaminase 
activity

Analyze using the Elabscience commercial kit (Metabolism 
Assay). Add 10 μL of liver homogenate and the standard solution to 
180 μL of Reagent-1 and 90 μL of Reagent-2. Incubate at 37°C for 
7 min, then measure the absorbance at 550 nm. After this, continue 
the reaction at 37°C for another 10 min and measure the absorbance 
again at 550 nm.

2.12 Statistical methods

The results of this experiment are expressed as mean ± standard 
deviation (S.D.). Data analysis was conducted using SPSS 
(Statistical Product and Service Solutions 22.0). One-way ANOVA 
was used to compare differences between groups, followed by 

Duncan’s multiple range test for significance comparisons. A 
p-value of < 0.05 indicates a statistically significant difference in 
the data.

3 Results and discussion

3.1 Body weight, food intake, water intake, 
and organ weight

If toxic substances enter the experimental animals, they can affect 
their physiological condition or metabolic processes, leading to 
significant changes in body weight. To observe whether intraperitoneal 
injection or feeding of drugs and samples causes toxicity in animals, 
changes in body weight can be used as a preliminary indicator of 
potential poisoning (12).

Table  1 presents the body weight changes in hyperuricemia-
induced mice. No significant differences in body weight were observed 
among the groups, except for the positive control group, where drug 
treatment likely improved physiological status, leading to better 
dietary intake and increased weight. Daily food and water intake were 
monitored, with an average consumption of 5.3 g and 9.1 g per mouse, 
respectively. In conclusion, black chokeberry supplementation did not 
cause toxicity or significantly affect body weight, food and water 
intake in hyperuricemic mice induced by intraperitoneal OA injection.

3.2 Serum BUN and CRE

BUN is a nitrogenous molecule produced in the liver and excreted 
by the kidneys, commonly used to assess kidney function (13). This 
experiment evaluates whether different doses of black chokeberry can 
reduce BUN levels in hyperuricemic mice (Table 2). The OA-induced 
group exhibited BUN level (13.51 mmol/L) compared to the control 
group (4.54 mmol/L). In the low-, medium-, and high-dosage groups, 
the levels of BUN were reduced to 10.21, 9.56, and 4.86 mmol/L, 
reflecting reductions of 24.43, 29.24, and 64.03%, respectively, 
compared to the OA-induced group. Notably, the high-dosage group 
showed a significant reduction, with levels falling below those of the 
allopurinol-treated group (6.81 mmol/L). Moreover, the high-dosage 
group outperformed the OA-induced mice treated with allopurinol, 
showing no significant difference compared to the control group. 
These findings suggested that high-dosage sample treatment in 
hyperuricemic mice lowered BUN.

TABLE 1  Changes in body weight, dietary intake, and water intake of OA-induced hyperuricemia mice.

Groups Body weight (g) Food intake (g) Water intake (g)

Day-1 Day-7 Day-1 Day-7 Day-1 Day-7

Blank 27.78 ± 2.9a 29.98 ± 2.37a 6.8 6.27 7 12

OA 27.90 ± 1.64a 28.48 ± 2.06a 5.22 5.67 8 9

OA + allopurinol 28.53 ± 1.02b 30.62 ± 1.83a 5.66 5.96 10 11

OA + low dosage 27.78 ± 1.39a 27.7 ± 4.29a 5.61 4.74 8 12

OA + medium dosage 27.70 ± 0.95a 28.17 ± 1.33a 4.98 4.58 8 6

OA + high dosage 27.45 ± 1.24a 28.51 ± 3.10a 5.71 4.52 8 11

Each value is expressed as mean ± S.D. (n = 6). Value in row with the different superscripts are significantly different (p < 0.05).
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Table 2 presents the effects of black chokeberry on CRE levels 
in hyperuricemic mice. The negative control group exhibited CRE 
level (38.87 μmol/L), which approximately three times higher than 
that of the control group (9.01 μmol/L). In the low-, medium-, and 
high-dose groups (black chokeberry), the CRE levels were 23.66, 
15.21, and 9.58 μmol/L, respectively, showing a dose-dependent 
reduction of 39.13, 60.87, and 75.35%. The CRE level in the high-
dose group was comparable to that of the control group and not 
significantly different from the positive control group, suggesting 
that high-dose black chokeberry treatment achieved similar 
reductions in CRE as drug treatment and brought levels close to 
those of uninduced mice.

Hyperuricemia induced by OA can lead to nitric oxide-related 
endothelial dysfunction, affecting the kidney’s ability to transport 
urate and other organic ions, thereby worsening renal dysfunction and 
damage (14). Cherry has known for its immunomodulatory 
properties, can enhance the immune system through various 
mechanisms (14, 15). These findings suggest that high-dose wild 
cherry effectively reduces CRE levels in hyperuricemic mice, 
highlighting potential of black chokeberry used as a natural kidney-
protective agent.

3.3 Serum uric acid and xanthine oxidase 
activity

Uricase is an enzyme in mammals that converts uric acid to 
allantoin. In animal studies, oxonic acid, a commonly used uricase 
inhibitor, induces hyperuricemia by raising serum uric acid levels. 
It is cost-effective, fast-acting, and widely used in preliminary 
research to evaluate the uric acid-lowering effects of new 
treatments for hyperuricemia (16, 17). Clinically, hyperuricemia is 
treated with drugs that either promote uric acid excretion (such as 
probenecid, benzbromarone, and sulfinpyrazone) or inhibit uric 
acid production (such as allopurinol and febuxostat). However, 
these medications are associated with side effects, including renal 
toxicity, liver damage, and an increased risk of cardiovascular 
disease (18, 19). This has led to growing interest in natural 
products rich in phytochemicals as alternative treatments for 
hyperuricemia, offering potential uric acid-lowering effects with 
fewer side effects.

Figure 1A illustrates the effects of black chokeberry on serum uric 
acid level in hyperuricemic mice. One week after OA injection, the 
serum uric acid level in the OA-induced mice was rose to 5.40 mg/dL 
compared to the control group (3.35 mg/dL). In contrast, the 
OA-induced mice treated with allopurinol showed a reduction to 

2.66 mg/dL, below the level of the control group. In the low-, 
medium-, and high-dosage groups, serum uric acid level was 
decreased in a dose-dependent manner, reaching 4.98, 3.61, and 
2.87 mg/dL, respectively. The high-dosage group demonstrated the 
most pronounced effect, with results comparable to the 
allopurinol group.

Patients using allopurinol for hyperuricemia are at an increased 
risk of requiring dialysis (10). This study showed the effects of black 
chokeberry treating hyperuricemia in mice are comparable to those 
of the synthetic drug allopurinol. The results suggested that black 
chokeberry has notable uric acid-lowering efficacy, likely due to its 
phenolic acid components (19, 20), making it a promising candidate 
for development into health products targeting uric acid-
related conditions.

Xanthine oxidase is the primary enzyme for purine metabolism 
in the liver (21, 22). It oxidizes hypoxanthine to xanthine and then 
xanthine to uric acid, generating superoxide anions (O₂−) and 
peroxides, which increase cellular oxidative stress. Excess uric acid in 
the body can lead to hyperuricemia and gout, caused by the 
crystallization of uric acid in joints and surrounding tissues (23). 
Increased intake of high-purine foods can lead to overactivity of 
xanthine oxidase, raising the prevalence of hyperuricemia. Allopurinol 
and febuxostat are two xanthine oxidase inhibitors but can have 
significant side effects (24).

Developing natural compounds as xanthine oxidase inhibitors 
is essential. Figure 1B showed the effects of black chokeberry on 
xanthine oxidase activity in the livers of hyperuricemic mice. No 
significant differences were observed in xanthine oxidase activity 
among the low-, medium-, and high-dosage groups compared to 
the control group. However, both the high-dosage and allopurinol 
treatment showed significant reductions compared to the 
OA-induced group. These findings suggest that high-dosage 
sample effectively reduces xanthine oxidase activity, with similar 
efficacy to allopurinol, thereby lowering uric acid level.

3.4 GSH and MDA levels in hyperuricemic 
mice

Glutathione (GSH) is present in most mammals, synthesized from 
glutamate and cysteine, and plays a crucial role as a key antioxidant. 
It helps generate iron–sulfur proteins and neutralizes reactive oxygen 
species (ROS), controlling redox states (25). High concentrations of 
GSH protect the liver from oxidative stress (26). Research by Zhang 
et al. (27) shows that CCl₄-induced liver damage depletes GSH due to 
its conversion to oxidized glutathione during free radical scavenging. 

TABLE 2  Effect of black chokeberry on blood urea nitrogen and creatinine levels in hyperuricemic mice.

Groups BUN (mmol/L) CRE (μmol/L)

Blank 4.54 ± 1.14c 9.01 ± 0.98d

OA 13.51 ± 3.57a 38.87 ± 1.69a

OA + allopurinol 6.81 ± 1.63bc 11.83 ± 2.93cd

OA + low dosage 10.21 ± 2.26ab 23.66 ± 4.78b

OA + medium dosage 9.56 ± 1.79ab 15.21 ± 1.69c

OA + high dosage 4.86 ± 2.35c 9.58 ± 0.98d

Each value is expressed as mean ± S.D. (n = 6). Value in row with the different superscripts are significantly different (p < 0.05).
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Notably, anthocyanins in wild cherries may help maintain liver 
GSH levels.

Table  3 showed the effects of black chokeberry on GSH 
content in the livers of hyperuricemic mice. The GSH levels in 
the control, OA induction, allopurinoll, low-dosage, medium-
dosage, and high-dosage treated-groups were 2.82, 1.90, 3.18, 
3.29, 3.47, and 3.88 μmol/mg protein, respectively. Black 
chokeberry treatment resulted in an upward trend in GSH 
content. These results suggested that high doses of black 
chokeberry may boost GSH levels, helping to prevent or mitigate 
liver damage caused by oxidative stress, thereby reducing hepatic 
oxidative stress injury.

Malondialdehyde (MDA) is widely used as an indicator of lipid 
peroxidation and reflects oxidative stress in cells, particularly from 
reactive oxygen species (ROS) (28). MDA can disrupt lipid membrane 
structures, leading to severe cellular damage (29). A study indicated 
that flavonoids in black chokeberry can reduce CCl₄-induced lipid 
peroxidation in the liver (30). Table 3 presents the protection of black 
chokeberry on MDA levels in the livers of OA-induced hyperuricemic 
mice. The MDA concentrations for the control, OA induction, 
allopurinol, low-dosage, medium-dosage, and high-dosage groups 
being 1.09, 1.31, 1.13, 1.14, 1.09, and 1.01 μmol/mg protein, 
respectively. Notably, there was a significant difference between the 
high-dose and positive control groups. Elseweidy et al. (31) showed 

FIGURE 1

Effect of black chokeberry on serum (A) uric acid levels and (B) liver xanthine oxidase activity in hyperuricemicmice. Each value is expressed as mean ± 
S.D. (n = 6). Value in row with the different superscripts are significantly different (p < 0.05).
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that allopurinol treatment could modulate liver lipid metabolism and 
reduce MDA levels in fructose-induced non-alcoholic fatty liver 
models. These findings suggest that high-dosage black chokeberry can 
significantly lower liver MDA levels, thereby mitigating oxidative 
stress-related damage.

3.5 Adenosine deaminase activity in the 
OA-induced hyperuricemic mice

Adenosine deaminase (ADA) is a hydrolytic enzyme involved in 
purine metabolism, converting adenosine and 2′-deoxyadenosine into 
inosine and 2′-deoxyinosine, respectively (32). ADA is found in 
various organisms, including plants, bacteria, and animals (33). 
Inhibition of ADA can modulate inflammation by increasing 
adenosine levels in damaged tissues, thereby reducing inflammatory 
responses. Figure  2 illustrated the effects of wild cherry on ADA 
activity in the livers of hyperuricemic mice. The ADA activities for the 
control, OA induction, allopurinol, low-dosge, medium-dosage, and 

high-dosage groups were 6.99, 11.33, 3.58, 7.50, 5.47, and 3.89 μmol/
mg protein, respectively. Notably, the high-dosage group showed 
lower ADA activity than the control group. Due to ADA activity 
increases with rising uric acid level; therefore, administering high-
dosage of black chokeberry can lower uric acid levels and inhibit ADA 
activity, subsequently reducing inflammation.

Gout is an inflammatory disease caused by excessive uric acid levels 
in the blood, leading to the formation of insoluble monosodium urate 
(MSU) crystals. These crystals drive neutrophil activation and 
infiltration into joint tissues, resulting in severe pain in the affected 
areas. MSU crystals mediate oxidative stress through the nucleotide-
binding oligomerization domain-like receptor pyrin domain-containing 
3 (NLRP3) inflammasome, which subsequently triggers interleukin-1β 
production, exacerbating the inflammatory response (34–36).

Xanthine oxidase is a key enzyme in the purine metabolism 
pathway, and clinical and experimental studies have suggested that its 
activity may have pro-inflammatory effects (37). Currently, various 
anti-gout medications are available, including nonsteroidal anti-
inflammatory drugs (NSAIDs) such as allopurinol, which are 

FIGURE 2

Effect of black chokeberry on liver adenosine deaminase activity in hyperuricemic mice. Each value is expressed as mean ± S.D. (n = 6). Value in row 
with the different superscripts are significantly different (p < 0.05).

TABLE 3  The GSH and MDA contents in the liver of OA-induced hyperuricemic mice.

Groups GSH (umol/mg protein) MDA (umol/mg protein)

Blank 2.82 ± 0.34ab 1.12 ± 0.09bc

OA 1.9 ± 0.67c 1.29 ± 0.09a

OA + allopurinol 3.18 ± 1.16ab 1.19 ± 0.1b

OA + low dosage 3.29 ± 1.34ab 1.18 ± 0.11b

OA + medium dosage 3.47 ± 1.24b 1.13 ± 0.13bc

OA + high dosage 3.88 ± 1.32b 1.07 ± 0.11c

Each value is expressed as mean ± S.D. (n = 6). Value in row with the different superscripts are significantly different (p < 0.05).
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commonly used as first-line treatments for acute gout. However, their 
use is limited by adverse effects, including gastrointestinal toxicity, 
renal toxicity, and gastrointestinal bleeding. Therefore, the 
development of more effective anti-gout arthritis drugs remains of 
great significance (38, 39). In recent years, we have identified the 
bioactive compounds and antioxidants in black chokeberry (40). 
These findings suggest that black chokeberry has the potential for gout 
prevention and management.

4 Conclusion

Hyperuricemia is a pathological condition characterized by an 
abnormal increase in serum uric acid levels due to excessive uric acid 
production or reduced excretion. The main pathogenic mechanisms 
include xanthine oxidase overactivation and phosphoribosyl 
pyrophosphate synthetase (PRPP synthetase) hyperactivity. For 
xanthine oxidase, which promotes the conversion of xanthine to uric 
acid, leading to excessive uric acid production, but PRPP synthetase is 
able to enhance purine synthesis, subsequently increasing uric acid 
production. Uric acid is the final product of purine metabolism, derived 
from both endogenous (cellular metabolism) and exogenous (dietary) 
purine breakdown. A high-purine diet (e.g., red meat, organ meats, and 
seafood), excessive fructose intake, alcohol consumption, and obesity 
are closely associated with the development of hyperuricemia. In this 
study, our results demonstrate that black chokeberry can reduce 
xanthine oxidase activity and uric acid production. In the future, it may 
serve as a potential functional ingredient for gout prevention.
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D-Psicose (DPS) serves as an optimal sucrose substitute, providing only 0.3% 
of sucrose’s energy content, while exhibiting anti-inflammatory properties and 
inhibiting lipid synthesis. However, its efficacy in managing non-alcoholic fatty liver 
disease (NAFLD) remains unclear. This study employed network pharmacology 
and molecular docking to identify potential DPS targets for NAFLD treatment. A 
high-fat diet was used to induce a NAFLD mouse model, with DPS administered in 
drinking water at 5% (high dose DPS group, DPSH group) and 2.5% (low dose DPS 
group, DPSL group) concentrations. After 12 weeks, blood lipid levels, liver lipid 
deposition, and inflammation were evaluated to assess the therapeutic effects of 
DPS. To explore its underlying mechanisms, colon contents 16S rRNA sequencing 
and serum untargeted metabolomics were performed. Results indicated that DPS 
significantly reduced lipid accumulation and inflammatory damage in the livers 
of NAFLD mice, improving both blood lipid profiles and oxidative stress. Network 
pharmacology analysis revealed that DPS primarily targets pathways associated with 
inflammation and oxidative stress, while molecular docking suggested its potential 
to inhibit the NF-κB pathway activation and the expression of the receptor for 
advanced glycation end-products (RAGE), findings corroborated by Western blotting. 
Additionally, gut microbiota and serum metabolomics analyses demonstrated that 
DPS improved microbiota composition by increasing the abundance of beneficial 
bacteria, such as Akkermansia, and restored serum metabolomic balance, enhancing 
anti-inflammatory and antioxidant metabolites like Tretinoin and Pyridoxamine. The 
non-targeted metabolomics results suggest that DPS is mediated by glutathione 
metabolism, arginine and proline metabolism, unsaturated fatty acid biosynthesis, 
and linoleic acid metabolism interferes with NAFLD progression. In conclusion, DPS 
may alleviate oxidative stress and lipid accumulation in NAFLD mice through the 
AGEs/RAGE/NF-κB pathway, while also ameliorating gut microbiota dysbiosis and 
serum metabolomic disturbances, fostering the production of anti-inflammatory 
and antioxidant metabolites.
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D-Psicose, non-alcoholic fatty liver disease, oxidative stress, gut microbiota, 
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1 Introduction

D-Psicose (DPS), a ketohexose monosaccharide and epimer of 
D-fructose at the C-3 position, is found in trace amounts in wheat, itea 
plants, and processed cane and beet molasses, and can 
be bioengineered from fruit and vegetable waste (1, 2). With 70% of 
the sweetness of sucrose but only 0.3% of its caloric content, DPS 
presents an ideal sucrose alternative (3–5). It offers several health 
benefits, including anti-inflammatory, antioxidant, glucose and lipid 
metabolism regulation, and neuroprotective effects (6–8). Animal 
studies suggest DPS can inhibit liver fat-producing enzymes and 
intestinal α-glucosidase, potentially reducing body fat accumulation 
(9, 10). However, its therapeutic potential for non-alcoholic fatty liver 
disease (NAFLD) remains underexplored.

