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ABSTRACT

Resveratrol (trans-3,4’,5-trihydroxystilbene, RES) is a stilbenoid naturally present in a variety of plants. Although there are sev-
eral reports about its anti-fatigue activity, its impact on intensive exercise-induced fatigue and the underlying mechanisms are
yet not well understood. In the present study, we established a swimming exercise protocol in mice that is similar to the fatigue
condition induced by a long period of intensive exercise and explored the effect of RES on fatigue and the mechanisms from the
perspective of intestinal injury and gut microbiota. The results revealed that RES significantly prolonged exhaustive swimming
time in fatigued mice and improved the serum indexes associated with fatigue, including serum glucose, lactic acid (LA), urea ni-
trogen (BUN), lactate dehydrogenase (LDH), creatine kinase (CK), catalase (CAT), glutathione peroxidase (GSH-Px), and glyco-
gen storage in liver and muscle. Meanwhile, RES increased the expressions of ZO-1, Occludin, and Claudin-1, thereby enhancing
intestinal barrier integrity and inhibiting mRNA expressions of tumor necrosis factor-o (TNF-a), interleukin-6 (IL-6), and inter-
leukin-18 (IL-1B) in the colon, thereby improving the pathological injury in the colon. Importantly, RES modified gut microbiota
dysbiosis by increasing the diversity of gut microbiota, regulating microbiota associated with inflammation and fatty acid me-
tabolism at the phylum (Bacteroidetes and Firmicutes), family (Erysipelotrichaceae, Enterobacteriaceae, and Prevotellaceae), and
genus (Brevundimonas diminuta, Coprobacillus, Megasphaera, and Lactobacillus) levels, respectively. The results supplemented
the anti-fatigue mechanism for RES from the perspective of intestinal injury and gut microbiota. The detailed mechanisms and
associated metabonomics analysis remain for further study.

1 | Introduction physiological, pathological, and psychological factors, demon-

Exercise-induced fatigue (EF) is defined as a decrease of max-
imal voluntary muscle force induced by intense and prolonged
exercise (Ament and Verkerke 2009). EF generally occurs in
sports competition and physical training. The exhausting of
energy sources and the accumulation of end products during
EF result in the disturbance of the internal environment in the
body (Tan et al. 2012). In addition, EF is also related to various

strating a negative effect on other physiological functions in-
cluding cardiac function and cognitive ability (Claessen and
La Gerche 2016; Finsterer and Mahjoub 2014; Ma et al. 2018;
Moore et al. 2012). It is reported that approximately half of the
general population suffers from chronic fatigue sometime in
their lifespans (Lei et al. 2016). Therefore, fatigue has become
an important public health issue in urgent demand of novel sup-
plemental food or therapeutic drugs. Of note, natural products
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show great advantages in the application of anti-fatigue due to
their safety and multiple activities (C. Luo et al. 2019; S. S. Zhou
and Jiang 2019). It has promising potential to screen anti-fatigue
ingredients from natural products.

Resveratrol (trans-3,4’,5-trihydroxystilbene, RES) is a stilben-
oid naturally present in a variety of plants including grapes,
peanuts, soy, berries, and Itadori tea (Burns et al. 2002; Tian
and Liu 2020). Due to its multiple pharmacological activities,
RES has become one of the most studied polyphenols. After
oral administration in a fasting state, RES is rapidly absorbed
by the gastrointestinal tract and reaches peak plasma concen-
tration (Cmax) within the first 30 min and 1.5-2h depending
on doses (Huang, Lee et al. 2019). RES tends to be distributed
in the brain, liver, intestine, and fat in animal bodies (Andres-
Lacueva et al. 2012). Due to its lipophilicity, RES exhibits a
high volume of distribution (Vd) (Abd El-Mohsen et al. 2006).
The intestine and liver are recognized as the main metabolism
sites for oral RES, demonstrating a concentration-dependent
biotransformation (X. T. Huang et al., 2019). Resveratrol and
its metabolites are mainly eliminated through facial areas and
urine (X. T. Huang et al., 2019). Studies have revealed that
RES possesses antioxidative, anti-inflammatory, antitumor,
antiviral, anti-obesity, anti-aging, and antiapoptotic proper-
ties (Chen, Song et al. 2022; Cui et al. 2022; Molani-Gol and
Rafraf 2024; Rauf et al. 2018; D. D. Zhou et al. 2021). RES is
also beneficial for hepatic, cardiac, brain, and nerve injuries,
wound healing, glucose and lipid metabolism, etc. (Chupradit
et al. 2022; Hecker et al. 2022; Rao et al. 2020; Q. Zhou
et al. 2022; Zivarpour et al. 2022). Therefore, RES is widely
applied in the food, cosmetic, and pharmaceutical industries
(Giovinazzo et al. 2012; Ratz-Eyko and Arct 2019; L. X. Zhang
et al. 2021). Its potential application in food additives needs
further study.

