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Abstract

Background: Icariin (ICA) is a flavonoid, that has been shown to exert antioxidant and anti-inflammatory effects. We aimed to explore
the effects of acute exhaustive exercise on skeletal muscle injury and inflammatory factor levels, and investigate the anti-injury and anti-
inflammatory effects of ICA through gut microbiota modulation. Methods: Thirty C57BL/6J mice were administered ICA by gavage for
8 consecutive weeks, which were randomly divided into 3 groups as follows: solvent gavage control group (CON), 25 mg/kg ICA gavage
group (ICA-L), and 50 mg/kg ICA gavage group (ICA-H). Serum biochemical and skeletal muscle antioxidant indicators were measured.
Antioxidant enzyme activities and anti-inflammatory factor levels were determined. Additionally, gut microbiota were sequenced and
analyzed by 16S rDNA and the correlations between metabolic indices and microbial species were assessed using Spearman correlation
analysis. Results: ICA alleviated oxidative stress in skeletal muscle by reducing malondialdehyde (MDA) levels and upregulating the
activities and mRNA expression of antioxidant enzymes (superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GSH-
PX)). In addition, ICA suppressed inflammation through downregulation of tumor necrosis factor (TNF-α), nuclear factor-κB (NF-
κB), and inflammatory cytokines (interleukin-6 (IL-6) and interleukin-1β (IL-1β)). Gut microbiota analysis revealed ICA enriched
short-chain fatty acid (SCFA)-producing bacteria while inhibiting pathogens, with microbial shifts significantly correlated with muscle
injury and antioxidant parameters, including Lachnospiraceae_NK4A136_group, Mucispirillum, and Harryflintia. Conclusions: Our
study demonstrated that ICA ameliorated exercise-induced acute muscle injury and inflammation in mice by modulating gut microbiota
composition and regulating NF-κB signaling pathway along with related antioxidant enzyme gene expression.
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1. Introduction

Exercise and physical activity have been shown to en-
hance overall health and decrease the risk of obesity, car-
diovascular disease, and even cancer [1]. However, it is im-
portant to strike a balance between levels of exercise that
confer health benefits and levels that lead to muscle and
tissue damage. When the body is subjected to exhaustive
exercise, it becomes overstimulated [2], triggering a stress
response that can cause tissue damage. Specifically, ex-
haustive exercise puts a significant strain on skeletal mus-
cle, triggering overproduction of reactive oxygen species
(ROS) in the cells, which can damage the muscle tissue [3].
Over time, the accumulation of oxidative stress and inflam-
mation can result in damage to cell membrane integrity,
protein oxidation, and even changes in cell function [4]. Al-
though the body’s natural capacity to produce antioxidants
can partially offset oxidative damage due to free radicals, it
may not be sufficient; consequently, excessive exercise can

impair skeletal muscle function and lower exercise perfor-
mance. It is therefore important to find ways to supplement
the body with external sources of antioxidants to enhance
its ability to combat oxidative stress, protect tissues from
damage, and ultimately improve exercise performance [5].