NAFLD affects approximately 25% of the global population and 
is a major contributor to cirrhosis and hepatocellular carcinoma (11, 
12). The disease progresses from steatosis, with or without mild 
inflammation, to non-alcoholic steatohepatitis (NASH), leading to 
significant necroinflammation and accelerated fibrosis compared to 
simple fatty liver (13–15). NAFLD is closely associated with metabolic 
syndrome, with type 2 diabetes significantly increasing the risk of 
cirrhosis and its complications (16–18). Currently, no specific 
treatments for NAFLD have been approved (13, 19–21). The recent 
FDA approval of Resmetirom (Rezdiffra™) in March 2024 marked a 
milestone as the first drug specifically indicated for non-cirrhotic 
NASH with moderate-to-advanced fibrosis (22). However, its clinical 
adoption faces notable limitations including diarrhea, nausea, and 
transient elevations in LDL cholesterol, posing risks for long-term use 
in metabolically compromised populations (23). Existing strategies 
emphasize the importance of lifestyle modifications and weight loss 
for both prevention and management (24–26). Leveraging DPS’s 
low-calorie and anti-inflammatory properties, network pharmacology, 
molecular docking, and an NAFLD mouse model were employed to 
investigate its therapeutic effects. Additionally, gut microbiota 16S 
rRNA sequencing and serum untargeted metabolomics were utilized 
to uncover the underlying mechanisms of DPS in NAFLD treatment, 
presenting a novel therapeutic approach.

2 Materials and methods

2.1 Network pharmacology and molecular 
docking analysis of DPS in the treatment of 
NAFLD

The DPS structure, obtained from the PubChem database, was 
imported into the SwissTarget Prediction and Superpred databases to 
predict potential targets. Searches were conducted in the OMIM1 and 
GeneCards2 databases using the keyword “Nonalcoholic fatty liver 
disease.” A Venn diagram was generated using the VennDiagram 
package in R Studio3 to display the overlapping potential targets of 
DPS for NAFLD treatment. The identified targets were imported into 
the STRING database, with “Homo sapiens” specified as the species. 

1  http://omim.org/

2  https://www.genecards.org/

3  https://www.rstudio.com/

The results were saved and imported into Cytoscape 3.10.0 for 
visualization, where the CytoHubba plugin was employed to rank the 
top 10 key targets by “Degree.”

The potential targets were uploaded to the DAVID database4 for 
GO functional enrichment and KEGG pathway analyses, applying a 
significance threshold of p < 0.05 to identify relevant signaling 
pathways associated with DPS treatment of NAFLD. The ggplot2 
package in R Studio was used to generate bar charts for the top 10 
signaling pathways in the biological process (BP), cellular component 
(CC), and molecular function (MF) GO enrichment categories. 
Additionally, the top 15 KEGG pathway results were visualized as a 
bubble chart.

The 3D structures of DPS active components were retrieved from 
the PubChem database as small molecule ligands. Core target proteins 
with high degree values in the PPI network were selected as receptor 
proteins, and their 3D structures were obtained from the PDB 
database.5 PyMOL software was utilized to prepare receptor proteins 
by adding hydrogen atoms, removing water molecules, and 
eliminating small molecule ligands. AutoDockTools was used to 
validate the molecular docking of key active components with core 
target proteins, and PyMOL was used for visualizing the results with 
enhanced activity.

2.2 Experimental animals and grouping

Eight-week-old male institute of cancer research (ICR) mice, 
purchased from Wukong Biotechnology (Nanjing, China), were 
housed at Jiangsu University’s Experimental Animal Center. The mice 
were maintained under controlled conditions (25°C, 50% relative 
humidity, 12 h light/dark cycle). They were randomly assigned to four 
groups: normal control (NC, n = 6), non-alcoholic fatty liver disease 
(NAFLD, n = 6), low-dose DPS (DPSL, n = 6), and high-dose DPS 
(DPSH, n = 6). The NC group received a standard diet, while the 
NAFLD, DPSL, and DPSH groups were fed a high-fat diet to induce 
NAFLD, following the method outlined by Sun et al. (27). The DPSL 
and DPSH groups received DPS in drinking water at concentrations 
of 2.5 and 5%, respectively, for 12 weeks. At the end of the treatment 
period, the mice were euthanized with an intraperitoneal injection of 
urethane (700 mg/kg; Sigma-Aldrich, St. Louis, MO, United States), 
and serum, liver, and colonic content were collected.

2.3 Analysis of serum biochemical markers

According to He  et  al. (28), kits from Nanjing Jiancheng 
Bioengineering Institute (Nanjing, China) were used to measure the 
concentrations and activities of alanine aminotransferase (ALT, C009-
2-1), aspartate aminotransferase (AST, C010-2-1), triglycerides (TG, 
A110-1-1), total cholesterol (TC, A111-1-1), low-density lipoprotein 
cholesterol (LDL-C, A113-1-1), high-density lipoprotein cholesterol 
(HDL-C, A112-1-1), malondialdehyde (MDA, A003-1-2), and 

4  https://david.ncifcrf.gov/

5  http://www.resb.org/
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superoxide dismutase (SOD, A001-3-2) in mouse serum. Testing 
procedures followed the kit manuals’ instructions.

2.4 Analysis of hepatic inflammatory factor 
expression

The expression levels of inflammatory factors in mouse liver, 
including TNF-α, IL-1β, IL-10, NLRP3, and Caspase-1 mRNA, were 
measured using the qRT-PCR assay, as outlined by He et al. (28). 
Reagents for the qRT-PCR assay were provided by Vazyme Biotech 
Co., Ltd. (Nanjing, China). Primer sequences are listed in 
Supplementary Table S1.

2.5 Western blotting assay

The expression of the inflammation-related factor RAGE and the 
phosphorylation level of NF-κB p65  in the mouse liver were 
determined via Western blotting, with experimental procedures 
detailed in Supplement S2.

2.6 Histological analysis of mouse liver 
tissue using HE and Oil Red O staining

Liver damage was assessed using H&E staining, while lipid 
deposition in the liver was evaluated with Oil Red O staining. The 
staining procedures are described in Supplement S3.

2.7 Analysis of gut microbiota 16S rRNA 
sequencing

The procedure for microbial 16S rRNA analysis of mouse colon 
contents can be found in Supplement S4. Genomic DNA was extracted 
from mouse colon microbiota using a genomic DNA extraction kit 
(TIANGEN, Beijing, China) for subsequent gut microbiota analysis, 
conducted by Wekemo Tech Group Co., Ltd. (Shenzhen, China). 
Bioinformatics analysis facilitated sequencing and species 
identification. The α-diversity (shannon) and β-diversity (unweighted 
unifrac and bray curtis) of the gut microbiota in mice were applied to 
evaluate microbial composition similarity or dissimilarity between 
groups. A clustering heatmap was used to investigate the impact of 
DPS on the gut microbiota.

2.8 Analysis of untargeted serum 
metabolomics

The untargeted metabolomics analysis of mouse serum was 
performed as follows: 120 μL of precooled 50% methanol was 
mixed with 20 μL of serum, incubated at room temperature for 
10 min, and stored overnight at −20°C. After centrifugation at 
4000 × g for 20 min, the supernatant was collected for untargeted 
metabolomics analysis. This analysis was conducted by Wekemo 
Tech Group Co., Ltd. (Shenzhen, China). PCA was used to 
illustrate the differences in serum metabolites across groups, while 

OPLS-DA provided the variable importance in projection (VIP) 
and significance values (p-value) for metabolite differences 
between groups. Metabolites were considered significant if 
VIP > 1.0 and p < 0.05 and were uploaded to the MetaboAnalyst 
6.0 platform for pathway analysis.

2.9 Statistical analysis

Data analysis was performed using SPSS 20.0 (SPSS, Chicago, IL, 
United States), with results presented as mean ± SD. One-way ANOVA 
and Tukey’s post hoc method was used to assess significant differences 
across groups, with p < 0.05 considered statistically significant. Graphs 
were generated using GraphPad Prism, the Bioincloud platform6, and 
R Studio.

3 Results

3.1 Network pharmacology analysis results 
of DPS in the treatment of NAFLD

The SwissTargetPrediction and Targets SUPPERD databases were 
utilized to identify 212 potential targets related to DPS, while 1929 
NAFLD-related targets were obtained from the GeneCards and 
OMIM databases (Figure 1A). Forty-one overlapping targets between 
DPS and NAFLD were identified as candidate genes for DPS treatment 
of NAFLD. These target genes were subsequently input into the 
STRING database to generate the protein–protein interaction (PPI) 
network (Figure  1B). A PPI network comprising 40 nodes 
(representing functional proteins) and 146 edges (depicting protein–
protein interactions) was constructed using Cytoscape software. The 
top 10 hub genes, ranked by degree, were HSP90AA1, HSP90AB1, 
STAT3, CASP3, and NFKB1 (Figure 1C). These hub genes are likely 
key targets for DPS in the treatment of NAFLD. GO enrichment 
analysis was performed using the DAVID database, revealing 145 
statistically significant GO terms. The analysis indicated that the DPS 
treatment targets were predominantly enriched in biological processes 
such as the inflammatory response, RNA polymerase II-mediated 
transcription regulation, gene expression enhancement, and 
lipopolysaccharide response. CCs were primarily enriched in the 
cytoplasm, nucleoplasm, cell surface, and plasma membrane. MFs of 
DPS targets were enriched in processes like identical protein binding, 
cannabinoid receptor activity, protein binding, and ubiquitin protein 
ligase binding (Figure 1D).

To further explore the mechanisms underlying DPS’s effects on 
NAFLD, KEGG pathway analysis of the DPS targets was performed 
using the DAVID database, identifying 56 statistically significant 
pathways. The top five pathways were Th17 cell differentiation, 
NOD-like receptor signaling, chemical carcinogenesis via receptor 
activation, lipid metabolism and atherosclerosis, and alcoholic liver 
disease (Figure  1E). These results suggest that DPS may exert its 
therapeutic effects by inhibiting inflammation and alleviating NAFLD 
symptoms through multiple pathways.

6  https://bioincloud.tech/
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3.2 The molecular docking results of DPS 
with key therapeutic targets for NAFLD

RAGE was selected as the receptor for molecular docking, based on 
its role as a hub target gene in the NF-κB pathway and its involvement in 

the AGE-RAGE signaling pathway, which is critical in diabetic 
complications. DPS was used as the ligand for molecular docking, with 
binding stability assessed by binding energy. A binding energy below 
−20.0 kJ/mol indicates strong molecular affinity with the protein. 
Molecular docking results showed that DPS forms three hydrogen bonds 

FIGURE 1

Using network pharmacology analysis to identify the targets of DPS in treating NAFLD. There were 41 target genes for DPS in treating NAFLD (A). These 
41 targets were input into the STRING database to obtain the PPI network (B). A PPI network consisting of 40 nodes (representing functional proteins) 
and 146 edges (representing interactions between proteins) was constructed using Cytoscape software, and the top 10 hub genes in the PPI network 
were identified based on “Degree” (C). Further, GO enrichment analysis of DPS treatment targets was performed using the DAVID database (D), and the 
KEGG signaling pathways of DPS treatment targets for NAFLD were predicted (E).
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with RAGE (GLY-48, VAL-58, and ARG-57) and the lowest binding 
energy of −20.50 kJ/mol (Figure 2A). Additionally, DPS and NF-κB 
formed five hydrogen bonds (ARG-174, THR-164, VAL-163, ARG-95, 

and GLN-162), with a binding energy of −23.01 kJ/mol (Figure 2B). 
These results suggest that DPS exhibits strong binding affinity with both 
NF-κB and RAGE.

FIGURE 2

Diagram of the docking model between DPS and key targets. The minimum binding energy between DPS and RAGE was less than −20.50 kJ/mol (A), 
and the minimum binding energy between DPS and NF-κB was less than −23.01 kJ/mol (B). These results indicate that DPS has a good binding ability 
with both NF-κB and RAGE.
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3.3 DPS reduced liver lipid accumulation 
and liver lesions in NAFLD mice

From week 6 onwards, the NAFLD group exhibited a significant 
increase in body weight compared to the NC group. No significant 
differences in body weight were observed between the NAFLD, DPSL, 
and DPSH groups during the experiment (p > 0.05) (Figure  3A). 
HE staining revealed a marked reduction in hepatocyte ballooning 
degeneration and necrosis in the DPSL and DPSH groups relative to 

the NAFLD group (Figures  3B–E). Oil Red O staining showed a 
significant reduction in hepatocyte fat deposition in the DPSL and 
DPSH groups (Figures 3F–I).

Compared to the NAFLD group, the DPSL and DPSH groups 
exhibited significantly lower serum levels of TC, TG, and LDL-C, 
while the DPSH group demonstrated a significant increase in HDL-C 
levels (p < 0.05) (Figures  4A–D). Oxidative stress in serum was 
notably diminished, as indicated by a significant increase in SOD 
activity and a marked decrease in MDA levels (p < 0.05) (Figures 4E,F).

FIGURE 3

Body weight of mice in the experiment (A). Liver damage in mice was observed using HE staining (B–E), and lipid deposition in the liver was assessed 
using Oil Red O staining (F–I). (B,F) The NC group; (C,G) The NAFLD group; (D,H) The DPSL group; (E,I) The DPSH group.
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qPCR analysis of liver tissue showed that DPS significantly 
reduced hepatic expression of inflammatory factors. The DPSL 
and DPSH groups exhibited lower mRNA levels of NLRP3, 
Caspase-1, and TNF-α compared to the NAFLD group, with IL-1β 

also significantly reduced in the DPSH group (p < 0.05). 
Furthermore, the DPSH group demonstrated a significant 
increase in hepatic IL-10 mRNA expression (p < 0.05) 
(Figures 4G–K).

FIGURE 4

Levels of lipid-related indicators in mouse serum: TC (A), TC (B), LDL (C), and HDL (D); levels of oxidative stress-related indicators in serum: SOD 
(E) and MDA (F); inflammatory factors in mouse liver: NLRP3 (G), Caspase-1 (H), IL-1β (I), TNF-α (J), and IL-10 (K). n = 6. *: p < 0.05; **: p < 0.01; ***: 
p < 0.001.
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3.4 DPS reduced RAGE expression and 
NF-κB p65 protein phosphorylation in the 
liver

RAGE, a receptor for advanced glycation end products (AGEs) 
and a novel pattern recognition receptor, plays a pivotal role in the 
pathogenesis of diseases such as diabetes, Alzheimer’s, and cancer. 
Western blotting results showed that the high-dose DPS (DPSH 
group) significantly reduced RAGE expression and NF-κB p65 protein 
phosphorylation in the liver of NAFLD mice (p < 0.05) (Figure 5).

3.5 DPS improves gut microbiota dysbiosis 
in NAFLD mice

A high dose of DPS significantly inhibited liver inflammation and 
oxidative stress in NAFLD mice. This study further investigates the 
underlying mechanism of high-dose DPS treatment for NAFLD using 
gut microbiota analysis (via 16S rRNA sequencing) and serum 
non-targeted metabolomics. α-diversity analysis (Shannon index) 
showed no significant differences in microbial diversity among the 
three groups of mice (Figure 6A). β-diversity analysis (PCoA scatter 
plot) revealed distinct separation and clustering of the three groups, 
with DPS samples more closely resembling the NC group than the 
NAFLD group, suggesting that DPS ameliorates gut microbiota 
dysbiosis in NAFLD mice (Figure 6B).

Further analysis at the phylum and genus levels assessed the 
effects of oral DPS on the gut microbiota in NAFLD mice. At the 
phylum level, the NAFLD group exhibited a significant increase in the 
abundance of Patescibacteria, Firmicutes, and Actinobacteria, coupled 
with a notable decrease in Bacteroidetes, Verrucomicrobia, and 
Deferribacteres compared to the NC group (p < 0.05). Following DPS 

treatment, the DPS group showed a marked reduction in 
Patescibacteria, Deferribacteres, Firmicutes, and Actinobacteria, 
alongside a significant increase in Bacteroidetes, Verrucomicrobia, 
and Proteobacteria, relative to the NAFLD group (p < 0.05) 
(Figure 6C).

At the genus level, the NAFLD group exhibited a significant 
increase in the abundance of Odoribacter and Mailhella, while 
Ligilactobacillus, Akkermansia, and Alistipes were significantly reduced 
compared to the NC group (p < 0.05). After DPS intervention, the 
DPS group showed a significant decrease in Odoribacter and Mailhella, 
with a significant increase in the abundance of Ligilactobacillus, 
Duncaniella, and Akkermansia compared to the NAFLD group 
(p < 0.05) (Figure 6D).

3.6 DPS significantly improved serum 
metabolomics disorders in NAFLD mice

The PCA plot revealed distinct differences in serum metabolomics 
among the three groups of mice. In both ESI + and ESI- modes, the 
NAFLD group samples formed distinct clusters, significantly separated 
from those of the NC and DPS groups. The DPS group samples closely 
resembled those of the NC group, indicating a significant restorative 
effect of DPS on serum metabolomic alterations in NAFLD mice 
(Figures 7A,B).

To identify differential metabolites, the OPLS-DA model was 
applied with criteria of VIP > 1 and p < 0.05 (Figures 7C,D). In the 
ESI + mode, 301 differential metabolites were identified between 
the NAFLD and DPS groups. Of these, 174 were highly expressed, 
and 127 were downregulated in the DPS group compared to the 
NAFLD group. In the ESI- mode, 255 differential metabolites were 
identified, with 93 highly expressed and 162 downregulated 

FIGURE 5

The expression of receptor for advanced glycation end products (RAGE) and the phosphorylation level of NF-κB P65 protein in mouse liver were 
detected using the Western blotting assay. n = 3. *: p < 0.05; **: p < 0.01.
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FIGURE 6

The gut microbiota of mice was analyzed using 16S rRNA amplicon sequencing. The α-diversity of shannon index (A), β-diversity with unweighted 
unifrac (B) and bray curtis (C) of the gut microbiota in mice are shown, respectively. (D,E) Displayed the differences in the gut microbiota at the species 
level and genus level among the three groups of mice using heat maps. n = 6.