There are several reports concerning the anti-fatigue effect of
RES supplementation in recent years. Oral administration of
RES to mice significantly prolonged the exhaustive swimming
time and increased the grip strength, which might be associated
with increasing energy utilization and decreasing serum lac-
tate, ammonia, and creatine kinase (CK) (Wu et al. 2013). RES
supplementation significantly increased aerobic capacity, tissue
glycogen, and muscle hypertrophy in mice (Kan et al. 2018).
Furthermore, RES supplementation during resistance exercise
generated synergistic effects on the above performances (Kan
et al. 2018). A clinical trial has revealed that supplementing
RES in advance for young males significantly relieved muscle
pain, increased exercise performance, and improved muscle
damage induced by plyometric exercise-induced muscle dam-
age (C. C. Huang et al. 2021). All these studies suggested that
RES possessed anti-fatigue and performance improving effects.
Otherwise, the detailed mechanisms for RES against fatigue are
yet not well elucidated.

Therefore, we established an EF mice model and observed the
anti-fatigue effect of RES supplementation. Furthermore, the
potential mechanisms of RES were explored from the perspec-
tive of intestinal injury and intestinal flora imbalance. The re-
sults are expected to supplement the possible mechanisms of
RES against fatigue and provide a theoretical foundation for
further development of RES.

2 | Materials and Methods
2.1 | Animals and Treatment

Twenty-four male ICR mice (8 weeks old, weighing 30-32g),
purchased from Qingdao Qinda Biotechnology Co. Ltd., were
maintained at 24°C-26°C and 50%-60% humidity with a
12h light/dark cycle. All mice were housed singly and fed a
standard laboratory diet and distilled water ad libitum. After
1week of acclimation, mice were randomly and equally as-
signed into 3 groups: control group (CON), exercise-induced
fatigue group (EF) and RES group (RES). The mice in RES
group were given RES (50 mg/kg, Aladdin, Shanghai, China)
by oral gavage once a daily for 28 days (Wu et al. 2013), while
the mice in the CON and EF groups were given the same
volume of solvent. The mice in the EF and RES groups were
subjected to a swimming exercise protocol one hour after
administration daily, which was designed to induce fatigue
(Wang et al. 2023). Briefly, mice in the EF and RES groups
were put into a water tank (50cm X 60cm X 60 cm) for swim-
ming training with a water depth of 45cm and a water tem-
perature of 25°C. The swimming duration on the first day
was 5min and then increased by 5min/day. On 12th day, the
mice maintained swimming for 60min. From then on, the
mice conducted 60min swimming duration in the follow-
ing 16 days. The mice in the CON group were handled daily
to mimic the disturbance caused by the experiment without
swimming training. On the 29th day, all mice were put into a
water tank for swimming, and the exhaustive swimming time
was recorded when the mice sank into the water and failed
to return to the surface within 10s (Y. Chen, J. Wang, et al.
2022). On the 30th day, the samples were harvested after fast-
ing overnight. The swimming protocol and mice grouping
were demonstrated in Figure 1.

All animal experiments were approved by the Institutional
Animal Care and Use Committee of Linyi University (No:
LYU20240301) and conducted in accordance with the Guide for
the Care and Use of Laboratory Animals.

2.2 | Sample Collection

On the 30th day, the mice were anesthetized by intraperitoneal
injection of 2% pentobarbital sodium (40mg/kg) and the blood
was collected from eyeballs to separate serum by centrifugation
at 4°C, 3000rpm for 10 min. Then, the mice were sacrificed to
collect feces in the intestinal tract, as well as the liver, muscle,
and colon. The liver and the muscle were prepared into 10% tis-
sue homogenate with cold saline. The proximal colon was fixed
in 4% polyformaldehyde to prepare paraffin sections, while the
distal colon was stored at —80°C.

2.3 | Serum Indexes and Tissue Glycogen
Determination

Serum glucose, lactic acid (LA), urea nitrogen (BUN), lactate
dehydrogenase (LDH), creatine kinase (CK), catalase (CAT),
glutathione peroxidase (GSH-Px), and glycogen in liver and
muscle homogenates were measured using kits (Jiancheng
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bioengineering institute, Nanjing, China) and conducted follow-
ing the instructions strictly.

2.4 | Hematoxylin and Eosin (H&E) Staining

The colon tissue was embedded in paraffin after being fixed
with polyformaldehyde, and then cut into slices with 2-4 pum.
The slices were stained with hematoxylin and eosin (H&E,
Beyotime, Shanghai, China), and then observed under light mi-
croscopy (Olympus, Tokyo, Japan) and photographed.

2.5 | Immunohistochemistry

The paraffin slices were antigen repaired after dewaxing and
hydration. Then the slices were sealed with sheep serum for
30 min. Subsequently, ZO-1, Occludin, and Claudin-1 primary
antibodies (1:1000, Bioss, Beijing, China) were added and in-
cubated overnight at 4°C, followed by operating with Polink-2
plus Polymer HRP detection system (Bioss, Beijing, China)
and DAB (Solarbio, Beijing, China) staining. The stained
slices were observed under light microscopy (Olympus,
Tokyo, Japan) and photographed. The images were quantified
using Image J software (version 1.51j8, National Institutes of
Health, USA).