Accumulating evidence demonstrates that flavonoid
supplementation upregulates endogenous antioxidant de-
fense systems, particularly through activation of superox-
ide dismutase (SOD), catalase (CAT), and glutathione per-
oxidase (GSH-PX) enzymatic pathways [6]. This sup-
plementation can improve exercise performance and pro-
tect against exercise-induced oxidative stress, inflamma-
tion, and tissue damage [7,8]. A perennial herb known
as Epimedium koreanum Nakai, belonging to the Berberi-
daceae family, has been identified as a potent source
of flavonoid glycosides. In particular, icariin (ICA), a
flavonol glycoside, is the primary bioactive compound in
Epimedium koreanum Nakai and exerts protective effects
against acute exhaustive exercise [9,10].
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ICA has been demonstrated to possess a robust capac-
ity for scavenging free radicals. It has been shown to inhibit
lipid peroxidation and to stabilize the structure and function
of cell membranes, increasing antioxidant enzyme activity
and reducing oxidative damage. Recent research has fur-
ther shown that ICA has the ability to reduce the level of
superoxide anion in human mesangial cells and enhance the
expression and activity of antioxidant enzymes [11]. The
supplementation of ICA increases SOD, CAT, and GSH
enzyme activity, consequently reducing ROS and malon-
dialdehyde (MDA) levels in the paw. ICA has also been
shown to inhibit cigarette smoke-induced oxidative stress
in human lung epithelial cells, thereby controlling the de-
velopment of airway diseases [12]. Additionally, the anti-
inflammatory effects of ICA are its most well-known fea-
ture. Experimental evidence from animal studies demon-
strates icariin’s anti-inflammatory efficacy. ICA (12.5
and 25 mg/kg/day, gavage) ameliorated experimental au-
toimmune encephalomyelitis in a mouse relapse-remission
model by suppressing the inflammation-related signal path-
ways [13]. A study using streptozocin-induced diabetic
nephropathy rats, showed that ICA (150 mg/kg/day, gav-
age) attenuated renal inflammation via TLR4/NF-κB inhi-
bition [14]. Another study reported that ICA (20 and 40
mg/kg/day, oral administration) modulated T-cell immunity
in spontaneously hypertensive rats through sex hormone-
like effects [15]. Additionally, in vitro research shows
that ICA modulates immune response by modulating the
hypothalamus-pituitary-adrenal axis and inhibiting bone
and joint inflammation [16]. It inhibits activation nuclear
factor-κB (NF-κB), which reduces the expression of pro-
inflammatory cytokines such as interleukin-1β (IL-1β),
interleukin-6 (IL-6), and tumor necrosis factor-α (TNF-α)
[17], protecting the body from inflammation [18]. Another
study showed that ICA reduced inflammation in mice poi-
soned by cobra venom by blocking NF-κB [19].

The advancement of microbiome research has pro-
vided increasing evidence linking disturbances in intesti-
nal flora to systemic oxidative stress and inflammation. In-
deed, the gut microbiota contributes significantly to regu-
lating oxidative stress, inflammation, metabolism and en-
ergy expenditure during strenuous exercise. Strenuous ex-
ercise may also result in intestinal ischemia, compromised
intestinal barrier function, and heightened oxidative stress.
It has been suggested that elevated concentrations of bene-
ficial bacteria in microorganisms can counter the oxidative
stress resulting from exercise while effectively regulating
immune dysfunction and inflammatory responses that may
occur post-exercise [20]. The ingestion of probiotics and
protein has been demonstrated to reduce indices of muscle
damage, accelerate recovery processes, and sustain exercise
performance after muscle injury [21]. A preliminary study
on fifteen healthy, resistance-trained males discovered that
supplementation with Streptococcus thermophilus FP4 and
Bifidobacterium breveBR03 can diminish the loss of exer-
cise capacity and muscle function, as well as promote mus-

cle recovery following injury. The collective evidence in-
dicates that the judicious regulation of gut microbiota, cou-
pled with the augmentation of beneficial bacteria, has the
potential to mitigate skeletal muscle injury [22]. ICA, a
compound found in plants, can improve the health of the
brain, liver, kidney, and intestines in aged mice by alter-
ing the microbiota composition to resemble that of younger
mice [23]. Specifically, this intervention boosted benefi-
cial bacteria like Akkermansia while reducing harmful bac-
teria such as Mucispirillum. This modulation of the micro-
biota resulted in the regulation of aging-related signaling
molecules, such as NF-κB, and reduced circulating and tis-
sue levels of MDA, an oxidative stress marker [23].

Previous research has demonstrated that ICA exhibits
antioxidant and anti-inflammatory properties, but its impact
on exercise-induced oxidative stress remains not fully elu-
cidated. Hence, this study explored how ICA affects oxida-
tive stress and inflammatory damage inmouse skeletal mus-
cle induced following acute exercise. Additionally, we ana-
lyzed correlations between microbial composition changes
and oxidative stress and inflammatory factor levels to ex-
plore potential associations.