139

https://doi.org/10.3389/fnut.2025.1574151
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Tan et al.� 10.3389/fnut.2025.1574151

Frontiers in Nutrition 10 frontiersin.org

FIGURE 7 (CONTINUED)
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FIGURE 7

Untargeted metabolomics analysis of mouse serum. The PCA plot showed that samples from each group were significantly separated and clustered 
individually (A,B). Through OPLS-DA model analysis (C,D), differential metabolites were identified based on the screening criteria of VIP > 1 & p < 0.05 
(E,F). These metabolites were then input into the MetaboAnalyst 6.0 platform for enrichment analysis to obtain metabolic pathways (G,H). n = 6.
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(Figures 7E,F). Metabolic pathway enrichment analysis, performed 
using the MetaboAnalyst 6.0 platform, revealed involvement in 
pathways such as arginine biosynthesis, glutathione metabolism, 
arginine and proline metabolism, unsaturated fatty acid 
biosynthesis, propionate metabolism, alanine, aspartate and 
glutamate metabolism, and linoleic acid metabolism 
(Figures 7G,H).

3.7 Relationship between gut microbiota 
and serum metabolites

Pearson correlation analysis was conducted to explore the 
relationship between gut microbiota and serum metabolites in mice 
following DPS treatment, to further investigate the underlying 
mechanism of DPS in NAFLD. The results showed that serum levels 
of unsaturated fatty acids, specifically linoleic acid and eicosapentaenoic 
acid, were positively correlated with gut microbiota species such as 
UBA3263, Prevotella, Rikenella, and COE1 while showing a negative 
correlation with Schaedlerella and Acetatifactor. Additionally, serum 
uridine levels were positively associated with gut microbiota CAG_873 
and Paramuribaculum but negatively correlated with Merdisoma, 
Enterenecus, Dysosmobacter, and Lawsonibacter (Figure 8).

4 Discussion

NAFLD, a metabolic disorder characterized by excessive hepatic 
fat accumulation, is a major contributor to liver fibrosis and cancer 
(29–31). The accumulation of lipids in the liver plays a pivotal role in 
disease progression through oxidative stress and inflammation (32–
34). Furthermore, chronic inflammation resulting from endotoxins 
released into the bloodstream, due to the excessive proliferation of 
Gram-negative bacteria in the intestines, is a key factor in NAFLD 
progression (35, 36). Endotoxin levels in the blood can also serve as 
an indicator of NAFLD severity (37–39). The supplementation of anti-
inflammatory and antioxidant agents, including α-lipoic acid, vitamin 
E, and various plant-derived antioxidants, represents an effective 
therapeutic approach for treating NAFLD (40–42).

Network pharmacology analysis identified the novel pattern 
recognition receptor RAGE and the inflammation-related NF-κB 
signaling pathway as key players in NAFLD pathogenesis. Initially, 
RAGE was regarded primarily as a receptor for AGEs (43, 44), which 
are formed through the non-enzymatic glycation of free sugars such 
as glucose and galactose (45, 46). Elevated blood glucose in diabetic 
patients leads to a marked increase in AGEs, which are pivotal in the 
development of diabetic complications (44, 47, 48). Recent studies 
have expanded the role of RAGE as a novel pattern recognition 
receptor, capable of binding not only with AGEs but also with ligands 
such as HMGB1, S100, and Aβ (49–52). RAGE’s functions are 
implicated in diseases related to homeostasis, development, and 
inflammation, including diabetes, atherosclerosis, and Alzheimer’s 
disease (49, 53, 54). Moreover, RAGE signaling in tumor and immune 
cells can drive tumor progression, migration, and immune evasion, 
promoting cancer development (55–58).

DPS is a rare sugar found in fruits such as figs and raisins, and it 
has been approved as a safe food additive by the U.S. FDA and the 
European Union (59). Acute/subchronic toxicity tests show that even 

with high doses (4 g/kg body weight/day) consumed over a long 
period (90 days), no significant organ damage or blood biochemical 
abnormalities were observed (60). Additionally, only about 30% of 
DPS is absorbed in the intestines, with the rest being fermented by 
intestinal flora (61). Its low-calorie characteristic (0.4 kcal/g) helps 
prevent exacerbation of NAFLD due to excess calorie intake (62). 
Compared to other sugar alcohols like erythritol, DPS has better 
gastrointestinal tolerance, and even daily intake of high doses of DPS 
(≤30 g/day) does not cause noticeable bloating or diarrhea, making it 
an ideal sugar substitute for individuals with obesity and diabetes (7).

Our study reveals that DPS significantly improves serum lipid 
profiles in HFD-induced NAFLD mice. These findings suggest that 
DPS exerts systemic metabolic benefits beyond its direct hepatic 
effects, potentially through multi-target modulation of cholesterol 
homeostasis. The AGEs/RAGE/NF-κB axis inhibition by DPS may 
restore hepatic LDL receptor (LDLR) functionality. However, the 
mechanism of DPS regulation of blood lipid metabolism still needs to 
be further studied.

In NAFLD, excessive lipid peroxides in the liver not only induce 
inflammation but also foster the formation of AGEs (63). Upon 
binding to RAGE, AGEs initiate intracellular signaling that generates 
reactive oxygen species, which can damage hepatocytes (44, 64–66). 
Recent studies suggest that activation of the AGEs/RAGE/NF-κB 
pathway plays a significant role in the complications of type 2 diabetes 
(50, 67–69). Inhibiting the RAGE and NF-κB signaling pathways may 
provide therapeutic benefits in preventing and treating diabetes 
complications (67, 70, 71).

Molecular docking analysis demonstrated that DPS effectively 
binds to both NF-κB p65 and RAGE proteins, significantly inhibiting 
the activation of both the NF-κB and AGEs/RAGE pathways. Western 
blot assays confirmed that DPS significantly reduces RAGE expression 
and NF-κB p65 protein phosphorylation in the livers of NAFLD mice. 
These findings suggest that DPS may alleviate inflammation and liver 
damage in NAFLD by modulating the AGEs/RAGE/NF-κB pathway.

Notably, our data reveal that DPS administration significantly 
attenuated hepatic MDA accumulation while enhancing SOD activity, 
suggesting its potent capacity to counteract the redox imbalance 
characteristic of NAFLD progression. Mounting evidence implicates 
AGEs as critical mediators in NAFLD pathogenesis, where their 
interaction with RAGE not only perpetuates inflammatory cascades 
via NF-κB activation but also directly amplifies oxidative damage 
through NADPH oxidase-driven ROS generation (72, 73). Our 
findings align with these mechanisms, as DPS treatment effectively 
suppressed RAGE overexpression and downstream NF-κB 
phosphorylation. This dual modulation likely disrupts the self-
reinforcing cycle between AGEs accumulation and oxidative stress – a 
phenomenon particularly relevant in lipid-laden hepatocytes where 
β-oxidation overload exacerbates mitochondrial ROS production.

Furthermore, the antioxidant effects of DPS may synergize with 
its anti-inflammatory actions. NF-κB activation stimulates pro-oxidant 
enzymes while suppressing antioxidant genes, creating a pathogenic 
feedback loop. DPS-mediated NF-κB inhibition could therefore break 
this cycle. Such coordinated modulation of oxidative-inflammatory 
crosstalk positions DPS as a promising multi-target agent for 
NAFLD management.

Han et al. (74) demonstrated that DPS modulates gut microbiota 
and promotes the production of beneficial metabolites, such as 
short-chain fatty acids (SCFAs), while also alleviating diabetes and 
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obesity in experimental animals (75). Through 16S rRNA 
sequencing, oral DPS administration was found to notably increase 
the abundance of beneficial gut bacteria, including Akkermansia 
and Duncaniella, in NAFLD mice, which are associated with SCFA 
production (76, 77). Furthermore, DPS enhanced the abundance of 
Ligilactobacillus, which plays a role in inhibiting liver fat 
accumulation and hyperlipidemia (78, 79). Significant 
improvements were also observed in oxidative stress and blood 

lipid levels in NAFLD mice. These findings suggest that DPS exerts 
therapeutic effects on NAFLD by reshaping gut microbiota and 
elevating beneficial metabolites like SCFAs.

Addressing gut dysbiosis represents an innovative approach to 
NAFLD management (80, 81). Both Akkermansia and Duncaniella 
contribute to NAFLD modulation by influencing gut and liver 
functions. Akkermansia reduces TLR2 expression and macrophage 
activation (82), while Duncaniella regulates the production of 

FIGURE 8

Pearson correlation analysis of the relationship between gut microbiota and serum metabolites. (A) ESI+ mode; (B) ESI− mode. n = 6.
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3,7-dihydroxy-12-oxocholanoic acid, inhibiting hepatic 
gluconeogenesis and lipid metabolism (83).

Untargeted metabolomics analysis further revealed that DPS 
significantly alters the serum metabolome in NAFLD mice, boosting 
the levels of anti-inflammatory and antioxidant metabolites. Notably, 
tretinoin, a bioactive metabolite of vitamin A, is found at markedly 
lower concentrations in the serum of patients with NAFLD compared 
to healthy controls (84). Tretinoin promotes the reduction of fat 
deposition and ameliorates NAFLD symptoms by enhancing fatty acid 
β-oxidation in the liver (85). Additionally, it may enhance liver 
antioxidant capacity via the Sirt1 pathway, thereby mitigating high-fat 
diet-induced liver steatosis (86). These findings suggest that DPS 
treatment elevates serum tretinoin levels in NAFLD mice, providing a 
potential mechanism for its therapeutic action in NAFLD. Pyridoxamine, 
a derivative of vitamin B6, is critical for preventing multiple diseases 
when deficient, although its role in metabolic syndrome remains 
underexplored. Patients with NAFLD exhibit significantly lower serum 
pyridoxamine levels than healthy individuals (87). Pyridoxamine 
prevents AGE formation (88), improves lipid metabolism in NAFLD 
rats (89), and reduces hepatic lipid peroxidation and inflammation (90). 
Our data indicate that oral DPS administration significantly increases 
serum pyridoxamine concentrations in NAFLD mice, suggesting that 
this elevation may suppress AGEs-RAGE pathway activation, thereby 
mitigating inflammation and oxidative stress in NAFLD.

Statins regulate blood lipids and exert anti-inflammatory effects 
by inhibiting mevalonic acid synthesis in the liver and activating 
hepatic stellate cells, thereby preventing the progression of liver 
fibrosis (91–93). In this study, DPS also significantly reduced serum 
mevalonic acid levels in NAFLD mice, suggesting that DPS may 
regulate blood lipids and mitigate inflammatory liver damage via the 
mevalonic acid synthesis pathway.

The study further identified increased levels of eicosapentaenoic acid 
(EPA) and linoleic acid in DPS-treated mice, with a significant positive 
correlation between these unsaturated fatty acids and the relative 
abundance of Duncaniella. Clinical studies have shown that elevated EPA 
concentrations in the serum of patients with cirrhosis are associated with 
a reduced risk of progression to liver cancer (94). EPA exhibits potent 
anti-inflammatory and antioxidant properties, which can significantly 
prevent liver cell degeneration and fibrosis in patients with NAFLD (95). 
Linoleic acid, a gut microbial metabolite, inhibits the activation of the 
TGF-β signaling pathway in hepatic stellate cells, thus preventing liver 
fibrosis progression (18). These findings suggest that DPS significantly 
increases serum linoleic acid levels in NAFLD mice, pointing to a 
potential mechanism underlying DPS’s therapeutic effects on NAFLD.

5 Conclusion

Our results indicate that oral DPS administration effectively 
regulates blood lipids in NAFLD mice and ameliorates inflammation 
and oxidative stress in the liver. The therapeutic action of DPS in 
NAFLD likely involves the modulation of gut microbiota and the 
enhancement of anti-inflammatory and antioxidant metabolites in 
the serum.

However, we believe that the biggest obstacle for DPS from the 
laboratory to the market is its high production cost, which is more 
than 2–3 times the cost of alternative sweeteners such as erythritol and 
steviol glycosides. We think that DPS therapy might be more suitable 

for prioritization in high-risk populations for NAFLD (such as 
pre-diabetic patients) rather than the general healthy population, in 
order to reduce medical costs. This is because the cost of using DPS 
therapy to prevent the progression of NAFLD is lower compared to 
the treatment expenses after NAFLD progresses to NASH.
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Trehalose is a naturally occurring disaccharide with versatile commercial applications 
and health benefits, including promise as a therapeutic for obesity and diabetes. 
Although numerous previous reports purport the therapeutic uses of orally ingested 
trehalose, the abundance of glycosidases in the gastrointestinal tract suggest the 
potential for significant limitations of oral trehalose that have not been addressed. 
We first fed mice a high-fat diet (HFD) while providing trehalose by both oral and 
intraperitoneal routes. This combined strategy was broadly efficacious in reversing 
HFD-induced weight gain, fat mass, insulin resistance, and the development of 
hepatosteatosis. In contrast, oral-only trehalose failed to improve HFD-induced 
obesity and insulin resistance. This was due to trehalase (Treh)-mediated metabolism 
as blood trehalose levels remained low despite a significant rise in glucose. We next 
developed systemically deficient Trehalase (Treh-KO) mice to enhance the efficacy 
of trehalose. Surprisingly, oral trehalose therapy could not be facilitated resulting 
in neither an increase in serum trehalose levels nor metabolic benefits. Parenteral 
trehalose resulted in higher trehalose levels with lower serum glucose in Treh-KO 
mice, yet no additive metabolic benefits were observed. Overall, our findings still 
support a therapeutic role for trehalose in obesity and metabolic disease but with 
practical limitations in its delivery by oral route.
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Introduction

Western diets and increasingly sedentary lifestyles have contributed significantly to the 
growing rate of obesity over the last several decades (1). Obesity is simply defined as the over-
accumulation of fat in white adipose tissue (WAT) due to an increase in the ratio of energy 
intake to energy expenditure (2). However, accumulating evidence has shown that adipose 
tissue is not a simple, dormant site of energy storage but a dynamic metabolic organ that 
secretes a large number of factors, such as lipids and cytokines (i.e., adipokines), with 
hormonal, autocrine, and paracrine properties (3, 4). Adipose tissue is therefore thought to 
actively participate in the modulation of systemic metabolic homeostasis, and adipose tissue 
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dysfunction is believed to be  a major culprit for obesity-related 
metabolic diseases, such as insulin resistance and fatty liver disease (3).

Dietary and lifestyle changes such as consuming balanced diet 
low in saturated fats and high in complex carbohydrates are 
considered the most effective means of reducing obesity, yet obesity 
remains a major health epidemic, especially when considering its 
burgeoning comorbidities in conjunction. There are various anti-
obesity medications available including the popular GLP-1 receptor 
agonists which are appetite suppressants leading to reduced caloric 
intake, but these are accompanied by adverse side effects which can 
curtail their long-term use (5–7). Natural anti-obesity agents are 
always an attractive alternative which raise the prospect of trehalose 
with several proposed benefits in obesity and the metabolic syndrome.

Trehalose is a disaccharide produced naturally by a wide variety of 
plants, insects, and microorganisms such as bacteria, yeast, and fungi, 
and synthesized commercially as a sweetener and preservative (8). 
Trehalose is composed of two glucose molecules linked by a unique 
α,α-1,1-glycosidic bond which provides it exceptional stability under a 
wide range of conditions, including high temperatures, low pH, and 
freezing temperatures. It is notable that in nature trehalose acts as a 
protective agent against stress, allowing microorganisms to survive in 
adverse conditions, such as desiccation, heat, or cold. Although trehalose 
is not able to be  synthesized in vertebrates (9), accumulating data 
indicate that it acts as a functional molecular compound to modulate 
metabolic and cellular processes in mammals, including humans. The 
abundance of trehalase in the GI tract allows its enzymatic hydrolysis 
into glucose as an obvious source of carbon. However, in an intact form, 
its structural properties might contribute to the ability of trehalose to 
alter the gut microbiome (10) and alter glucose homeostasis (11).

Much of the excitement for the therapeutic impact of trehalose in 
various chronic diseases lies in its ability to induce autophagy and in 
turn reduce the burden of cytotoxic protein aggregates. Trehalose has 
been proposed as a therapy for neurodegenerative diseases (12) with 
a significant burden of protein aggregation such as Parkinson’s Disease 
(13), Alzheimer’s Disease (14), and Huntington Disease (15), as well 
as cardiovascular disease, including atherosclerosis (16, 17), and 
hypertension (18). Although the mechanisms remain unclear 
including whether autophagy is primarily involved, several studies 
have shown that trehalose also improves metabolic health including 
dyslipidemia, obesity, diabetes, and fatty liver disease. For example, 
oral trehalose treatment reverses plasma insulin levels and homeostasis 
model assessment-insulin resistance (HOMA-IR) in mice fed a 
high-fat diet (HFD) (19), whereas intraperitoneal injection (i.p.) 
ameliorates insulin resistance in ob/ob mice (20). Similar results were 
obtained using a mouse model of established obesity (21). Reduced 
adipocyte size with enhanced thermogenic brown fat markers in WAT 
have also been reported (19, 21, 22). Trehalose treatment also improves 
hepatic steatosis including reduced accumulation of lipid droplets in 
hepatocytes (23). Similarly, db/db mice treated with trehalose 
exhibited decreased lipid inclusions in the liver accompanied by an 
increase in glycogen content (24). Trehalose supplementation has been 
shown to reduce hepatic endoplasmic reticulum stress and 
inflammatory signaling in aged mice (25). Collectively, these studies 
strongly support trehalose as a therapeutic candidate for the prevention 
and possible reversal of obesity-associated metabolic disorders.