2.6 | Quantitative Real Time-Polymerase Chain
Reaction (QRT-PCR)

The mRNA expressions of tumor necrosis factor-o (TNF-a), inter-
leukin-6 (IL-6), and interleukin-1§ (IL-1f3) in the colon were deter-
mined by qRT-PCR. Total RNA was extracted from colon tissue
using the AG RNAex Pro kit (Agbio, Hunan, China) according
to the manufacturer's protocol. Subsequently, cDNA was synthe-
sized by reverse transcription using the BeyoRTII First Strand
cDNA Synthesis Kit (Beyotime, Shanghai, China). qRT-PCR was
performed in a Quant StudioTM1 Real-Time PCR Instrument
(Thermo Fisher Scientific, Waltham, MA) using the ServicebioTM
2xUniversal Blue SYBR Green qPCR Master Mix (Servicebio,
Wuhan, China). The mRNA expression level of the target gene was
normalized to that of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) using 2-AACq. The primers were presented in Table 1.

2.7 | 16S rRNA Gene Sequencing

Bacterial DNA in the fecal samples was extracted to perform 16S
rRNA gene sequencing and analysis. All the procedures were con-
ducted by Sangon Biotech (Shanghai, China). The ASV denoising
analysis was performed using the DADA2 algorithm to construct
amplicon sequence variants (ASVs), with critical parameters set
as follows: raw sequence quality filtering involved truncating
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FIGURE1 | Swimming protocol (A) and mice grouping and treatment (B) in the present study.

TABLE1 | Primers for qRT-PCR.

Gene Forward sequence Reverse sequence

TNF-a 5-ACCCTCACACTCACAAACCA-3 5-GAGGCAACCTGACCACTCTC-3
IL-6 5-GCCTTCTTGGGACTGATGCT-3 5-TGTGACTCCAGCTTATCTCTTGG-3
IL-1B 5-TGCCACCTTTTGACAGTGATG-3 5-TTCTTGTGACCCTGAGCGAC-3’
GAPDH 5-GGGGTCCCAGCTTAGGTTCA-3 5-CCCAATACGGCCAAATCCGT-3
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forward/reverse reads at 240/200bp, maximum expected error
rate (maxEE) set to 2.0, and chimera detection using the consen-
sus method. Taxonomic annotation was conducted based on the
SILVA database (v138) full-length 16S rRNA reference sequences,
employing the Naive Bayes classifier within the QIIME2 frame-
work for seven-level taxonomic classification (from phylum to
species), with a confidence threshold of 0.7. For diversity analy-
sis, alpha diversity was assessed by calculating the Shannon index
(species diversity), Observed OTUs (species richness), Chaol
(community abundance estimation), and Faith's PD (phylogenetic
diversity), while beta diversity was evaluated using Bray-Curtis
dissimilarity (community composition differences) and weighted/
unweighted UniFrac distances (phylogenetic divergence), visual-
ized via principal coordinate analysis (PCoA). Statistical analysis
of intergroup differences was performed using PERMANOVA
(Adonis algorithm) with a significance threshold of p <0.05, and
all analyses were completed on the QIIME2 platform (v2020.6).

2.8 | Statistical Analysis

One-way analysis of variance (ANOVA) followed by multiple
comparison post hoc test was performed using GraphPad Prism
8.0 software (GraphPad Software, CA, USA). Tukey was used
for post hoc test when normality and homogeneity of variance
assumptions were met, while Dunnett's T3 was applied when
not. p <0.05 was considered statistical significance.

3 | Results

3.1 | RES Prolonged the Exhaustive Swimming
Time in EF Mice

As expected, the exhaustive swimming time decreased in EF
mice when compared to CON mice (Figure 2, p <0.05), indicat-
ing that a long period of intensive exercise reduced performance
and resulted in fatigue. After oral administration of RES, the
exhaustive swimming time was significantly prolonged when

150
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FIGURE2 | Effectof RES on exhaustive swimming time in EF mice.
RES significantly prolonged exhaustive swimming time in EF mice, ex-
hibiting an anti-fatigue effect.

Compared with CON group, *p<0.05, **p<0.01; Compared with EF
group, #p<0.01. n=8.

compared to EF mice and CON mice (Figure 2, p<0.01), sug-
gesting that RES exhibited an anti-fatigue effect on EF mice and
improved exercise performance.