An outstanding issue in the practical therapeutic use of trehalose 
in metabolic disease is the lack of consensus regarding trehalose 
dosage, administration route, or treatment time course. The presence 

of trehalase in the GI tract would suggest that absorption of trehalose 
should be compromised, albeit many studies report positive findings 
with oral-only trehalose formulations without taking into account 
confounding effects on microbiota or osmotic effects in the GI tract. 
In the current study, we aimed to definitively study the efficacy of 
trehalose in obesity and metabolic disease while taking into account 
both the route of administration and the oft neglected role for trehalase. 
We develop and characterize Trehalase-deficient mice (Treh-KO) both 
at baseline and in the context of trehalose under HFD condition. Our 
findings that an oral route of trehalose administration as well as 
inhibition of trehalase are ineffective in mitigating diet-induced obesity 
and metabolic disease should provide clarity for the field.

Results

Trehalose treatment reduces high fat 
diet-induced obesity

We previously demonstrated that the combination of oral and 
intraperitoneal (i.p.) administration of trehalose is atheroprotective in 
mice fed a western diet (40% high-fat diet, HFD) (26). To investigate the 
effects of trehalose on obesity and other metabolic parameters, 8-week-
old C57BL/6 J mice fed a HFD received i.p. administration (3 g/Kg 
body weight) of trehalose 3 times per week, along with drinking water 
supplemented with 3% trehalose. Control mice received the equivalent 
co-administered doses of either saline or sucrose, a similarly structured 
non-reducing disaccharide composed of glucose and fructose 
(Figure  1A). HFD-induced body weight gain was significantly 
suppressed after 12–16 weeks of trehalose administration, in contrast to 
the sucrose-treated group, which was indistinguishable from the saline 
control (Figure 1B). Additionally, the trehalose group showed an overall 
significantly lower fat mass compared to controls without a reduction 
in lean mass (Figure 1C). Inguinal WAT (iWAT) weight was similarly 
reduced only in trehalose treated mice (Figure 1D). There were no 
changes in body weight, fat mass, and adipose tissue weight with saline 
or sucrose treatments for the same time course (Figures 1B–D).

To examine functional duration and efficacy of treatment, mice 
were fed a HFD for 4 months (4 M) and co-administrated trehalose by 
i.p. (3 g/Kg body weight) and in drinking water (3%) 3 times per week 
for a total treatment time of 3 M, 2 M, or 1 M after HFD feeding as 
compared with an un-treated HFD group denoted as 0 M (Figure 1E). 
The trehalose 3 M-treated group, but not 1 M and 2 M groups, 
exhibited a dramatic decrease in HFD-induced body weight gain 
(Figure 1F). Although no significance was noticed in the iWAT weight, 
the epididymal WAT (eWAT) weight was significantly reduced in the 
3 M group, compared to that in the 0 M control group (Figure 1G), 
indicating an effective intervention period requires sustained exposure 
to trehalose.

Trehalose ameliorates high fat diet-induced 
insulin resistance and hepatic lipid 
accumulation

To investigate whether trehalose modulates HFD-associated 
metabolic parameters, we  measured the levels of serum glucose, 
triglyceride, free fatty acid, and cholesterol after co-administration of 
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trehalose for 4 M. Although trehalose reduced HFD-induced weight 
gain (Figures 1B–D), no significant changes were found in the evaluated 
serum metabolites (Figure  2A). However, insulin tolerance testing 
(ITT) revealed significantly decreased blood glucose levels at 30 and 
60 min after insulin administration in the trehalose group, compared 
with saline and sucrose control groups (Figure  2B), suggesting 
enhanced insulin sensitivity with trehalose treatment concomitant with 
the observed reductions in body weight and adiposity.

We also noticed a significant decrease in the liver weight in the 
trehalose group (Figure  2C). Given obesity and adipose tissue 
dysfunction lead to ectopic lipid accumulation in lean organs such as 
liver (27), we  suspected the effect of trehalose on the liver might 
be due to lower hepatic lipid accumulation. To confirm this, the degree 
of hepatic lipid accumulation was quantified biochemically and by 
histological analysis. As shown in Figure  2D, trehalose treatment 
reduced hepatic lipid content by ~40%, compared with saline or 
sucrose treatments. Similarly, there were marked reductions in lipid 
droplet accumulation in hematoxylin and eosin (H&E)-stained liver 
sections from trehalose-treated mice (Figure 2E), indicating the ability 

of trehalose to reduce overall hepatic lipid burden instigated by HFD 
feeding. It should be noted that trehalose treatment did not result in 
significant changes in the expression of genes related to either adipose 
tissue browning, mitochondrial lipid metabolism, or the autophagy-
lysosomal system (Supplementary Figure S1). Although 
transcriptional effects were not noted to be  relevant to trehalose 
function, this does not preclude direct effects on autophagy and the 
lysosomal system as has been previously reported (16, 28).

Oral trehalose is therapeutically ineffective 
in ameliorating obesity and insulin 
resistance

Although oral-only and i.p.-only trehalose treatments have been 
independently reported to have metabolic benefits (20, 21), relative 
contributions of each to its metabolic efficacy remain unknown. We thus 
examined each trehalose treatment route individually, beginning with 
oral-only administration in drinking water (3% w/v) with HFD for 

FIGURE 1

Combination of oral and intraperitoneal trehalose treatment abrogates high-fat diet-induced obesity. (A) Schematic process of trehalose or sucrose 
intervention experiment. The mice were treated with saline, sucrose, or trehalose by injecting intraperitoneally (3 times per week) and as a supplement 
to drinking water. (B) Body weight gain, (C) body composition, and (D) iWAT, eWAT, and BAT weights of mice treated with saline (n = 10), sucrose 
(n = 15), or trehalose (n = 13) under HFD condition were measured after 16 weeks of HFD feeding. (E) Schematic illustration of trehalose treatment time 
course experiment. The mice were fed HFD for 16 weeks, during which time mice also received trehalose for 0, 1, 2, or 3 months (0 M, 1 M, 2 M or 3 M) 
both orally and intraperitoneally. (F) Body weight variation, and (G) Tissue mass of iWAT, eWAT, and liver in the mice after 16 weeks of HFD treatment, 
along with trehalose added to drinking water for 0 M, 1 M, 2 M, and 3 M (n = 4). All mice were male and fed HFD. Values are presented as mean ± SE. 
Significant differences were determined by Student’s t-test, with comparison to Saline or 0 M group: *p < 0.05.
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16 weeks (Figure  3A). Body weight gain was slightly lower in oral 
trehalose-treated mice, but this difference was insignificant compared 
with control animals (Figure 3B). Likewise, there was no change in body 
composition (Figure 3C), nor in tissue mass including iWAT, eWAT, or 
liver between controls and the oral trehalose-treated group (Figure 3D). 
Oral trehalose treatment also had no effect on insulin sensitivity as 
gaged by similar glucose levels after an ITT assay (Figure 3E).

Oral trehalose treatment has negligible 
effects on circulating trehalose levels

To ascertain whether the lack of effectiveness for oral trehalose 
against obesity and metabolic dysfunction is due to low absorption or 
high catabolic rate, we performed a trehalose tolerance test to compare 
blood trehalose levels between oral and i.p. trehalose administration. 

FIGURE 2

Combination of oral and intraperitoneal trehalose treatment improved high-fat diet-induced insulin resistance and fatty liver. (A) Serum glucose, 
triglyceride, free fatty acid, and cholesterol levels of mice receiving saline (n = 10), sucrose (n = 15), or trehalose (n = 13) were measured at 16 weeks of 
HFD feeding. (B) Insulin tolerance test was performed at 15 weeks of HFD-fed mice treated with saline (n = 10), sucrose (n = 15), or trehalose (n = 13). 
Results were shown as a time-dependent graph (left panel) or as the area (%*min) under the curve (right panel). (C) Liver mass, (D) triglyceride content, 
and (E) histological analysis with H&E staining were performed. Liver samples from 16 weeks HFD-fed mice treated with saline (n = 10), sucrose 
(n = 15), or trehalose (n = 13). Scale bars, 200 μm. All mice were male and fed HFD. Values are presented as mean ± SE. Significant differences were 
determined by Student’s t-test, as compared with Saline group: *p < 0.05.
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Interestingly, serum trehalose was enhanced to ~400 mg/dL at 30 min 
after i.p. trehalose administration and decreased gradually in a time-
dependent manner (Figure 4A). However, oral trehalose failed to 
elevate serum trehalose levels (Figure 4A), suggesting that trehalose 
does not enter the bloodstream, possibly because it is hydrolyzed by 
trehalase (Treh) into its two component glucose molecules in the 
gastrointestinal tract (Figure 4B). This was corroborated by portal vein 
sampling in conjunction with assessment of serum glucose and 
trehalose levels upon oral trehalose administration. Whereas serum 
glucose rises significantly after 30 min of trehalose ingestion, a 
minimal rise in portal vein levels of trehalose is observed indicating 
near complete trehalose hydrolysis in the intestine (Figure 4C).

To determine the plausibility of these two possibilities, we next 
measured expression and activity levels of Treh in several tissues, 

including the duodenum (the absorptive portion of the intestine). 
We  found that Treh was highly expressed in the duodenum and 
kidney, but was not detectable in colon, liver, or quadriceps 
(Figure 4D). The duodenum also had the highest Treh enzymatic 
activity among the evaluated tissues (Figure 4E), consistent with the 
possibility that higher catabolism of trehalose in the intestine accounts 
for lower observed blood levels of trehalose. To determine whether 
trehalose might indeed be degraded in orally treated mice, blood 
glucose levels were monitored during the trehalose tolerance test. In 
contrast to mice administered trehalose by i.p., which had only 
1.7-fold increase in blood glucose levels relative to baseline, glucose 
increased 3.6-fold in mice treated orally with trehalose (Figure 4F), 
indicating more than twice as much enzymatic digestion prior 
to absorption.

FIGURE 3

Oral trehalose is therapeutically ineffective. (A) Schematic representation of trehalose or vehicle intervention experiment. Treatments were provided as 
supplementation to drinking water. (B) Body weights were measured in mice provided drinking water with or without 3% w/v trehalose (n = 15). 
(C) Body composition, and (D) tissue weights of iWAT, eWAT, and liver were measured after 16 weeks of HFD feeding with or without 3% w/v trehalose 
as a supplement in drinking water (n = 15). (E) Insulin tolerance test was performed at 15 weeks HFD-fed mice treated with or without 3% w/v 
trehalose, provided as a supplement in drinking water (n = 15). Results were shown as a time-dependent graph (left panel) or as the area (%*min) under 
the curve (right panel). All mice were male and fed HFD. Values are presented as mean ± SE.
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Mice with systemic trehalase deficiency 
have not metabolic defects at baseline

To determine whether suppression of trehalose catabolism could 
be  a useful approach of maintaining elevated trehalose levels, a 
trehalose tolerance test was performed after pretreatment with 
Validamycin, a known Treh inhibitor (29). Enhancement of blood 
glucose levels in response to oral trehalose treatment was partially 
suppressed in the presence of Validamycin in a dose-dependent 
manner (Figure 5A), suggesting the utility of sustained Treh inhibition 
in achieving enhanced uptake and efficacy of trehalose in vivo.

We therefore engineered a mouse model with Treh deficiency via 
CRISPR/Cas9 (Figure 5B) by removal of a 13 bp region within exon 8 
of the Treh gene (Figure 5B). To confirm whether Treh expression was 
successfully disrupted in homozygous Treh knockout (KO) mice, 
transcriptional and protein expression of Treh in kidney and duodenum 
were measured by qPCR and Western blotting, respectively. As shown 
in Figure 5C, mRNA levels of Treh were suppressed ~90% in Treh KO 
kidney and duodenum tissues, compared with those from the wildtype 

(WT) group. Protein levels of Treh in the KO group were likewise 
nearly undetectable in both tissues (Figure  5D), suggesting that a 
systemic Treh-disrupted mouse model was successfully established. In 
8-week-old adult mice, no body weight differences were noted 
(Figure 5E). Serum glucose, triglyceride, free fatty acid, and cholesterol 
levels were also similar between WT and Treh KO groups (Figure 5F).

Systemic trehalase deficiency does not 
improve the negligible rise of circulating 
trehalose in mice treated by oral 
administration

To determine the effect of trehalase deficiency on the kinetics 
of serum trehalose and glucose, Treh KO mice and WT controls 
were administered trehalose either by i.p. (3 g/kg) or oral routes 
(3 g/kg) and trehalose tolerance tests performed (Figure  6A). 
Similar to the results shown in Figure 4F, i.p. trehalose treatment 
increased serum glucose levels 1.8-fold in the WT group but only 

FIGURE 4

Oral trehalose treatment enhanced blood glucose level but only show a minor effect on serum trehalose. (A) Trehalose tolerance test was performed 
based on oral (Oral) and intraperitoneal (IP) treatment (3 g/Kg body weight) and the serum trehalose level was measured at indicated time points 
(n = 4). (B) Schematic image of the metabolism of trehalose through trehalose (Treh) to glucose. (C) Glucose and trehalose levels were measured in 
serum and portal circulation 30 min after oral trehalose treatment (n = 3). (D) Tissue mRNA expression and (E) activity of Treh were measured in the 
duodenum, kidney, colon, liver, and quadriceps of 8-week-old male C57BL/6 J mice (n = 4). (F) Trehalose tolerance test was performed based on oral 
(Oral) and intraperitoneal (IP) treatment (3 g/Kg body weight) and the serum glucose level was measured at indicated time points (n = 4). All mice were 
male and fed a normal chow diet. Values are presented as mean ± SE. Significant differences were determined by Student’s t-test compared with IP 
group: *p < 0.05, **p < 0.01, ***p < 0.001.
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1.25-fold in Treh KO mice (Figure 6B). In orally treated WT mice, 
serum glucose levels were enhanced more than 3-fold, while only a 
minor rise was observed in the Treh KO group (Figure 6C). With 
regard to serum trehalose levels, the contrasts between the oral and 
parenteral routes were highly revealing. Serum trehalose levels were 
substantially increased in WT mice administered trehalose by i.p., 
and this effect was increased even further in Treh KO animals 
(Figure  6D). Serum trehalose WT group reached peak levels at 
15 min and returned nearly to baseline by 120 min, whereas levels 
in the Treh KO group reached a peak at 30 min followed by a 
gradual decrease (Figure 6D), suggesting that Treh deficiency was 
efficacious in reducing trehalose clearance. In contrast to the 
efficacy seen with i.p. trehalose, serum levels of trehalose in mice 
treated orally were only negligibly altered for both WT and Treh KO 
groups, suggesting trehalose hydrolysis is not responsible for poor 
oral absorption (Figure 6B).

Systemic trehalase deficiency does not 
augment the metabolic benefits of 
parenteral trehalose in high fat diet-fed mice

Given the blunted serum trehalose clearance observed in Treh KO 
mice administered trehalose by i.p., we wondered whether increased 
trehalose levels in the setting of Treh deficiency might lead to enhanced 
metabolic benefits. WT and Treh KO mice were fed HFD while injected 
with trehalose (3 g/Kg body weight i.p., 3x/week) or vehicle control 
(Figure  7A). After 16 weeks of diet with and without concomitant 
trehalose, there were no notable differences in body weight, fat mass, or 
tissue mass, including iWAT, eWAT, and liver, between WT and Treh 
KO groups (Figures 7B–D). However, the previously demonstrated 
trehalose-mediated reduction in HFD-induced body weight gain 
(Figure 1B) was replicated (Figure 7B). The HFD-induced increases in 
fat mass in WT mice were also significantly reduced in the Trehalose i.p. 

FIGURE 5

Systemic trehalase-deficient mice showed no metabolic changes at baseline. (A) Indicated dose of validamycin (Trehehalase inhibitor) was used for 
mice treated with trehalose (3 g/Kg body weight), after 6 h fasting. Blood glucose levels were measured at indicated time points (left panel), and area 
under the curve (%*min) was calculated (right panel) (n = 3). (B) Illustration of strategy used to establish a systemic trehalase (Treh) knockout (Treh KO) 
mouse model. Treh DNA genotyping was performed on mouse tail clippings from heterozygous (Het), wildtype (WT) and Treh KO mice (Embedded 
panel). (C) mRNA and (D) protein expression levels of Treh in the kidney and duodenum of 8-week-old WT and Treh KO male mice (n = 3). (E) Body 
weight, and (F) serum glucose, triglyceride, free fatty acid, and cholesterol levels were measured in 8-week-old female WT (n = 9) and Treh KO (n = 6) 
mice. All mice were fed a normal chow diet. Values are presented as mean ± SE. Significant differences were determined by Student’s t-test in 
comparison with vehicle or WT group: *p < 0.05, **p < 0.01.
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group, compared with the Vehicle control group (Figures  7C,D). 
Although i.p. administration of trehalose elicited a similar anti-obesity 
effect in Treh KO mice, there was no significant difference between WT 
and Treh KO mice based on treatment (Figures  7B–D). Likewise, 
similar effects on blood glucose were observed for both WT and Treh 
KO mice, as demonstrated by equivalent percent glucose decline relative 
to baseline after insulin tolerance testing (Figure 7E). Overall, these data 
suggest that parenteral treatment of trehalose is effective against 
HFD-induced obesity although no additive metabolic benefits are 
realized in the setting of elevated trehalose levels from Treh inhibition.

Discussion

In the present study, we demonstrated that the putative anti-
obesity disaccharide trehalose reduces body weight, fat mass, hepatic 

lipid accumulation, and insulin insensitivity in HFD-fed mice. 
Trehalose improved hepatic lipid accumulation with a decrease in 
liver weight, which is in line with previous studies showing positive 
effects of trehalose on hepatic lipid accumulation and stress (23–25). 
This evidence implies a possibility that the liver is the primary organ 
affected by trehalose, either directly or indirectly, which requires 
further study. We previously observed protection from atherosclerosis 
in mice via dual oral and i.p. trehalose treatment and found i.p. 
administration of trehalose leads to far greater elevations in serum 
trehalose relative to oral dosing without observable changes on either 
atherosclerosis or serum cholesterol (26). Sahebkar et al. similarly 
showed that i.p. trehalose treatment attenuates atherosclerosis in 
rabbits (17). Our data also confirmed that i.p. trehalose treatment is 
therapeutically effective against weight gain and insulin insensitivity, 
but strikingly that oral-only administration failed to rescue 
HFD-induced obesity and insulin resistance.