3.2 | RESImproved Serum Indexes in EF Mice

Several serum indices associated with EF were determined
in the present study. As expected, the levels of blood glucose,
CAT, and GSH-Px significantly decreased while those of serum
LA, BUN, LDH, and CK significantly increased in EF mice
(Figure 3A-G, p<0.05 or 0.01, comparing to CON group). After
oral administration of RES, the levels of blood glucose, CAT, and
GSH-Px significantly increased while those of serum LA, BUN,
LDH, and CK significantly decreased in EF mice (Figure 3A-G,
p<0.05 or 0.01, comparing to EF group). The results indicated
that RES improved the above serum indices, which were benefi-
cial for the improvement of EF.

3.3 | RES Increased Liver Glycogen and Muscle
Glycogen in EF Mice

As demonstrated in Figure 4, the glycogen levels in liver and
muscle significantly decreased in EF mice (p <0.01, comparing
to CON mice), suggesting that exhaustive swimming resulted in
glycogen consumption. After oral administration of RES, both
liver glycogen and muscle glycogen significantly increased in EF
mice (Figure 4, p<0.01). The results revealed that RES could
improve EF by increasing glycogen storage in liver and muscle.

3.4 | RES Alleviated Intestinal Injury
and Improved the Integrity of the Intestinal
Mucosal Barrier in EF Mice

3.4.1 | RES Alleviated Intestinal Injury in EF Mice

Gastrointestinal injury induced by fatigue is an important
concern that deserves more attention. Therefore, the patho-
logical changes and the generation of inflammatory factors
in the colon, as well as the integrity of the intestinal mucosal
barrier, were explored in the present study. The H&E staining
results revealed that the colon structure of CON mice exhibited
no obvious abnormalities with the intact mucosal epithelium
(Figure 5). However, there was observed an obvious patholog-
ical damage in the colon of EF mice (Figure 5). The intestinal
mucosa was damaged, manifesting as bifurcation and atrophy
of the intestinal recess. Ulceration, hyperplasia of connective
tissue, reduction of goblet cells, and scattered inflammatory
cell infiltration were observed in intestinal tissue (Figure 5). Of
note, the above pathological damages of EF mice were signifi-
cantly improved after oral administration of RES (Figure 5),
suggesting that RES can relieve colon injury induced by fatigue.

3.4.2 | RES Inhibited Intestinal Inflammation in
EF Mice

The qRT-PCR results revealed that TNF-a, IL-6, and IL-1f3 ex-
pressions significantly increased in EF mice when compared to
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FIGURE3 | Effect of RES on serum indexes associated with fatigue in EF mice. RES significantly increased the levels of blood glucose, CAT, and
GSH-Px and decreased serum LA, BUN, LDH, and CK in EF mice, which was beneficial for the improvement of EF.
Compared with CON group, *p <0.05, **p <0.01; Compared with EF group, #p <0.05, ##p <0.01. n=8.
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FIGURE 4 | Effect of RES on liver glycogen and muscle glycogen in
EF mice. RES significantly increased liver glycogen and muscle glyco-
gen in EF mice, indicating that RES could increase glycogen storage to
improve EF.

Compared with CON group, *p<0.05, **p<0.01; Compared with EF
group, #p<0.01. n=8.

CON mice (Figure 6, p<0.01), suggesting that EF induced an
inflammatory reaction in the colon. After oral administration of
RES, TNF-qa, IL-6, and IL-1§ expressions in EF mice decreased
significantly, indicating that RES inhibited the inflammatory
reaction in the colon induced by fatigue (Figure 6, p <0.01, com-
paring to EF mice).

3.4.3 | RES Improved Intestinal Mucosal Barrier
Integrity in EF Mice

The pathological and inflammatory injury in the colon induced
by fatigue might result in damage to the integrity of the intes-
tinal mucosal barrier. Therefore, the expressions of tight junc-
tion proteins including ZO-1, Occludin, and Claudin-1 in the
colon mucosa were determined by immunohistochemistry. As
shown in Figure 7, there were abundant expressions of ZO-1,
Occludin, and Claudin-1 that maintained the integrity of the
intestinal mucosal barrier (Figure 7A). However, the integrity
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expressions in colon of EF mice, suggesting that RES inhibited the inflammatory reaction in the colon induced by fatigue.
Compared with CON group, *p < 0.05, **p <0.01; Compared with EF group, #p <0.01. n=3.

was damaged in EF mice, manifesting as the decreased expres-
sions of ZO-1, Occludin, and Claudin-1 (Figure 7A-D, p<0.01,
comparing to CON group). Meanwhile, after oral administration
of RES, expressions of ZO-1, Occludin, and Claudin-1 increased
significantly (Figure 7-D, p <0.01, comparing to EF group), indi-
cating an improvement in the integrity of the intestinal mucosal
barrier destroyed by fatigue.

3.5 | RES Modulated Gut Microbiota in EF Mice

3.5.1 | RES Increased the Diversity of Gut Microbiota in
EF Mice

The alpha diversity was demonstrated by the Shannon index
curve, and each curve represents a sample (Figure 8A). The
flattening of each sample's curve indicated that the sequenc-
ing data was sufficiently large to reflect the microbial diversity
within the samples (Figure 8A). The Venn diagram showed that
the gut microbiota diversity decreased in EF mice when com-
pared to CON mice (Figure 8B), while it increased in RES mice
when compared to EF mice (Figure 8B). According to the beta
diversity analysis, the unweighted principal coordinate analy-
sis (PCoA) exhibited significant differences in gut microbiota
composition among the three groups (Figure 8C). The results

revealed that RES could increase the diversity of gut microbiota
in EF mice.

3.5.2 | RES Changed the Composition of Gut Microbiota
in EF Mice

In the gut, the Bacteroidetes and Firmicutes are predominant
at the phylum level. Therefore, our present study measured the
relative composition of bacteria at the phylum level. The exper-
imental results indicated that the Firmicutes to Bacteroidetes
ratio significantly increased in EF mice when compared to CON
mice (Figure 9A,D). Moreover, the Firmicutes to Bacteroidetes
ratio tended to be similar in RES mice to that of CON mice
(Figure 9A,D).

At the family level, it can be observed that the enrichment of
Erysipelotrichaceae and Enterobacteriaceae increased sharply
while Prevotellaceae decreased in EF mice. Otherwise, their
changes were restored to normal levels after oral administration
of RES (Figure 9B,E).

To further understand the changes in fecal microbial communi-
ties, a heatmap was used to display the key species with relatively
high abundance (Figure 9C,F). Clearly, the gut microbiota of the
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three groups exhibited different levels at the genus level. The heat-
map demonstrated that compared to CON mice, the enrichment of
Brevundimonas diminuta and Coprobacillus in EF mice increased,
while that of Megasphaera and Lactobacillus decreased. In RES
mice, the enrichment of Brevundimonas diminuta, Coprobacillus,
Megasphaera, and Lactobacillus tended to restore to the level of
CON mice. In conclusion, RES restored the composition of gut mi-
crobiota induced by EF to the normal level.

4 | Discussion

Although the anti-fatigue effects of RES have been confirmed
in the past, almost all literature evaluated the improvement of
exercise performance and acute fatigue after exhaustive swim-
ming. In our present study, we established a mice model of a
long period of intensive exercise-induced fatigue and observed

the effect of simultaneous supplementation of RES on chronic
fatigue. The results revealed that RES significantly prolonged
exhaustive swimming time in mice with a long period of in-
tensive exercise-induced fatigue, showing anti-fatigue activity.
Meanwhile, the serum indexes associated with EF, including
blood glucose, LA, BUN, LDH, CK, CAT, and GSH-Px, as well
as glycogen storage in the liver and muscle, were improved by
RES. The above results demonstrated the anti-fatigue activity
of RES, in consistency with a previous report by Wu et al. (Wu
et al. 2013). Unfortunately, there was no further exploration
of the mechanism of RES in that report. In the next few stud-
ies, attempts were made to reveal the possible role of RES from
an anti-inflammatory and antioxidant perspective (Baltaci
et al. 2016; Kan et al. 2018; Z. Xu et al. 2023). Of importance, it
is the first time for our present study to explore the mechanisms
of RES on EF from the perspective of intestinal injury and gut
microbiota. Our present results revealed that RES significantly

7 of 13



Histogram

100

1.5
ok

1.0

Relative Abundance(%)

0.5

Firmicutes/Bacteroidetes (%)
¥

0.0-

” CON EF RES
&

Samples

@ p_sactericot @ p_Fimicutes

® p_verrucomicrobiota ® p_Patescivactera

@ p_Proteobacteria @ p_Desuifobacterota
® p_Actinobacteriota other

Histogram

Bl Erysipelotrichaceae
Bl Prevotellaceae

94 Aok

- Bl Enterobacteriaceae

I
5 ]

. *
&
0.1 0 I

0.05

2

Relative Abundance(%)
&

&
Samples

0.00-
CONEF RES CONEF RES CONEF RES

Analyzing microbial relative abundance (%)
=
-
1

- _Prevotetacese
® {_taciobacilacese

Cluster Tree and Heatmap Combination Analysis
I

- o JRRp——— 5 B Brevundimonas diminuta
- o Locneaacese WAAL3S gro0s ]
- I Bl Coprobacillus

2.0— Bl Megasphaera
B Lactobacillus

9_D

9_Coprobacilus
9_Prevateliacese_UCG-001
P

Analyzing microbial relative abundance (%)

‘9__norank_Eubacterium_coprosanoligenes_aroup
9_norank_Enysipelotrchaceae

*, B %

FIGURE9 | Effects of RES on enrichment of gut microbiota in EF mice at the phylum, family, and genus levels. RES decreased the Firmicutes to
Bacteroidetes ratio at the phylum level (A for heatmap and B for bar graphs), decreased the enrichment of Erysipelotrichaceae and Enterobacteriaceae
while increased that of Prevotellaceae at the family level (C for heatmap and D for bar graphs), and decreased the enrichment of Brevundimonas
diminuta and Coprobacillus while increased that of Megasphaera and Lactobacillus at the genus level (E for heatmap and F for bar graphs). n=>5.