FIGURE 6

Systemic trehalase deficiency delayed serum trehalose clearance but did not improve trehalose oral absorption. (A) Schematic illustration of the 
experimental process employed. WT and Treh KO mice were tested for trehalose tolerance test after oral or i.p. trehalose administration. Serum 
glucose levels were quantified at indicated time points (left panel) after (B) i.p. (WT and Treh KO, n = 3 and 5) or (C) oral (n = 4) trehalose treatment 
(3 g/Kg body weight) and area under the curve calculated (mg/dL*min, right panel). Serum trehalose levels were quantified at indicated time points (left 
panel) after (D) i.p. (WT and Treh KO, n = 3 and 5) or (E) oral (n = 4) trehalose treatment (3 g/Kg body weight), and area under the curve calculated (mg/
dL*min, right panel). All mice were male and fed a normal chow diet. Values are presented as mean ± SE. Significant differences were determined by 
Student’s t-test, as compared with WT group: *p < 0.05, **p < 0.01.
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Our results are surprising, because orally administered trehalose 
has been shown to exert significant biological effects in numerous 
mouse models of adiposity (19, 21, 22), hepatic steatosis/fat 

accumulation (23, 24), Alzheimer’s and Parkinson’s diseases (13, 30), 
and even kidney injury (31). We  have compiled a large list of 
published references detailing the various diseases trehalose has 

FIGURE 7

I.P. trehalose alone effectively reduced obesity and trehalase deficiency did not improve efficacy. (A) Schematic representation of trehalose or vehicle 
intervention experiment. WT and Treh KO mice were treated with vehicle or trehalose by i.p. injection. (B) Body weight, (C) body composition, and 
(D) tissue mass of iWAT (left panel), eWAT (middle panel), and liver (right panel) were measured in WT and Treh KO mice fed a HFD and treated by i.p. 
injection of trehalose or vehicle (3 g/Kg body weight, 3 times per week) for 16 weeks (Vehicle i.p. WT, Trehalose i.p. WT, Vehicle i.p. Treh KO, and 
Trehalose i.p. Treh KO, n = 13, 14, 11, and 18). (E) Insulin tolerance test was performed in WT (n = 4) and Treh KO (n = 5) mice i.p. injected with trehalose 
(3 g/Kg body weight, 3 times per week) for 15 weeks. Blood glucose level were measured at indicated time points (left panel), and area under the curve 
was calculated (mg/dL*min, right panel). All mice were male and fed HFD. Values are presented as mean ± SE. Significant differences were determined 
by Student’s t-test compared with indicated groups: *p < 0.05.
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been proposed as a therapeutic strategy and the route of 
administration for these studies (Table 1). For instance, Arai et al. 
reported that oral trehalose administration functionally mitigates 
insulin resistance without affecting body weight (21), but we did not 
find a similar reduction in insulin resistance, suggesting that oral-
only trehalose treatment does not provide a therapeutic benefit 
under high fat feeding conditions. One possible explanation for this 
discrepancy is variable experimental conditions, such as diet (e.g., 
40% versus 56.7% HFD) or model (e.g., C57BL/6 J mouse versus db/
db or ob/ob mouse, or rabbit). However, given that our current and 
previous data show an almost complete enterohepatic clearance for 
oral trehalose (26), its bioavailability via parenteral means is likely 
required to exert clinically important metabolic effects. Moreover, 
Yasugi et al. suggested that the use of trehalose as a nutrient by 
organisms was gained via adaption, secondary to trehalose’s ability 
to contribute to glucose homeostasis by buffering circulating glucose 
levels, thereby imparting improved metabolism (32). Although this 
hypothesis is largely based on work done using Drosophila, which 
might not translate to mammals, it would be interesting to know 
alterations in circulating levels of trehalose in prior studies reporting 
the metabolic benefits observed with oral trehalose treatment. In all 
these studies, secondary effects from trehalose on the gastrointestinal 
tract including effects on gut microbiota may be operative.

Trehalose is a known nutrient for bacteria and in the could have 
functional consequences on microbiota which in turn would exert 
physiological and pathophysiological effects on organisms ingesting 

trehalose either as part of the diet or as an oral therapeutic. In this 
regard, contrary to what has been previously reported by others, our 
data show that metabolic benefits were only observed when trehalose 
was delivered by parenteral means (i.p. injection) and not by oral 
administration. Clearly more mechanistic studies are required to 
determine the underlying basis for trehalose’s modulatory effects on 
metabolism in mammals, whether previously reported efficacy is 
dependent on increased blood trehalose levels, and most importantly 
whether trehalose directly or indirectly influences HFD-induced 
pathophysiology. Accumulative evidence indicates that trehalose can 
affect gut microbiota (10, 33, 34), which has been proposed to influence 
hepatic gene expression (34). This raises the possibility that some of the 
metabolic benefits attributable to trehalose might therefore be indirect.

It is notable that low serum trehalose levels coupled with high 
expression of Treh in the intestine would at least theoretically limit the 
effectiveness of oral treatment versus i.p. administration. One possibility 
for lack of effect when orally provided is that trehalose is enzymatically 
cleaved by trehalase in the intestine, where it is highly expressed (35), 
before entering the bloodstream. This theory is supported by our results 
showing higher blood glucose levels in mice treated orally with trehalose, 
compared to those receiving trehalose via i.p. injection (Figure  3). 
Ishihara and colleagues established a complete cDNA clone of human 
Treh and showed that Treh mRNA is highly expressed in the kidney, 
liver and small intestine in humans (36). Similarly, our current findings 
revealed that Treh is highly expressed in the kidney and duodenum of 
mice (Figure 4C), results that are identical to what was previously shown 
by Northern blot (35). Yu et al. reported an association between Treh 
genetic variance and serum trehalase levels in African Americans and 
that serum trehalose levels were significantly associated with glucose 
levels and increased risk of incident diabetes (37). Furthermore, it was 
recently reported that genetic variants in or near the TREH locus in 
Pima Indians are strongly associated with trehalase activity, and one of 
these variants is also reproducibly associated with type 2 diabetes (38).

Kamiya et al. suggested that Treh-deficient mice should be used 
to observe any physiologically relevant functions of trehalose based 
on the fact Treh KO abolishes oral trehalose treatment-induced blood 
glucose without affecting glucose tolerance (39). Our findings 
indicating that Treh KO boosted the serum trehalose levels via i.p. but 
not oral treatment (Figure 6) support this idea. However, we failed to 
find any advanced metabolic benefits due to i.p. trehalose treatment 
in Treh KO mice (Figure 7), which is similar to what was reported by 
the Arai group showing that Treh KO failed to boost the anti-obese 
effect brought by trehalose treatment (40). This evidence implies that 
systemic Treh is not a clinically appropriate target for treating obesity 
and related complications, but this does not exclude the possibility of 
potential metabolic benefits related to tissue-specific suppression of 
Treh, which should be further studied.

Several unanswered questions remain, particularly the mechanism 
of action of trehalose in the context of HFD-induced obesity. 
We previously demonstrate that trehalose triggers autophagy-lysosome 
biogenesis in macrophages (26) in response to low-grade lysosomal 
stress, via activation of transcription factor EB (TFEB) (41). This would 
stimulate a key cellular degradation system including lipid metabolism 
(via the autophagy of lipid droplets known as lipophagy and lipid 
hydrolysis in lysosomes). Zhu et  al. similarly showed trehalose-
mediated induction of TFEB transcriptional activity in a mouse model 
of acute kidney injury (31). In addition to TFEB activation, trehalose 
enhances adipocyte lysosomal activity and antioxidative responses via 

TABLE 1  XXX.

Articles Route Model

Kaplon et al. (45) PO Human

Yoshizane et al. (46) PO Human

Yoshizane et al. (47) PO Human

Jamialahmadi et al. (48) IV Human

Hashemian et al. (49) PO Human

Rodríguez-Navarro et al. (50) PO Mouse

Castillo et al. (51) IP Mouse

Arai et al. (19) PO Mouse

Sarkar et al. (52) PO Mouse

Kim et al. (53) IP Mouse

Ferguson et al. (54) PO Mouse

Tanji et al. (55) PO or IP Mouse

Sergin et al. (26) PO + IP Mouse

Liu et al. (56) PO Mouse

Miyake et al. (57) IP Mouse

Liu et al. (58) IP Mouse

Zhu et al. (31) IP Mouse

Gong et al. (59) PO Mouse

Pradeloux et al. (60) PO Mouse

Yang et al. (61) PO or PO + IP Mouse

Lee et al. (62) PO Mouse

Forouzanfar et al. (63) IP Rat

Wang et al. (64) PO Rat
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the Sequestosome 1 (SQSTM1/p62)-activated nuclear factor erythroid-
derived 2-like 2 (NRF2) (42). Similar findings were described in 
hepatoma cells, in which trehalose protected against oxidative stress 
via autophagy, which was regulated by the SQSTM1/p62- Kelch-like 
ECH-associated protein 1 (KEAP1)-NRF2 pathway (43). Moreover, 
trehalose can influence autophagy by inhibiting SLC2A family 
members, such as SLC2A2 and SLC2A8, through AMPK-mammalian 
target of rapamycin (mTOR) complex 1 (mTORC1) signaling pathway 
in hepatocytes (23). Although these accumulated reports emphasize an 
autophagy-dependent role of trehalose in several models, autophagy-
independent mechanisms should also be investigated. For example, 
Pagliassottia et al. showed that trehalose reduces hepatic endoplasmic 
reticulum stress and inflammatory signaling via restoration of 
proteasome activity in aged mice (25). Additional mechanistic studies 
such as these would undoubtedly provide much needed insights into 
the perceived effects of trehalose on physiologically relevant metabolic 
homeostasis under basal versus pathological conditions.

Overall, our study shows that trehalose, a natural disaccharide, is 
a potential candidate for the treatment of HFD-induced obesity, 
including prevention of insulin resistance and fatty liver, but only 
when delivered parenterally. In fact, oral trehalose treatment was 
therapeutically ineffective, and absorption of trehalose could not 
be  improved even in the absence of Treh. Although Treh KO 
suppressed serum trehalose clearance, it provided no additional anti-
obesity benefits or insulin tolerance conferred by i.p. trehalose 
treatment. Our data provide valuable insight regarding the potential 
metabolic benefits of trehalose and its effective treatment route, which 
are especially applicable to its eventual usage clinically, as well as its 
current use as a supplement for a variety of commercial products.

Materials and methods

Animals

Animal protocols were approved by the University of Pittsburgh 
and Washington University Animal Studies Committees (IACUC 
23032631 and 21–0163, respectively). Five-week-old C57BL/6 J male 
mice were purchased from the Jackson Laboratory (Bar Harbor, ME, 
United States). Unless otherwise stated, mice were housed at 23 ± 1°C 
and maintained on a 12-h light/dark cycle. For all experiments, mice 
were fed a commercial chow diet (Purina 5,053) until 8 weeks of age 
and then randomly divided into groups for the experiments.

Strategy and generation of trehalase KO 
mice

Trehalase (Treh) whole-body knockout mice were established by 
Genome Engineering &.

Stem Cell Center (McDonnell Genome Institute, Washington 
University School of Medicine, St. Louis, MO). Briefly, the CRISPR/
Cas9 technique was used to target Treh exon 8, and a 13 bp sequence 
was successfully removed (Figure 5B). Heterozygous Treh knockout 
(Treh+/−) mice were crossed to generate homozygous Treh knockout 
(Treh−/−, Treh KO) mice. Mice without disrupted Treh (Treh+/+) were 
considered as the wildtype (WT) control group. Primer sequences for 
genotyping were as follows: Forward 5′-AGG ACT GTC TCT GTA 

GTC TCA GGA GG-3′; Reverse 5′-GAT GCT CAT GTC AGA GTG 
AGC TGA TGG-3′. Genomic DNA was extracted from mouse tails 
and amplified using EmeraldAmp PCR Master Mix, followed by 
visualization by 3% agarose gel electrophoresis (44).

Mouse phenotype assessment

For examining the influence of trehalose on the metabolic state, 
mice were fed a chow diet until the indicated age. A diet containing 
40% kcal fat (TD 88137, Harlan, United  States) was used for all 
experiments involving high fat diet (HFD) treatment. During HFD 
feeding, mice were treated with saline, sucrose, or trehalose, by 
intraperitoneal injection [3 g/Kg body weight (0.3 g trehalose/mL and 
10 uL/g body weight), three times per week] and/or by oral route in 
the drinking water (3% w/v). For trehalose tolerance tests, mice were 
fasted for 6 h, and a blood sample was taken from the mouse tail vein 
(0 min point). Subsequently, mice were intraperitoneally treated with 
a solution of trehalose [3 g/Kg body weight (0.3 g trehalose/mL and 
10 uL/g body weight)], and blood samples were collected at indicated 
time points. For insulin tolerance tests, 15-week HFD-fed mice were 
fasted for 6 h, blood samples were collected from the mouse tail vein 
(0 min point) and the mice were then intraperitoneally injected with 
insulin [1 U/Kg body weight (0.1 U of insulin/ml of sterile PBS, 
10 μL/g body weight)]. Mice were pretreated with indicated doses of 
Validamycin (Cayman Chemicals, Ann Arbor, MI, United  States) 
intraperitoneally, followed by trehalose (3 g/Kg body weight), 3 h 
before assessment of blood glucose levels. Blood samples were 
obtained at indicated time points. Body composition was determined 
by EchoMRI-100H (EchoMRI LLC) and presented as fat and lean 
mass, in accordance with the manufacturer’s instructions. For tissue 
Treh expression profiles and for tissue Treh activity assays, tissues were 
harvested from 8-week-old male C57BL/6 J mice.

Histological analysis and tissue weights

BAT, iWAT, eWAT, and liver were weighed upon mouse dissection. 
Liver tissue samples were fixed in 4% paraformaldehyde overnight and 
then transferred to 70% ethanol. The fixed samples were embedded in 
paraffin for staining with hematoxylin and eosin Y.

Analysis of plasma parameters

Glucose, cholesterol, TGs, and FFA concentrations were determined 
using commercially available kits: Autokit Glucose (NC9927772, Wako 
Chemicals, Richmond, VA, United States), Infinity Cholesterol Liquid 
Stable Reagent (TR13421, Thermo Fisher), Infinity Triglyceride Reagent 
(TR22421, Thermo Fisher), and NEFA HR[2; Reagent 1 (434–91,795) 
and Reagent 2 (436–91,995), Wako Chemicals], respectively. All kits 
were used in accordance with the manufacturer’s instructions.

Analysis of trehalose and trehalase activity

Trehalose concentration and trehalase activity were measured using 
Trehalose Assay Kit (Megazyme, Bray, Ireland) according to manufacturer 
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protocol. Briefly, tissue homogenate (equal protein concentrations 
between samples) or plasma was treated with an equal volume of 5 g/L 
trehalose and then incubated at 37°C for 30 min. After that, the plate was 
read at 340 nm every 5 min or until values stop changing.

Gene expression quantification

RNA was isolated with Ambion PureLink RNA Kit (Life 
Technologies, Foster City, CA) and then reverse-transcribed using 
SuperScript VILO (Life Technologies). For quantification of mRNA 
expression, real-time PCR was performed with a LightCycler system 
(QuantStudio; Thermo Fisher, Waltham, MA) using SYBR Green 
fluorescence signals (SYBR Select Master Mix, 4,472,908, Thermo 
Fisher). The protocol for amplification was as follows: denaturation, 
95°C for 1 min; annealing, 60°C for 10 s; extension, 72°C for 40 s. Gene 
expression levels were normalized to the levels of ribosomal protein 
lateral stalk subunit P0 (Rplp0) Forward 5′- ATC CCT GAC GCA CCG 
CCG TGA-3′; Reverse 5′- TGC ATC TGC TTG GAG CCC ACG 
TT-3′. Primer sequences used for Treh: Forward 5’-TCA TCT TGG 
TAG AGC TGG GC-3′; Reverse 5′- ATG ACC TGG GAG CTG CAC-3′.

Western blotting

Cells or tissues were lysed in a standard RIPA lysis buffer. Standard 
techniques were used for protein quantification, separation, transfer, 
and blotting. The following primary antibody was used: Treh (1:1000, 
sc-390034, Santa Cruz, Heidelberg, Germany). Ponceau-S total 
protein staining was used as a loading control.

Quantification and statistical analysis

All results are presented as mean ± SEM. Bars in graphs represent 
standard errors, and significance was assessed by two-tailed Student’s 
t tests.
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The improvement effect of 
insoluble dietary fiber of 
Polygonatum sibiricum on 
hyperlipidemia in high-fat diet 
mice via gut microbiota and 
metabolites
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1 Zhang Zhongjing School of Chinese Medicine, Nanyang Institute of Technology, Nanyang, China, 
2 College of Food Science and Technology, Hebei Agricultural University, Baoding, China

Objective: Polygonatum sibiricum is rich in insoluble dietary fiber (IDF), but 
its antihyperlipidemic effect remains unclear. This study investigated the 
antihyperlipidemic effect of Polygonatum sibiricum’s IDF (PIDF) in high-fat diet 
mice.

Methods: Male C57BL/6 J mice were fed with a high-fat diet continuously 
for 8 weeks. At the same time, the low-dose and high-dose groups were 
supplemented with 0.5 g/kg·BW and 1.0 g/kg·BW of PIDF, respectively. The 
weight and food intake of the mice were measured during the experiment. After 
8 weeks of feeding, the organ weight, serum indexes, and liver function were 
investigated. Furthermore, the mechanism of antihyperlipidemic was explained 
by analyzing the gut microbiota and metabolites.

Results: The results of the LIDF and HIDF showed that the PIDF treatment 
significantly alleviated the liver and kidney weight and body fat index. PIDF 
administration remarkably increased the high-density lipoprotein cholesterol 
level and enhanced hepatic superoxide dismutase activity in high-fat diet-
fed mice. The levels of total cholesterol, triglycerides, low-density lipoprotein 
cholesterol, glucose, and aspartate transaminase in the HIDF were significantly 
lower than in the high-fat diet group. In addition, PIDF supplements also 
decreased the ratio of Bacillota to Bacteroidota, increasing the relative 
abundance of Alistipes and Akkermansia. Furthermore, metabolites suggest 
that dietary increases in PIDF can promote lipid and amino acid metabolism. 
Hence, PIDF improves lipid metabolism by regulating the gut microbiome and 
influencing host metabolism.