alleviated intestinal pathological injury, inhibited inflamma- Swimming test is widely used as an ideal experimental animal
tory reactions in the colon, and improved the integrity of the model to evaluate the anti-fatigue and activity for agents (C. J.
intestinal mucosal barrier induced by fatigue. Moreover, RES ~ Zhang et al. 2020). In most circumstances, weight-loaded forced

increased the diversity of gut microbiota and changed the com- swimming test was employed to mimic acute fatigue condi-
position of gut microbiota, which was disturbed by EF. tions (Lee et al. 2022; X. Luo et al. 2023). In actual life, fatigue
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is generally caused by repetitive and sustained physical labor,
resulting in internal environment disturbance (Chaudhuri and
Behan 2004). In the present study, we established a swimming
exercise protocol in mice that is similar to the fatigue condi-
tion induced by a long period of intensive exercise, with minor
changes based on literature reports (Wang et al. 2023). In the
swimming exercise protocol, mice were forced to swim daily for
28 d. The swimming duration on the first day was 5min and
increased by 5min per day to 60min on 12th day. From then
on, the mice conducted a 60 min swimming duration in the fol-
lowing 16 d. As expected, fatigue developed after the long pe-
riod of swimming exercise manifesting as changes in serum
indexes and glycogen storage. Glucose is the main energy source
for exercise and deficiency of glucose leads to the decrease of
performance maintenance and results in fatigue (C. C. Huang
et al. 2012). LA is a product of anaerobic glycolysis from car-
bohydrates in high intensive exercise, which results in the de-
crease of pH value both in blood and muscle tissue and leads to
fatigue (Gibson and Edwards 1985; Hsiao et al. 2018). Therefore,
serum LA level is a vital index to evaluate the exercise inten-
sity and fatigue degree. Glycogen stored in the liver and muscle
is another vital energy source that could supplement the con-
sumption of glucose (Williams et al. 2013). Energy expenditure
during intensive exercise results in the consumption of glyco-
gen, which leads to fatigue (M. Xu et al. 2017). In consequence,
increasing glycogen storage might improve exercise perfor-
mance. BUN, a metabolic product of proteins, increases during
high intensive exercise where protein metabolism is enhanced
(X. Li et al. 2009). Therefore, BUN is used as a fatigue index,
which is positively related to the degree of fatigue (W. C. Huang
et al. 2015). Here we observed the decreased blood glucose, the
increased LA and BUN, as well as the decreased glycogen in
the liver and muscle in EF mice when compared with the CON
mice. The results demonstrated that an EF model was success-
fully established by the swimming exercise protocol used in our
present study. Meanwhile, RES significantly increased blood
glucose, decreased LA and BUN, and increased liver glycogen
and muscle glycogen, resulting in the alleviation of EF. As a
consequence, the exhaustive swimming time was significantly
prolonged in RES mice when compared with that in EF mice.

Several enzymes in the serum, such as LDH, CK, CAT, and
GSH-Px, are indexes to evaluate fatigue in clinical practice.
LDH is an important glycolytic enzyme and is present in a va-
riety of tissues, including muscle. The damaged muscle cells re-
lease LDH into the bloodstream, leading to an increase in serum
LDH (Young et al. 2020). In addition to LDH, CK is another
biomarker of muscle injury that is released by muscle cells into
the bloodstream (Finsterer 2012). In addition, intensive exercise
can induce oxidative stress damage by promoting the production
of reactive oxygen species (Pingitore et al. 2015). The produced
ROS could accelerate the oxidation of proteins, contributing to
fatigue (Ruhee and Suzuki 2024). Therefore, scavenging ROS
might be an efficient strategy to alleviate fatigue. CAT and
GSH-Px are key antioxidant enzymes that scavenge peroxides
(X. Zhang et al. 2019). Here we observed the increased activ-
ities of serum LDH and CK as well as the decreased activities
of serum CAT and GSH-Px in EF mice, in line with the litera-
ture (Jeon et al. 2024; X. Zhang et al. 2019; Zhong et al. 2017).
Moreover, oral administration of RES to EF mice significantly

decreased the activities of serum LDH and CK and increased
the activities of serum CAT and GSH-Px, attributing to the al-
leviation of EF. There are several signaling pathways involved
in the generation of antioxidants during EF alleviation, among
which nuclear factor E2-related factor 2 (Nrf2) is an important
one (Zhao et al. 2023). During oxidative stress, Nrf2 translocates
into the nucleus and then activates its downstream (antioxidant
response element, ARE), which propels antioxidant enzymes
(X. Zhang et al. 2019). Accumulating evidence has shown that
RES enhances the Nrf2 signaling pathway to attenuate oxida-
tive stress during various pathological processes (Chi et al. 2024;
Farkhondeh et al. 2020; Shahcheraghi et al. 2023). Therefore,
the anti-fatigue effect of RES may be attributed to its activation
of the Nrf2 signaling pathway, thereby upregulating the antioxi-
dant enzymes such as CAT and GSH-Px.