Conclusion: It can be  concluded that PIDF may alleviate hyperlipidemia by 
regulating cholesterol metabolism, increasing the abundance of beneficial 
microorganisms, and controlling its metabolites. The results of this study 
accelerated the application of PIDF in the health food industry.

KEYWORDS

insoluble dietary fiber, Polygonatum sibiricum, antihyperlipidemic effect, gut 
microbiome, metabolite profile
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1 Introduction

With high-fat diets becoming the eating habit or hobby of most 
people, hyperlipidemia has become a global problem of chronic 
diseases that threaten human health. Animal experiments and 
pharmacological studies have shown that hyperlipidemia and obesity 
are closely related to gut microbiota (1, 2). The interaction between 
non-starch polysaccharides, especially plant dietary fiber and 
intestinal microorganisms, has become a new research focus (3, 4). 
Dietary fiber can improve gut microbes, clean the intestinal tract, and 
prevent intestinal diseases (5). According to its water solubility, dietary 
fiber can be divided into two categories: water-insoluble dietary fiber 
(IDF) and water-soluble dietary fiber (SDF). Among these, IDF can 
also increase satiety and exhibit other beneficial effects (6). Moreover, 
IDF cannot be digested by the body’s digestive enzymes and passes 
directly to the large intestine, where it is metabolized by 
microorganisms in the gut (7). Therefore, IDF also has significant 
efficacy in improving intestinal microbes (8). The balanced dietary 
guidelines for residents suggest that a plant-based diet can lead to 
higher dietary fiber intake, thereby improving human health (6). 
Natural plant dietary fiber possesses the characteristics of green 
health, is a vast source, and has a low cost, which makes it a 
considerable application prospect in developing functional foods for 
antihyperlipidemic purposes.

The hypolipidemic effect of dietary fiber from natural plants has 
been widely studied. Still, the mechanism is different, and it is typically 
the result of the combined action of several mechanisms. Reports 
from animal experiments indicated that plant dietary fiber can play a 
role in the hypolipidemic effect by regulating oxidative stress and lipid 
metabolism. The mechanism by which plant dietary fiber improves 
hyperlipidemia is as follows: (1) regulating triglyceride and fatty acid 
metabolism. The study of Wang et al. (9) demonstrated that soybean 
IDF can inhibit the expression of SREBP1c and SCD1 mRNA in 
hyperlipidemia liver, thereby reducing TC and TG levels, and play a 
beneficial role in improving HFD-induced dyslipidemia and liver 
steatosis in mice. (2) Regulate cholesterol metabolism. Liu et al. (10) 
found that dietary fibers from bergamot could inhibit the increase of 
LDL-C in the blood, promote the transport and consumption of oil in 
the liver, and subsequently reduce the levels of cholesterol and lipids 
in the body, demonstrating a noticeable hypolipidemic effect. (3) 
Regulate gut microbes. Zhang et al. (11) reported that after 8 weeks of 
intervention with a high-fat diet in mice, those fed an IDF diet 
extracted from brown seaweed Laminaria japonica showed a 
significant improvement in intestinal microbial composition, 
primarily by substantially increasing the relative abundance of 
Akkermansia. Additionally, biochemical results showed that serum 
cholesterol concentration and glucose level were significantly reduced. 
Another study also showed that insoluble dietary fibers and total 
dietary fiber obtained from Caulerpa lentillifera exhibited increased 
levels of acetic acid and propionic acid in metabolites in the 
supplemental dietary fiber groups compared to the high-fat diet group 
(12). It has been reported that under the fermentation of gut 
microbiota, dietary fiber produces more short-chain fatty acids, which 
have a noticeable effect on improving metabolic syndrome, especially 
hyperlipidemia (3).

Polygonatum sibiricum is one of the homologous resources of 
traditional medicine and food, which has essential edibility and 
therapeutic value. Except for polysaccharides and saponins, 

Polygonatum sibiricum is rich in IDF, with a content of up to 88% (13). 
Currently, research on Polygonatum sibiricum primarily focuses on 
identifying functional ingredients, including polysaccharides and 
saponins (5). A large amount of residue is generated after the 
extraction of active ingredients and is not fully utilized. The 
Polygonatum sibiricum residue contains a large amount of dietary 
fiber, which has potential applications in the food industry (13).

In our previously published report, PIDF was the high purity 
(76.7%) (14). Additionally, in vitro studies have demonstrated that 
PIDF is more effective in adsorbing cholesterol (35.95 mg/g) and 
glucose (24.63 μmoL/g) (15). However, there is no report on the actual 
hypolipidemic effect of PIDF in vivo experiments, and its mechanism 
remains largely unrecognized. Furthermore, this study highlighted its 
anti-hyperlipidemic effect and modulation of gut microbiota in high-
fat-fed mice. Therefore, this study investigated the mechanism by 
which gut microbiome regulates anti-hyperlipidemia. In addition, 
we  also investigated the regulatory effect of PIDF on caecum 
metabolites to further elucidate the mechanism of its hypolipidemic 
action. This study will provide valuable theoretical evidence for 
applying PIDF as a food for alleviating hyperlipidemia.

2 Materials and methods

2.1 Polygonatum sibiricum insoluble 
dietary fiber

Simply, Polygonatum sibiricum residue powder was enzymatic 
hydrolysis by α-amylase (0.25%) at pH 6, 60°C for 1 h. Next, the 
mixture was enzymatically hydrolyzed by papain (0.125%) at pH 5, 
50°C for 1 h. After enzymolysis, the mixture was subjected to 
ultrasonic treatment (Ningbo Xinzhi Biotechnology Co., Ltd., 
Ningbo, China) at 50°C for 20 min (ultrasonic 2 s and intermittent 
2 s). Then, collect the residue after centrifuging (2,683 g for 10 min) 
the mixture. Finally, the residue was washed twice with water and 
once with 70% ethanol; the residue was ball-milled (CJM-SY-B, 
Qinhuangdao Bomao New Material Technology Co., Ltd., 
Qinhuangdao, China) at 380 rpm for 8 h to obtain a consistent 
particle size distribution, and the processed powders were designated 
as PIDF. The PIDF has a consistent purity (76.7%) and consists 
mainly of cellulose (24.4%), hemicellulose (31.5%), lignin (20.8%), 
protein (7.5%), starch (4.1%), and ash (0.97%) (14). According to 
our report (15), PIDF exhibited better functional properties: water-
holding capacity (4.36 g/g), oil-holding capacity (2.62 g/g), water-
swelling capacity (2.40 mL/g), ion exchange capacity (0.27 mmol/g), 
and cholesterol (35.95 mg/g) and glucose (24.63 μmoL/g) adsorption 
capacity. The particle size distribution and zeta-potential of PIDF 
were 9.96 μm and −25.95 mV, respectively (15).

2.2 Animal experiment

The ethics committee for experimental animals of Nanyang 
Institute of Technology reviewed all the animal experiments (Animal 
Experiment Ethics Review No. [2024]001). Here, seven-week-old 
male C57BL/6 J mice (SPF grade, 18 ± 2 g) were purchased from 
Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, 
China). During the adaptation feeding period (7 days), all mice were 
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fed with a standard diet. All mice had free access to water and food. 
The feeding temperature was maintained at 22 ± 2°C, with a relative 
humidity of 55 ± 10%, and a 12 h light–dark cycle. The obesity model 
was established according to Wang et al. (9) and Zhang et al. (11). 
After adaptive feeding, the mice (eight-week-old male) were 
randomly divided into 4 groups, with 8 animals in each group and 4 
animals in each cage. If the data of 1–2 animals were outliers, the data 
of that mouse were excluded. The normal control group (NC) was fed 
a standard diet. The high-fat diet control group (HC) was fed a 
high-fat diet (60% kcal fat: protein 26%, carbohydrate 26%, fat 35%). 
According to the report (9), the low-dose group (LIDF) was fed with 
a high-fat diet supplemented with gavage administration of 0.5 g per 
kg·BW of PIDF per mouse per day, and the high-dose group (HIDF) 
was fed a high-fat diet supplemented with gavage administration of 
1.0 g per kg·BW of PIDF per mouse per day. The mice were fed a 
PIDF-supplemented diet for 8 weeks.

2.3 Body weight and tissues collected

The weight of each mouse in each group was recorded weekly. 
The food intake of each cage was recorded every day. The total 
amount of food divided by the number of mice in the cage gives the 
daily food intake for each mouse. At the end of the 8-week 
experiment, the abdomen of the mouse was gently pressed to 
stimulate defecation. After the mouse defecated, the fresh fecal 
samples were quickly collected into a sterile test tube. Mice were 
anesthetized with isoflurane after a 12 h fast (Jiangsu Hengfengqiang 
Biotechnology Co., LTD., Jiangsu, China). Blood was collected 
through the orbital venous plexus, centrifuged at 4°C, and serum 
was obtained by spinning at 3500 rpm for 15 min. The serum was 
stored at −80°C for biochemical analysis.

After euthanasia, the kidneys, spleen, liver, and adipose tissue 
of the mice (perirenal and epididymis) were dissected and weighed. 
At the same time, cecal contents were collected. The organ index 
was measured by calculating the ratio of organ weight to body 
weight. Divide the liver into two parts, wrap one in tin foil, and 
freeze at −80°C. The other part of the liver, perirenal fat, and 
epididymal fat were soaked with 4% paraformaldehyde at 
room temperature.

2.4 Serum biochemical analysis

Serum lipid parameters, including total cholesterol (TC), 
triglycerides (TG), glucose (GLU), aspartate transaminase (AST), 
alanine aminotransferase (ALT), high-density lipoprotein cholesterol 
(HDL-C), and low-density lipoprotein cholesterol (LDL-C) were 
measured using commercial kits (Shandong Biobase Industry Co., 
LTD, Jinan, China) per the manufacturer’s instructions.

2.5 Histological analysis

Liver and epididymal fats fixed in 4% paraformaldehyde were 
embedded and sectioned into 4 μm sections. The slices were 
stained with hematoxylin–eosin (H&E) (12). Then, it was viewed 
under a light microscope (Olympus, Japan) and photographed. 

Additionally, the Nonalcoholic Fatty Liver Disease (NAFLD) 
activity score of liver slices was evaluated. The detailed scoring 
criteria refer to the guidelines of the National Institute of Health’s 
NASH Clinical Research Pathology Working Group of the 
United States (16).

2.6 Biochemical indexes of liver tissue

The activities of glutathione peroxidase (GSH-PX) and superoxide 
dismutase (SOD), malondialdehyde (MDA) content, and total 
antioxidant capacity (T-AOC) of liver tissue were determined 
according to the instructions of special kits (Nanjing Jiancheng 
Biotechnology Company, Nanjing, China).

2.7 Gut microbiota analysis

Mouse feces were collected to isolate total DNA, and the V3–V4 
region of the 16S rRNA gene was amplified using PCR with forward 
primer 341F (CCTAYGGGRBGCASCAG) and reverse primer 806R 
(GGACTACNNGGGTATCTAAT). Overlapping paired-end reads 
were merged using fast-join and processed with QIIME. Illumina 
readings with an average score more excellent than 20 were selected 
for further analysis (8). The 16S rRNA gene sequence was used to 
classify the operational taxon units (OTUs) of the detected bacteria. 
Alpha diversity analysis was performed for the classified 
microorganisms, and Chao, Pielou’s, Shannon, and Simpson indices 
were used to characterize microbial diversity and richness. The Beta 
diversity of the classified microorganisms was analyzed, and a Venn 
diagram represented the intersection size of OTUs between different 
groups. Meanwhile, the similarity of microorganisms between 
various groups was illustrated using principal component analysis 
(PCA) (17).

2.8 Non-targeted metabolite analysis

Metabolomics analysis was performed using ultra-high-
performance liquid chromatography (LC) tandem mass 
spectrometry (MS/MS). Briefly, the cecum was frozen with liquid 
nitrogen. Take a 100 mg tissue sample into an EP test tube, then add 
500 μL of an 80% methanol solution. Next, the mixture was swirled 
over an ice bath for 5 min until well mixed. The mixture is then 
centrifuged at 15000 g, 4°C for 20 min. Collect the supernatant and 
add mass spectrometry water to adjust the methanol concentration 
of the supernatant to 53%. Then, the mixture was centrifuged at 
15000 g, 4°C for 20 min. Finally, the supernatant was analyzed by 
LC–MS/MS.

LC was performed using the Vanquish UHPLC System 
(Thermo Fisher Scientific, Germany) and a Hypersil Gold column 
(100 × 2.1 mm, 1.9 μm) (Thermo Fisher Scientific, United States); 
the column temperature was maintained at 40°C. The flow rate 
was set at 0.2 mL/min. The mobile phases consisted of 0.1% 
formic acid (v/v) (A) and methanol (B). The gradient elution 
program was as follows: 0–1.5 min, 98% A; 1.5–3 min, 98–15% A; 
3–10 min, 15–0% A, 10–10.1 min, 0–98% A, 10.1–12 min, 98% 
A. ESI (+) and ESI (−) were analyzed by Q Exactive™ HF/Q 
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Exactive™ HF-X MS/MS (Thermo Fisher Scientific, Germany) 
with an ESI ion source, respectively. The parameters were set as 
follows: Spray Voltage: 3.5 kV, sheath gas pressure: 35 psi; aux gas 
flow:10 mL/min; capillary Temp: 320°C, S-lens RF level: 60, Aux 
gas heater temp:350°C, MS/MS scans: data-dependent scans, MS1 
range: m/z 100–1,500 (18). All multivariate data analyses and 
modeling were performed using the NovoMagic Platform.1 After 
scaling the data, the models were constructed using principal 
component analysis (PCA) and partial least squares discriminant 
analysis (PLS-DA).

2.9 Statistical analysis

Statistical analysis was performed with SPSS 27.0 software (IBM 
Corporation, NY, United States) and Origin 2024 software (OriginLab, 
UAS). Results were presented as means ± standard deviation. 
Differences in experimental data were analyzed by one-way analysis 
of variance (ANOVA) with Duncan’s test. The statistically significant 
results were considered as p < 0.05, n = 6.

1  www.novogene.cn

3 Results

3.1 PIDF alleviates body weight

Figure 1A illustrates the weekly weight change curve for the four 
groups of mice over 8 weeks. The weight of mice is a direct indicator 
of their health, especially whether they are overweight or obese (19). 
During the experimental feeding period, the weight of each group of 
mice increased with age. Compared with the NC group, the weight 
gain trend in the HC group was significantly accelerated after the 
second week (p < 0.05). It is worth mentioning that at the end of the 
experiment, the weight of the mice in the HC group (29.23 g ± 0.92 g) 
exceeded that of the NC group (24.63 g ± 0.45 g) by more than 15%, 
indicating that the obese mice had been successfully modeled. As 
depicted in Figure 1A, the weight gain rate of mice in the LIDF and 
HIDF groups was significantly reduced after PIDF supplementation, 
and this trend became more pronounced as the mice aged.

Figure 1B shows the weight of the four groups of mice at the end 
of the experiment. As expected, the body weight of mice in the LIDF 
(26.22 g ± 0.57 g) and HIDH (24.75 g ± 0.45 g) groups was 
significantly lower than that in the HC group (p < 0.001) (Figure 1B). 
The body weight of mice in the HIDF group was the same as that in 
the NC group, with no significant difference (p > 0.05) (Figure 1B). In 
addition, compared with the LIDF group, high doses of PIDF 
supplementation (the HIDF group) resulted in more significant 

FIGURE 1

Effects of PIDF on high-fat diet mice. (A) Body weight of every week; (B) Body weight at the end of the experiment; (C) Food intake during 8 weeks; 
(D) The average food intake of each mouse; (E) Perinephric fat; (F) Epididymal fat; (G) Perinephric fat indexes; (H) Epididymal fat indexes; (I) Liver 
weight; (J) Kidney weight; (K) Spleen weight; (L) Liver indexes; (M) Kidney indexes; (N) Spleen indexes; (O) H&E staining of epididymal fat. Data 
presented as mean SEM, n = 6, * p < 0.05, ** p < 0.01, *** p < 0.001.
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weight loss in mice (p < 0.05) (Figure 1B). The results showed that the 
dietary addition of PIDF could conspicuously slow the weight gain of 
mice on a high-fat diet (20).

3.2 Effect of PIDF on food intake in high-fat 
diet mice

Figure 1C illustrates the trends in the average food intake of each 
mouse over the 8-week experiment period. Figure 1D compares the 
average food intake of each mouse in different groups throughout the 
experiment. The results showed that, without the PIDF dietary 
supplement, the food intake of the HC group (2.29 g/mouse/day) mice 
was significantly higher than that in the LIDF (2.04 g/mouse/day) and 
HIDF (2.03 g/mouse/day) groups (p < 0.05). Furthermore, the food 
intake of the LIDF and HIDF groups was considerably lower than that 
of the NC group (2.39 g/mouse/day) (p < 0.001), possibly due to the 
satiety induced by PIDF intake in the LIDF and HIDF groups.

3.3 The effect on the body fat index of 
mice

The effects of dietary supplementation of IDF on epididymal fat 
and perinephric fat accumulation in mice are described in 
Figures 1E,F. It was observed that at the end of the experiment, after 
8 weeks of high-fat diet feeding, the fat accumulation in the HC group 
was excessive. Compared with the NC group (0.065 g ± 0.02 g, 
0.41 g ± 0.06 g, respectively), the perinephric fat accumulation in the 
HC group increased by 83.8% (p  < 0.001), and epididymal fat 
accumulation increased by 68.9% (p < 0.001). While PIDF significantly 
inhibited fat accumulation in the LIDF and HIDF groups (p < 0.001, 
Figures 1E,F) compared to the HC group, which ranged from 62.3 to 
69.5%. Similarly, as shown in Figures  1G,H, the perinephric and 
epididymal fat indexes in the LIDF (0.47% ± 0.09, 1.61% ± 0.94%, 
respectively, p  < 0.001) and HIDF (0.61% ± 0.10, 2.02% ± 0.26%, 
respectively, p < 0.001) groups were remarkably lower than in the HC 
group. No significant difference was observed in the effect of PIDF on 
fat accumulation in mice between the LIDF and HIDF groups, 
indicating that PIDF has a beneficial impact in inhibiting body fat 
accumulation. Meanwhile, as shown in Figure 1O, the adipocytes in 
the HC group were the largest, while those in the LIDF and HIDF 
groups were significantly reduced, indicating that PIDF decreased the 
lipid content of adipocytes (21). Overall, these results showed that 
PIDF treatment significantly alleviated the weight of perinephric and 
epididymal fat induced by a high-fat diet.

3.4 The effect on organ indices of mice

The effects of PIDF on organ weight and organ index in mice were 
observed in Figures 1I–N. After 8 weeks of high-fat diet feeding, the 
weight of the liver (1.0403 g ± 0.00986 g, p < 0.01), kidney 
(0.3875 g ± 0.0293 g, p < 0.001), and spleen (0.0925 g ± 0.0216 g, 
p < 0.05) in the HC group was the heaviest, which was significantly 
higher than that in the NC group (0.88763  g ± 0.0179 g, 
0.2853 g ± 0.0104 g, 0.0525 g ± 0.0033 g, respectively). After the 

addition of PIDF, the organ weight of high-fat diet mice in the LIDF and 
HIDF groups was significantly reduced, especially the weight of the 
liver (0.9108 g ± 0.0285 g, 0.9120 g ± 0.098 g, respectively, p  < 0.05, 
Figure  1I) and kidney (0.2960 g ± 0.111 g, 0.3082 g ± 0.0147 g, 
respectively, p < 0.001, Figure 1J) was markedly lower than that in the 
HC group. In addition, spleen weight was also lower in the PIDF dietary 
intervention groups compared to the HC group, although the difference 
was not significant (p > 0.05) (Figure 2K). The more fat it contains, the 
more its function is affected. As shown in Figures 1L–N, the kidney 
index in the LIDF group (1.1437% ± 0.0432%) was significantly 
decreased compared with the HC group (1.2942% ± 0.0976%, p < 0.05). 
However, there were no significant differences in liver and spleen 
indexes between the LIDF group and the HIDF group (p > 0.05).

3.5 The effect on the blood lipid level of 
mice

To investigate the alleviating effect of PIDF on hyperlipidemia 
in mice, the serum lipid indexes of mice were measured, and the 
results are shown in Figures 2A–G. It could be seen from the second 
column set, the level of TC (4.88 mmol/L ± 0.30 mmol/L, 
Figure  2A) and TG (1.35 mmol/L ± 0.22 mmol/L, Figure  2B), 
LDL-C (0.92 mmol/L ± 0.14 mmol/L, Figure  2D), AST 
(129.24 U/L ± 34.93 U/L, Figure  2F), and GLU-YA 
(10.07 mmol/L ± 1.30 mmol/L, Figure 2G) in the HC group mice 
significantly increased by 41.78% (p < 0.001), 25.44% (p < 0.05), 
32.18% (p  < 0.05), 44.54% (p  < 0.05), and 43.49% (p  < 0.05), 
respectively, and HDL-C decreased by 8.78% 
(3.59 mmol/L ± 0.49 mmol/L, Figure 2C) compared with the NC 
group, which indicated that the long-term feeding of high-fat diet 
resulted in dyslipidemia in mice (10, 22). Compared with the HC 
group, the contents of TC (4.05 mmol/L ± 0.46 mmol/L and 
4.02 mmol/L ± 0.52 mmol/L, respectively, Figure  2A) and AST 
(92.61 U/L ± 22.3 U/L, 91.01 U/L ± 13.18 U/L, respectively, Figure 2F) 
in the mice’s serum of the LIDF and HIDF groups were significantly 
ameliorated (p < 0.01), and the content levels were similar to those in 
the NC group (p > 0.05). At the same time, there was no significant 
difference in the ALT content in the blood of mice in the NC, HC, 
LIDF, and HIDF groups (p > 0.05).

However, when high doses of PIDF were given (HIDF group), the 
TG, LDL-C, and GUL-YA levels in the serum of the mice were 
significantly lower than those in the HC group, with content of 
(1.08 ± 0.13) mmol/L, (0.68 ± 0.22) mmol/L, and (6.87 ± 1.80) mmol/L, 
respectively (p < 0.05). The findings of this study are consistent with 
those reported in previous research by Isken et al. (23) and Fang et al. 
(24). In addition, when supplementing a low dose of PIDF, there was 
no significant effect on these three serum biochemical indexes between 
the LIDF group and the HC mice (p > 0.05). It is worth mentioning that 
compared with the HC group, PIDF supplementation significantly 
increased the serum HDL-C content in the LIDF and HIDF groups by 
35.08% (p < 0.01) and 21.30% (p < 0.05), respectively (Figure  2C). 
HDL-C is considered the “good” cholesterol because of its ability to 
transport cholesterol from peripheral tissues back to the liver for 
metabolism, helping to reduce the risk of cardiovascular disease (25, 
26). These results indicated that a specific dose of PIDF can significantly 
reduce the serum TC, TG, and LDL-C levels and increase HDL-C level 
in hyperlipidemia animal models, which improves blood lipid health.
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3.6 Activity of antioxidant enzymes in the 
liver of mice

The detected indicators of oxidative stress are described in 
Figures 2H–K. The content of MDA in the NC group was the lowest 
(2.03 nmol/mgprot ± 0.20 nmol/mgprot, p < 0.001), indicating that a 
regular diet would not cause abnormal liver metabolism (Figure 2H) 
(27). As shown in Figure 2H, MDA content in the HC group mice 
(3.76 nmol/mgprot ± 0.32 nmol/mgprot) was significantly higher than 
in the other three groups, indicating that a high-fat diet caused certain 
liver damage. After the PIDF diet intervention, MDA levels decreased 
in both the high-dose group (2.68 nmol/mgprot ± 0.40 nmol/mgprot, 
p < 0.01) and the low-dose group (3.02 nmol/mgprot ± 0.56 nmol/
mgprot, p < 0.001), with proportions of 19.80 and 29.68%, respectively. 
The results showed that PIDF had a protective effect on the liver, 
preventing liver damage caused by a high-fat diet. As expected, the 
high-fat diet reduced SOD activity (121.83 U/mgprot ± 14.72 U/
mgprot) in the mice’s liver compared to the NC group (133.06 U/
mgprot ± 12.07 U/mgprot), resulting in oxidative stress. The SOD 
activity in LIDF and HIDF groups was increased by 27.51% (155.35 U/
mgprot ± 15.25 U/mgprot, p < 0.01) and 20.81% (147.18 U/mgprot ± 
7.51 U/mgprot, p < 0.05), respectively (Figure 2I). The results showed 

that the PIDF dietary intervention could effectively improve the 
oxidative stress caused by a high-fat diet. Simultaneously, there was no 
detectable increase in GSH-Px and T-AOC activity in the LIDF and 
HIDF groups (Figures 2J,K, p > 0.05). The results suggest that PIDF 
intervention may help alleviate liver disease caused by a high-fat diet.

The liver is a vital organ in the human body, and a prolonged 
high-fat diet can lead to excessive fat accumulation in the liver, 
ultimately causing liver damage. Therefore, to demonstrate that the 
PIDF diet can improve this phenomenon, the livers of four groups of 
mice were sliced and stained with H&E to observe the accumulation 
of fat in the liver more clearly (Figure 2M). The results showed that the 
liver cells of mice on a standard diet had normal morphology, clear 
boundaries, and a neat arrangement, with no fat accumulation 
observed (17). However, hepatocytes in the HC group were severely 
damaged, mainly due to the accumulation of a large number of fat 
particles within hepatocytes, which crowded out the nucleus to the 
edge, with the possibility of lipopathy (28). This indicated that a 
high-fat diet can seriously damage the liver, resulting in a considerable 
accumulation of fat in the liver and affecting liver function. On the 
contrary, the form of liver cells in the PIDF supplementation mice was 
as expected. Additionally, the fat accumulation in the livers of mice in 
the LIDF and HIDF groups was reduced, which slowed the damage to 

FIGURE 2

Effects of PIDF on blood lipid levels and activity of antioxidant enzymes in high-fat diet mice. (A) TC; (B) TG; (C) HDL-C; (D) LDL-C; (E) ALT; (F) AST; 
(G) GLU-YA; (H) MDA; (I) SOD; (J) GSH-Px; (K) T-AOC; (L) NAFLD activity score of the livers. (M) H&E staining of the liver (The arrows in images indicate 
hepatocyte fatty degeneration). Data presented as mean SEM, n = 6, * p < 0.05, ** p < 0.01, *** p < 0.001.
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liver cells caused by a high-fat diet (29). Furthermore, the NAFLD 
activity score of the livers in the four groups was assessed (Figure 2L). 
The results indicated that the NAFLD activity score of the liver in the 
HC group was 3.2 ± 0.45, and extremely significantly higher than that 
of the other three groups (p < 0.001). Hence, the livers of mice in the 
HC group were identified as NAFLD. At the same time, the NAFLD 
activity scores of the livers of mice in the NC, LIDF, and HIDF groups 
were less than 2, which could exclude the possibility of NAFLD (30). 
In conclusion, these findings demonstrated that PIDF supplementation 
successfully ameliorated lipid metabolic disorders in mouse livers 
caused by long-term high-calorie diets.

3.7 The effects on the gut microbiota of 
mice

In this study, the regulatory effect of PIDF on intestinal microbes 
was investigated. Firstly, the Alpha diversity index of mouse gut 
microbiota was analyzed, and the results are shown in Table 1. The 
results showed that the Chao1, Shannon, and Simpson indices of the 
HIDF and LIDF groups were increased with dietary fiber intake. These 
results suggested that IDF could increase the richness and diversity of 
gut microbiota. On this basis, a Venn diagram based on operational 
taxon (OTUs) was used to analyze the similarity of gut microbiota 
among different groups. According to the Venn diagram of the four 
groups of mice (Figure 3A), 348, 686, 666, and 693 OTUs were detected 
in the NC, HC, LIDF, and HIDF groups, respectively. The four unique 
sections were 167, 158, 112, and 130 OTUs, respectively. The OTUs 
shared by the HC, LIDF, and HIDF groups with the NC group were 152, 
146, and 146, respectively. The OTUs shared by the LIDF and HIDF 
groups with the HC group were 378 and 469, respectively. These results 
suggest that PIDF may play a role in regulating the intestinal microbial 
structure of mice on a high-fat diet (17). The dilution curve and species 
accumulation curve for each group of samples are shown in Figure 3B. At 
the initial sequencing stage, the curve exhibited a rapidly rising trend, 
and as the sequencing quantity increased, the curve for each group 
gradually leveled off. After further increasing the sequencing volume, 
only a few new OTUs were produced, indicating that the sequencing has 
reached saturation. These results suggest that the amount of sequencing 
data has fully covered the microbial diversity in the samples.

Additionally, β diversity analysis revealed the differences between 
the gut microbial communities of various mouse groups (31). Then, 
principal coordinate analysis (PCoA) was used to investigate the 
overall differences in the composition of intestinal bacteria in the four 
groups. Figure  3C showed that the four groups of microbial 
communities were distributed in different regions, and each group 
formed relatively close clusters. In particular, the clusters of the LIDF 
and HIDF groups with PIDF intervention were significantly different 

from those of the HC group. The results showed that a dietary increase 
in PIDF altered the intestinal microbial composition of mice fed a 
high-fat diet. The results were consistent with the report by Liu 
et al. (32).

Further, we determined the composition of gut microbes in four 
groups of mice at the phylum, family, and genus levels to explore the 
effects of PIDF on microbial species and their relative abundance. The 
differences in gut microbiome composition at the phylum level among 
the four groups of mice are illustrated in Figure 3D. For the NC group, 
the dominant phyla are p_Pseudomonadota, p_Bacillota, p_
Bacteroidota, and p_Verrucomicrobiota. At the same time, Bacillota 
and Bacteroidota are the dominant phyla in the other three groups. 
Figures 4A–D illustrates the changes in the relative abundance of 
specific bacteria. Compared with the NC group, the relative 
abundances of p_Bacillota (p < 0.001) and p_Bacteroidota (p < 0.01) 
in the HC group were significantly increased, resulting in a significant 
increase in the ratio of Bacillota to Bacteroidota (1.89 ± 0.11). In 
addition, the relative abundance of p_Verrucomicrobiota was 
significantly decreased in the HC group (p < 0.001). Multiple studies 
have shown that metabolic syndrome is associated with an increased 
ratio of Bacillota to Bacteroidota (31). This also suggested that the mice 
in the HC group had abnormal lipid metabolism. As can be seen in 
Figure 4A, PIDF intervention resulted in a considerable reduction in 
the abundance of p_Bacillota, from 58.65% ± 1.31% (HC group) to 
46.59% ± 3.07% in the LIDF group (p < 0.05) and 43.27% ± 3.81% in 
the HIDF group (p < 0.01). On the contrary, compared to the HC 
group (30.93 ± 1.17%), the abundance of p_Bacteroidota exhibited a 
significant increase in the LIDF (41.83 ± 3.26%, p < 0.01) and HIDF 
(46.92 ± 2.75%, p < 0.001) groups. As a result (Figure 4C), the Bacillota 
to Bacteroidota ratio of the LIDF (1.12 ± 0.15) and HIDF (0.92 ± 0.11) 
groups was significantly decreased, which is similar to levels in NC 
mice (0.67 ± 0.53) (p > 0.05). These results suggest that PIDF can 
regulate gut microbiome and metabolic function and improve 
hyperlipidemia induced by a high-fat diet in mice. The study results 
of Yang et al. (33) showed that flaxseed polysaccharide also regulates 
the composition of intestinal microbes in high-fat diet mice by 
reducing the Bacillota to Bacteroidota ratio, thereby exerting an effect 
on decreasing serum lipids. In addition, as shown in Figure 4D, PIDF 
supplementation successfully increased the relative abundance of p_
Verrucomicrobiota from 0.03% in the HC group to 6.05% ± 1.94% in 
the LIDF group and 6.18% ± 3.53% in the HIDF group.

At the family level (Figure 3E), compared with the NC group, 
high-fat diet feeding increased the relative abundance of these two 
types of harmful bacteria (f_Erysipelotrichaceae and f_
Desulfovibrionaceae) in the HC group (p < 0.001, Figures 4E,F). In 
contrast, this trend was significantly suppressed after the daily addition 
of the PIDF diet, especially in the high-dose group (p  < 0.001, 
Figures  4E,F). As shown in Figure  4G, the relative abundance of 

TABLE 1  Alpha diversity analysis.

Groups Chao1 Pielou’s Shannon Simpson

NC 175.2 ± 26.80*** 0.50 ± 0.01*** 3.65 ± 0.20*** 0.83 ± 0.02***

HC 427.46 ± 25.09 0.75 ± 0.09 5.71 ± 1.40 0.91 ± 0.08

LIDF 493.29 ± 11.58* 0.80 ± 0.01 7.14 ± 0.06*** 0.99 ± 0.00**

HIDF 501.59 ± 19.44** 0.80 ± 0.01 7.17 ± 0.12*** 0.98 ± 0.00**

* Significant difference compared to the HC group. * p < 0.05; ** p < 0.01; and *** p < 0.001.
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FIGURE 3

Effects of PIDF on gut microbiota in high-fat diet mice. (A) Venn diagram; (B) Dilution curve and species accumulation curve of each group; (C) PCoA; 
(D) Gut microbial composition at the phylum levels; (E) Gut microbial composition at the family levels; (F) Gut microbial composition at the genus 
levels.

FIGURE 4

Relative abundances of (A) Bacillota and (B) Bacteroidota; (C) Bacillota/Bacteroidota ratio; (D) Relative abundances of Verrucomicrobiota; 
(E) Erysipelotrichaceae; (F) Desulfovibrionaceae; (G) Lachnospiraceae; (H) Peptostreptococcaceae; (I) Akkermansia; (J) Faecalibaculum; (K) Alistipes; 
(L) Bacteroides. Data presented as mean SEM, n = 6, * p < 0.05, ** p < 0.01, *** p < 0.001.
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f_Lachnospiraceae in the HIDF and LIDF groups was higher than in the 
HC group. Studies have shown that low fermentable polysaccharides 
can increase the relative abundance of f_Lachnospiraceae in the gut 
(34). The growth of f_Peptostreptococcaceae in the intestines of high-fat 
diet mice was significantly inhibited, and the PIDF diet significantly 
increased the relative abundance of this bacteria, the level of which was 
similar to that of the NC group (p > 0.05, Figure 4H). This result agreed 
with the report by Yue et al. (35).

At the genus level (Figure 3F), compared with the NC group, the 
relative abundance of g_Akkermansia (p < 0.01) and g_Faecalibaculum 
in the HC group was decreased, and the relative abundances of g_
Bacteroides (p < 0.001) and g_Alistipes (p < 0.01) were significantly 
increased (Figures 4I–L). After PIDF supplementation, the relative 
abundance of g_Akkermansia and g_Faecalibaculum was improved in 
both the LIDF and the HIDF groups, although this was insignificant. 
Meanwhile, the relative abundance of g_Alistipes in LIDF and HIDF 
groups significantly increased by 2.68 times and 3.46 times, 
respectively (Figure 4K). At the same time, feeding a high-fat diet 
increased the relative abundance of g_Bacteroides (Figure 4L).