Gastrointestinal dysfunction is an important issue that needs
attention during intensive exercise. In normal circumstances,
an intestinal mucosal barrier prevents the diffusion of harm-
ful substances including toxins, allergens, and pathogens from
the intestinal lumen to the intestinal mucosa (Peterson and
Artis 2014). In the intestinal mucosal barrier, tight junctions
are important components that determine its physical barrier
(Keita and Soderholm 2010). Tight junctions consist of a mul-
tiple transmembrane proteins including claudin, occludin, as
well as intracellular plaque proteins, such as zonula occludens
(ZO) and cingulin (Camilleri et al. 2012). Accumulating evi-
dence has demonstrated that increased permeability induced
by a destroyed intestinal mucosal barrier is associated with not
only gastrointestinal diseases such as inflammatory bowel dis-
ease and irritable bowel syndrome, but also extragastrointesti-
nal diseases including metabolic disease, cancer, anxiety, and
depression (Cai et al. 2024; Chelakkot et al. 2018; Ciernikova
et al. 2023; Crowley et al. 2024). Therefore, maintaining the in-
tegrity of the intestinal mucosal barrier might be effective for
preventing or treating diseases. Stress causes the impairment
of the intestinal mucosal barrier, as does the intensive exercise-
induced stress (Guo et al. 2022). As observed in our present
study, the mRNA expression levels of TNF-a, IL-6, and IL-18
in the colon significantly increased in EF mice, indicating that
an inflammatory reaction occurred in the gut. Meanwhile, the
expressions of tight junction proteins including ZO-1, Occludin,
and Claudin-1 decreased significantly, resulting in the destruc-
tion of the integrity of the intestinal mucosal barrier. Of note,
oral administration of RES to EF mice significantly increased
the expressions of ZO-1, Occludin, and Claudin-1, thereby pre-
venting the gut inflammatory reaction. The above results might
be involved in the mechanisms of RES against EF. In addition,
the inhibition of the inflammation-signaling pathway might
contribute to the alleviation of EF (Zhao et al. 2023). NF-xB is an
important indicator that mediates the inflammatory response.
Upon inflammatory stimulus, NF-xB translocates to the nu-
cleus and results in the release of various inflammatory factors
such as TNF-a and IL-1§3 (Mitchell and Carmody 2018). The NF-
xB signaling pathway is recognized as an essential molecular
mechanism of RES to exert its anti-inflammatory effects (Chen,
Song et al. 2022). Therefore, in addition to modulating the in-
testinal barrier, the ability of RES to inhibit the NF-xB pathway
might also be associated with the suppression of gut inflamma-
tion, thereby alleviating fatigue.
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Gut microbiota is another issue that has emerged in recent years.
There are more than 100 trillion microorganisms dwelling in
the human gastrointestinal tract, most of which are bacteria
(J. Li et al. 2014). Approximately 50 bacterial phyla and about
100-1000 bacterial species comprise the gut microbiota (Adak
and Khan 2019). The relatively stable gut microbiota is essential
for maintaining the homeostasis of the host. Accumulating evi-
dence has revealed that gut microbiota dysbiosis is involved in
various diseases including metabolic disorders, cardiovascular
diseases, neuropathy, psychological diseases, autoimmune dis-
eases, tumors, etc. (Di Vincenzo et al. 2024). In recent years, the
involvement of gut microbiota in EF has drawn intense attention.
Moderate exercise is beneficial to health by modulating the gut
microbiota. Otherwise, gut microbiota dysbiosis occurs under
high intensive exercise, which in turn impacts the performance
of the body and even results in disorders (Bermon et al. 2015).
It suggests that gut microbiota might be a promising target to
develop anti-fatigue foods or drugs (Y. Li et al. 2023). Therefore,
we detected the gut microbiota and aimed to explore the possi-
ble mechanisms of RES against EF. The results revealed that the
diversity of gut microbiota decreased after EF while increased
after simultaneous administration of RES. Changes in gut mi-
crobiota were also observed at the phylum, family, and genus lev-
els, respectively. At the phylum level, the ratio of Firmicutes to
Bacteroidetes, a marker of gut microbiota dysbiosis, increased in
EF mice. The results confirmed gut microbiota dysbiosis induced
by EF. At the family level, the enrichment of Erysipelotrichaceae
and Enterobacteriaceae increased sharply while Prevotellaceae
decreased in EF mice. Erysipelotrichaceae belongs to Firmicutes,
which is generally related to inflammation-related gastroin-
testinal diseases and metabolic disorders (Kaakoush 2015).
The relative abundance of Erysipelotrichaceae is reported to
be positively correlated to the TNF-a level (Dinh et al. 2015).
Enterobacteriaceae, a kind of proinflammatory bacterium, has
been revealed to elevate in abundance in individuals with fatigue
induced by cancer (Slack et al. 2024). Environmental and nutri-
tional changes caused by inflammation in the gut lead to the
increased abundance of Enterobacteriaceae (Garrett et al. 2010;
Zeng et al. 2017). Prevotellaceae is a butyrate-producing bacte-
rium, and butyrate has anti-inflammatory properties (Sitkin and
Pokrotnieks 2019). The depletion of Prevotellaceae leads to in-
testinal barrier injury and gut microbiota dysbiosis (Y. Chen, Y.
Liu, et al. 2022). As expected, RES decreased the enrichment of
Erysipelotrichaceae and Enterobacteriaceae while increasing that
of Prevotellaceae, which was related to the alleviation of EF. At
the genus level, the enrichment of Brevundimonas diminuta and
Coprobacillus in EF mice increased, while that of Megasphaera
and Lactobacillus decreased. Similar changes in Brevundimonas
diminuta, Coprobacillus, and Megasphaera were reported in mice
with fatigue induced by intense exercise (N. Zhang et al. 2017).
Brevundimonas diminuta is an emerging global opportunistic
pathogen that has been reported in cases of bacteremia, pleuritis,
keratitis, urinary tract infection, skin and soft tissue infection,
empyema, and peritoneal dialysis-associated peritonitis (Ryan
and Pembroke 2018; Almuzara et al. 2012; Burch et al. 2021;
Chandra et al. 2017). The abundance of Coprobacillus is re-
ported to be correlated with the severity of IBS symptoms and
fatigue (El-Salhy 2023). Both Megasphaera and Lactobacillus
can ferment LA, thereby accelerating the clearance of LA and
improving EF (Cabral and Weimer 2024; Huang, Li et al. 2019).
In EF mice treated with RES, the enrichment of Brevundimonas

diminuta and Coprobacillus decreased and that of Megasphaera
and Lactobacillus increased, resulting in the improvement of EF.
In general, the changed gut microbiota in EF is almost involved
in inflammation and fatty acid metabolism. Our results sug-
gested that EF resulted in gut microbiota dysbiosis, attributing
to oxidative stress, inflammation, and intestinal barrier dysfunc-
tion induced by EF (Y. Li et al. 2023). Surprisingly, RES restored
gut microbiota dysbiosis, thereby alleviating EF. The harmful
effects induced by EF, including inflammation, oxidative stress,
and intestinal barrier damage, were closely associated with gut
microbiota dysbiosis. On the other hand, gut microbiota dysbi-
osis, in turn, aggravates the above pathological damages (Y. Li
et al. 2023; Y. Zhang et al. 2024). In consideration of the recip-
rocal causal relationship between gut microbiota dysbiosis and
inflammation, it is difficult to address whether RES's effects on
fatigue are directly mediated by gut microbiota or secondary to
reduced inflammation. Both of them might contribute to the al-
leviation of EF by RES, and further study is in demand to reveal
their detailed relationship. Due to the complexity of gut microbi-
ota and its relationship with metabolites, metabonomics analysis
is greatly needed to supplement the mechanisms of RES against
EF. Of note, the fecal microbiota analysis does not fully represent
mucosal or luminal communities. Therefore, multidisciplinary
omics analysis, such as simultaneously conducting fecal mi-
crobiota analysis, intestinal mucosal microbiota analysis, host
genome, and metabolome, might supply a more comprehensive
understanding of the relationship between the gut microbiota
and host health or disease. The dosage for mice in our present
study was 50mg/kg. According to the conversion factor of 9.1,
the equivalent dosage for humans is 50/9.1 =5.49 mg/kg. In a re-
view concerning RES for the management of human health (Bo
et al. 2016), the RES dosage used in multiple trials was 500mg
once or twice a day for more than 4 weeks. Therefore, the equiva-
lent dosage of RES for humans in our present study is speculated
to be safe and effective. Therefore, it is feasible for RES as a di-
etary supplement to alleviate EF. However, there is still a need to
explore this in clinical trials.

5 | Conclusion

The anti-fatigue effect of RES on intensive exercise-induced
fatigue and its underlying mechanisms were explored in the
present study. The results demonstrated that RES signifi-
cantly prolonged exhaustive swimming time and improved the
serum indexes associated with fatigue and glycogen storage.
Meanwhile, RES increased the expressions of ZO-1, Occludin,
and Claudin-1, thereby enhancing the intestinal barrier integ-
rity and inhibiting the gut inflammatory reaction. Of impor-
tance, RES modified gut microbiota dysbiosis by increasing the
diversity of gut microbiota, regulating microbiota associated
with inflammation and fatty acid metabolism. It is the first time
to reveal the anti-fatigue mechanisms from the perspective of
intestinal injury and gut microbiota. The detailed mechanisms
and associated metabonomics analysis remain for further study.
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