Furthermore, linear discriminant analysis effect size (LEfSe) was 
used to analyze the typical bacterial groups with rich differences in the 
four groups of mice and to explore the influence of PIDF 
supplementation on the characteristic strains, and the results are 
shown in Figures 5A,B. The results showed that 52 bacterial taxa, 
whose abundance was significantly affected by the high-fat diet and 

PIDF intervention, were selected as OTUs. In the NC group, the 
dominant bacterial taxa are c_Gammaproteobacteria, 
p_Pseudomonadota, f_Xanthomonadaceae, o_Xanthomonadales, and 
g_Stenotrophomonas. The HC group was distinguished by c_Clostridia, 
p_Bacillota, o_Oscillospirales, and f_Oscillospiraceae. However, the 
LIDF group had a high abundance of g_Bacteroides, f_Bacteroidaceae, 
g_Blautia, and s_Lachnospiraceae. The similarity is that 
o_Bacteroidales, c_Bacteroidia, p_Bacteroidota, o_Lachnospirales, and 
f_Lachnospiraceae were more enriched in the HIDF group. This result 
was consistent with the findings of Zhao et al. (19), which reported 
that flaxseed cake dietary fiber ameliorates the harm of a high-fat diet 
mainly by restoring the gut microbiota composition.

Next, to explore the characteristics of the intestinal microbiome 
composition of mice in each group, correlation analysis was conducted 
between the top 10 bacterial taxa at the genus level and environmental 
factors. The results were visualized in the heat map (Figure 5C). The 
data showed that the relative abundance of g_Colidextribacter, g_
Chryseobacterium, g_Romboutsia, and g_Bacteroides in the HC group 
increased due to a high-fat diet. In addition, the bacterial taxa of the 
LIDF and HIDF groups decreased to different degrees due to the 
treatment of PIDF. The functional prediction (PICRUSt) of the 
dominant gut microbiome was determined, and the functional 
composition of the intestinal microbiota at level 2 was shown in 
Figure 6. Compared with the HC group, the intervention of high-dose 
PIDF significantly changed 13 pathways, including 9 up-regulated 

FIGURE 5

Regulation of PIDF on gut microbiota of high-fat diet mice. (A) LEfSe; (B) Linear discriminative analysis effect size analyses of statistically significant 
taxa; (C) Heat maps between the top 10 genera and physiological indexes.
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pathways and 4 down-regulated pathways. The result indicated that 
high-dose PIDF supplementation significantly increased the 
abundance of Metabolism of Cofactors and Vitamins, Folding, Sorting 
and Degradation, Enzyme Families, Biosynthesis of Other Secondary 
Metabolites, Transport and Catabolism than that of the HC group, 
which is beneficial to lipid metabolism.

3.8 The effects on mouse caecum contents 
metabolic profiles

The cecum contents of mice were analyzed using non-targeted 
metabolomics by LC–MS/MS. The substances detected in the positive and 
negative ion scans were used for further analysis. PCA analysis was 
performed for the three groups (NC, HC, and HIDF), and the three 
groups were clustered separately, as depicted in Figure 7A. In the PLS-DA 
results, the HC and NC groups (Figure 7B) and the HIDF and HC groups 
(Figure 7C) were clearly separated, confirming the PCA findings. This 
showed that PIDF significantly altered the metabolites of high-fat-fed mice.

A total of 1,662 metabolites (including those detected by 
positive and negative ion scanning) were identified based on VIP 
values greater than 1.0 and p-values less than 0.05. The results of the 
volcano plot showed that 333 metabolites were up-regulated, and 
204 metabolites were down-regulated by the high-fat diet 
(Figure 7D). In the meantime, after the PIDF diet intervention, 
compared with the HC group, 126 metabolites were up-regulated, 
and 142 metabolites were down-regulated (Figure 7E). Based on the 
differential expression of metabolites in the HIDF and HC groups, 
we performed pathway analysis using the Kyoto Encyclopedia of 
Genes and Genomes (KEGG) topology. As seen from Figure 8A, 
lipid acid (spiculisporic acid, FAHFA 16:0/18:2, and palmitic acid), 
and amino acid (L-aspartic acid,) metabolism are the most 
significantly affected pathways. Further, MetaboAnalyst revealed 

that the PIDF diet led to the enrichment of pyrimidine metabolism, 
purine metabolism, glycine, serine, and threonine metabolism, as 
well as glycerophospholipid metabolism, as highly enriched 
metabolic pathways (Figure 8B). Therefore, these pathways may 
be  key sites for PIDF to demonstrate its efficacy in reducing 
blood lipids.

3.9 Correlation between gut microbiota 
and metabolites and hyperlipidemia

To verify the effect of IDF on regulating intestinal microorganisms, 
Spearman analysis was used to study the correlation between key 
bacterial genera in feces and differential metabolites in cecum 
contents, and the results are shown in Figure 8C. Figure 8C showed 
that p_Bacteroidota and p_Verrucomicrobiota showed a significant 
correlation with 5 altered metabolites (spiculisporic acid, L-ascorbate, 
FAHFA 16:0/18:2, L-aspartic acid, and palmitic acid). Fatty acids play 
an essential role in regulating energy metabolism. Especially, g_
Bacteroidota showed a significant correlation with hyperlipidemia 
indexes (TC, TG, MDA, and AST). In addition, the relative 
abundances of g_Desulfobacterota, g_Deferribacterota, g_
Patescibacteria, and g_Cyanobacteria were correlated with some 
metabolites and hyperlipidemia indexes. The results showed that PIDF 
dietary supplements could regulate the gut microbiota and may 
influence its metabolites. This might be the reason why PIDF can 
alleviate hyperlipidemia caused by a high-fat diet.

4 Discussion

Hyperlipidemia is a disease with too much lipid in the blood, 
which can be induced by a high-energy diet (36, 37). Polygonatum 

FIGURE 6

The functional prediction (PICRUSt) of the dominant gut microbiome.
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sibiricum has excellent health benefits, such as hypoglycemic, 
hypolipidemic, regulating immunity, and so on (5). The activity study 
of the PIDF of Polygonatum sibiricum is not as extensive as those on 
polysaccharides and saponins. Hence, the high-fat diet-induced 

hyperlipidemia mouse model was used to research the anti-
hyperlipidemic effect of PIDF (37). After 8 weeks of continuous PIDF 
supplementation, the dietary intake of mice in the low-dose and 
high-dose groups was significantly reduced. In our previous reports 

FIGURE 7

Effects of PIDF on metabolite profiles in high-fat diet mice. (A) PCA; (B) PLS-DA between HC and NC; (C) PLS-DA between HIDF and HC; (D) Volcano 
plot between HC and NC; (E) Volcano plot between HIDF and HC.

FIGURE 8

(A) KEGG topology; (B) KEGG pathway enrichment analysis; (C) Correlation between gut microbiota and its metabolites and hyperlipidemia.
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(15), it was indicated that PIDF exhibits strong oil-holding and water-
holding properties, which increase the volume of food in the stomach 
and enhance satiety. Therefore, the body weights of mice in the LIDF 
and HIDF groups were significantly lower than those in the HC 
group. These results suggest that weight gain may be  partially 
attributable to reduced energy intake. The result agreed with the 
report of Wang et al. (9), which revealed that okara’s IDF has an 
improving effect on hyperlipidemia in C57BL/6 J mice caused by a 
high-fat diet. In addition, the results of Chang et al. (38) showed that 
dietary supplementation with pear residue IDF slowed the weight 
gain caused by a high-fat diet, which agrees with this finding. In 
conclusion, the PIDF can alleviate excessive weight gain caused by 
sustained high energy intake.

As expected, PIDF supplementation significantly inhibited 
epididymal and perinephric fat weight in mice in the LIDF and 
HIDF. Consistent with the results of this study, Zhang et al. (39) reported 
that the IDF of soybean residue also showed a similar effect in alleviating 
fat accumulation in high-fat diet-fed mice. The same results reported by 
Chang et al. (38) indicated that in the high-fat diet group, adipocyte size 
decreased significantly after adding pear pomace’s IDF. In the meantime, 
the organ weights of mice in the LIDF and HIDF groups were 
significantly lower than those in the HC group. In the research by Fang 
et al. (24), Auricularia polytricha noodles supplemented in high-fat diet 
mice diets could significantly reduce liver weight accumulation and 
mitigate the development of fatty liver caused by a high-fat diet. In 
conclusion, the dietary intervention of PIDF can reduce fat accumulation 
and thereby alleviate metabolic diseases caused by excessive fat.

Hyperlipidemia often manifests as abnormal cholesterol 
metabolism and high lipid levels (40). Therefore, this study 
investigated the effects of PIDF on biochemical indices in high-fat diet 
mice. The results show that the TC and AST levels of the mice in the 
LIDF and HIDF groups were significantly lower than those of the HC 
group. In particular, the level of AST in the LIDF and HIDF was nearly 
identical to that of the NC group. AST was a standard detection 
indicator that evaluated liver function and detected liver lesions or 
damage in time (41). Meanwhile, TG, LDL-C, and GLU-YA levels in 
the HIDF were lower than those in the HC. In addition, the TG level 
of HIDF (1.08 mmol/L) was lower than that of pear pomace IDF 
(1.31 mmol/L) (38). The TC (4.01 mmol/L) and LDL-C (0.68 mmol/L) 
levels of HIDF were lower than those of soybean IDF (5.11 and 
1.30 mmol/L, respectively) (9). These can be illustrated that PIDF has 
certain advantages in improving hyperlipidemia. While HDL-C is 
considered the good cholesterol in the human body, its increase 
benefits the body; conversely, a reduction in HDL-C content also falls 
under the category of dyslipidemia (42). The PIDF intervention 
significantly increased HDL-C in mice. These results suggest that 
PIDF can regulate cholesterol metabolism by binding to cholesterol 
and lowering cholesterol absorption. Those results were consistent 
with the previous reports. The study of Wang et al. (9) indicated that 
soybean insoluble dietary fiber plays a role in antihyperlipidemic effect 
by reducing TG, TC, and LDL-C levels and improving HDL-C levels 
in high-fat diet animals. Similarly, Liu et al. (32) demonstrated that 
dietary fiber from Ougan residue improved obesity caused by HFD, 
which was associated with a reduction in TC and TG levels and an 
increase in HDL-C levels in mice. In conclusion, dietary intake of 
PIDF can effectively alleviate symptoms of hyperlipidemia.

Oxidative stress is an adverse effect of free radicals in the body and 
is an essential factor in aging and disease (43). In the LIDF and HIDF, 

PIDF protects the liver from damage by reducing MDA levels, 
increasing SOD activity, and inhibiting fat accumulation in the liver. 
Consistent with previous reports, the mechanism by which 
polysaccharides from Pleurotus eryngii lower blood lipids also reflects 
a reduction in fatty liver and oxidative stress in high-fat diet mice (27). 
Meanwhile, the research conducted by Zhang et al. (11) emphasizes 
that IDF from brown seaweed Laminaria japonica can improve the 
morphology of liver cells in high-fat diet mice and play a significant 
protective role in liver injury. The current research results show that 
both low-dose (0.5 g/kg·BW) and high-dose (1.0 g/kg·BW) intake of 
PIDF has a good effect on improving hyperlipidemia. The World 
Health Organization suggests that adults should consume at least 25 g 
of dietary fiber every day. Additionally, the American Heart 
Association recommends that women consume approximately 25 g 
and men about 38 g of dietary fiber daily. Hence, the research dosage 
has certain potential implications for human nutrition.

The IDF can proceed directly to the cecum for fermentation 
without undergoing digestion. It is generally recognized that the 
community structure of gut microbial colonies plays a crucial role in 
regulating lipids (24, 33, 35). The impact of PIDF on the gut 
microbiome significantly reduces the Bacillota to Bacteroidota ratio. 
Bacillota and Bacteroidota played an essential role in regulating the 
metabolism of carbohydrates, bile acids, and lipids in the host (44). 
p_Bacillota can absorb energy, intensify fat accumulation, and 
increase the risk of metabolic diseases such as obesity. p_Bacteroidota 
reduces cholesterol synthesis and is a kind of probiotic (45). It is 
reported that a high Bacillota to Bacteroidota ratio will promote high 
energy intake and cause metabolic diseases (10). It is worth noting 
that this finding is consistent with the study results showing lower 
food intake in the LIDF and HIDF groups of mice. Besides, the 
reduction in the Bacillota to Bacteroidota ratio in the PIDF-
supplement groups may be closely related to the up-regulation of 
fatty acids, which are indispensable to the human body (18). 
Furthermore, the functional prediction results suggested that the 
microbial abundance related to Transport and Catabolism 
metabolism increased in the HIDF group. This might explain the 
reason why the TG, TC, GLU-A, and LDL-C levels were lower in the 
HIDF group.

In addition, the PIDF supplement significantly improves the 
abundance of beneficial bacteria in the gut, such as p_Bacteroidota, 
f_Muribaculaceae, f_Lachnospiraceae, f_Peptostreptococcaceae, g_
Akkermansia, and g_Alistipes. p_Bacteroidota can ferment 
carbohydrates and biotransform bile acids and other steroids, 
producing nutrients and energy needed by the body, which mainly 
lowers blood lipids and maintains health. It is reported that the reason 
why f_Lachnospiraceae is considered a beneficial bacterium is mainly 
related to its participation in the production of fatty acids (20). The 
metabolic products of the cecum of mice contain a considerable 
amount of fatty acid substances (FAHFA 16:0/18:2 and palmitic acid), 
which might be related to the increase in the richness of the relative 
abundance of beneficial microbial colonies.

Moreover, f_Peptostreptococcaceae is another category of bacteria 
that helps curb obesity. The report confirms that the increased 
quantity of g_Akkermansia can improve intestinal barrier integrity 
and alleviate obesity symptoms (33). Additionally, according to the 
report by Zhang et al. (11), g_Akkermansia was the dominant strain 
in the high-dose brown seaweed Laminaria japonica IDF treatment 
group. Moreover, Tian et al. (46) studied the mechanism by which 
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barley leaf IDF improves intestinal inflammation in mice. They found 
that barley leaf IDF supplementation regulated the gut microbiome of 
mice by increasing the relative abundance of g_Alistipes by 5.2-fold, 
which was consistent with the results of this study. Moreover, short-
chain fatty acids can regulate the immune response and inflammatory 
response of the body (47). On the one hand, p_Bacteroidota reduce 
cholesterol synthesis; f_Lachnospiraceae, f_Peptostreptococcaceae, and 
g_Alistipes could help reduce low-grade chronic inflammation in the 
body. On the other hand, g_Akkermansia could improve the integrity 
of the intestinal barrier. In conclusion, the beneficial bacteria play a 
synergistic role in the process of improving hyperlipidemia.

Meanwhile, the PIDF supplement significantly reduced the 
relative abundance of f_Erysipelotrichaceae and f_Desulfovibrionaceae, 
two types of bacteria closely associated with obesity and considered 
harmful (48, 49). Research indicates that f_Desulfovibrionaceae can 
increase the level of gut-derived lipopolysaccharides, which could 
cause damage to the integrity of the intestinal barrier, resulting in 
chronic inflammation and associated metabolic disorders (50). The 
results of Zhao et  al. (19) showed that flaxseed dietary fiber also 
reduced the growth of these two types of harmful bacteria in the gut 
of mice on a high-fat diet. Hence, the intervention of PIDF can 
maintain the integrity of the intestinal barrier.

Furthermore, the results of functional prediction of the dominant 
gut microbiome indicated that relative abundance related to 
Metabolism of Cofactors and Vitamins was significantly increased 
(p < 0.01). Meanwhile, L-Ascorbate level in the metabolites of mice in 
the HIDF group was relatively higher and was proportional to the p_
Bacteroidota and p_Verrucomicrobiota. In addition, in the HIDF 
group, Glycan Biosynthesis and Metabolism were extremely 
significantly up-regulated pathways (p < 0.001). Glycan metabolism 
may produce fatty acids, which may explain the increase in fatty acid 
substances (spiculisporic acid, FAHFA 16:0/18:2, and palmitic acid) 
in metabolites. In conclusion, the PIDF intervention treatment can 
regulate the microbial community structure of hyperlipidemic mice, 
improve intestinal barrier integrity caused by a high-fat diet, and 
thereby alleviate the symptoms of hyperlipidemia.

The results of the caecum contents metabolic profiles revealed that 
PIDF supplements improved the metabolism of lipids, amino acids, and 
glycerophospholipids, which alleviated the abnormal blood lipid 
metabolism caused by a high-fat diet. It has been reported that lipid 
metabolism is related to the PI3K/Akt signaling pathway. Once this 
signaling pathway is activated, it can promote the synthesis of fatty acids 
and the storage of triglycerides while inhibiting fat breakdown (51). In 
addition, Cho et al. (52) mentioned that enhanced glycerophospholipid 
metabolism can improve lipase activity and inhibit lipid metabolism 
abnormalities. Amino acid metabolism is closely related to glycolipid 
metabolism, which can affect the synthesis and decomposition of 
triglycerides by regulating the activity of enzymes (ACC and FAS) related 
to lipid metabolism and signaling pathways (such as mTORC1) (53, 54). 
Obesity and other metabolic diseases are affected by the amino acid 
metabolism, which will produce various metabolic products, such as 
SCFAs, branched-chain fatty acids, and other substances. Furthermore, 
amino acid metabolism can accelerate the tricarboxylic acid cycle, 
increasing energy consumption (55). In conclusion, the correlation 
analysis between gut microbiota and metabolites and hyperlipidemia 
indicated that PIDF supplementation increased the relative abundance 
of beneficial microorganisms and promoted the metabolism of lipids, 
amino acids, and glycerophospholipids.

5 Conclusion

The results of this study suggested that the improvement of lipid 
metabolism in mice induced by a high-fat diet with PIDF is associated 
with the regulation of the gut microbiota. The levels of TC, TG, and 
LDL-C in PIDF-supplemented mice were significantly reduced, while the 
levels of HDL-C were increased. Additionally, oxidative damage in the 
liver was alleviated, the Bacillota to Bacteroidota ratio of intestinal bacteria 
was decreased, and the abundance of beneficial bacteria was increased. 
In addition, the results of the correlation analysis showed that PIDF 
supplementation stimulated gut microbes, which may be the mechanism 
of action of PIDF in reducing blood lipids. However, the interaction 
between PIDF and gut microbes requires further study. In addition, the 
absence of dietary fiber from other sources is a limitation of this study. 
The results suggest that PIDF, as a low-fermentation dietary fiber, 
alleviates hyperlipidemia induced by a high-fat diet by reshaping the gut 
microbiota and regulating its metabolites. Therefore, these findings can 
provide a basis for applying PIDF in developing functional foods.
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