2. Materials and Methods
2.1 Animals

Thirty male C57BL/6J mice, aged 8 weeks, were
purchased from Beijing HFK Laboratory Animal Com-
pany (Beijing, China). The mice were housed individu-
ally in ventilated cages at the Centre for Sport Nutrition and
Health, Zhengzhou University, Zhengzhou Key Laboratory
of Sport Nutrition and Health. Throughout the experiment,
a conventional 12 h light/12 h dark cycle was maintained
to sustain natural circadian rhythms. Ambient temperature
was controlled at 22± 2 °C, and relative humidity was reg-
ulated between 45% and 60%. Food and water were avail-
able to the mice ad libitum. Following a one-week acclima-
tion, the mice were randomly divided into three groups (n
= 10 per group) [23–25], including a vehicle control group
(CON), a low-dose ICA group (25 mg/kg, ICA-L), and a
high-dose ICA group (50 mg/kg, ICA-H). Both ICA-L and
ICA-H groups were administered ICA (98% purity, HPLC,
Lot: QB20210820, acquired from Shaanxi QB Pharmaceu-
tical Co., Ltd.), which was isolated from Epimedium ko-
reanum Nakai and structurally identified to match com-
mercial ICA [26]. ICA was dissolved in 0.5% sodium
carboxymethyl-cellulose solution, and the control group re-
ceived the same volume of the vehicle. During the inter-
vention, all animals had free access to standard chow diet.
Food intake and body weight were recorded weekly. All
experiment procedures were complied with the Guide for
the Care and Use of Laboratory Animals and approved by
the Life Sciences Institutional Review Board of Zhengzhou
University (Approval number: ZZUIRB 2023-203).
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Table 1. Forward and reverse primers of target genes.
Target gene Forward Reverse

18S GTAACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGTAGCG
Sod1 CCACCATGTTTCTTAGAGTGAGG ACCAGTTGTGTTGTCAGGAC
Cat AGCHACCAGATGAAGCAGTG TCCGCTCTCTGTCAAAGTGTG
Gsh-px1 TTCCCGTGCAATCAGTTCGGACA AGCCTTCTCACCATTCACTTCG
TNF-α TGACAAGCCTGTAGCCCACG TTGTCTTTGAGATCCATGCCG
NF-κB ATGGCAGACGATGATCCCTAC TGTTGACAGTGGTATTTCTGGTG
Abbreviations: 18S, 18S ribosomal RNA; Sod1, superoxide dismutase 1; Cat, catalase; Gsh-
px1, glutathione peroxidase 1; TNF-α, tumor necrosis factor-α; NF-κB, nuclear factor -κB.

2.2 Experimental Protocol
After ICA intervention for eight weeks, all mice

underwent a three-day treadmill (XR-PT-10B, Shanghai,
China) adaptation training at a speed of 10 m/min for 10
minutes prior to the exhaustive exercise test. On the test
day, one hour following the administration of the last gav-
age, exhaustive exercise was induced using a progressive
running protocol. The initial speed was at a speed of 10
meters per minute for 8 minutes, followed by 15 meters per
minute for another 10 minutes. Thereafter, running speed
was increased by 1.5m/min every threeminutes until reach-
ing a speed of 22 m/min. Mice then ran for 10 min at
22 m/min, then the speed was increased by 1 m/min ev-
ery 1.5 min until exhaustion [27,28]. The exhaustion stan-
dard was that the overall state of the mice at the end of the
exercise was weak and limp, and they could not maintain
the original running speed, even when repeatedly tapped
on their backs [29,30]. The exhaustion time was recorded.
At the end of the experiment, 18-week-old mice were hu-
manely euthanised through pentobarbital sodium solution
(200mg/kg, intraperitoneal) overdose. Bloodwas extracted
from the retro-orbital sinus, allowed to clot at room tem-
perature for one hour, and subsequently centrifuged. The
upper serum layer was rapidly transferred and stored at –
80 °C. The muscle tissue samples were snap-frozen using
liquid nitrogen, and subsequently maintained in a –80 °C
refrigerator.

2.3 Measurement of Biochemical Parameters in Serum
The serum concentrations of lactate dehydrogenase

(LDH), blood urea nitrogen (BUN), and creatine ki-
nase (CK) were determined using reagent kits purchased
from Nanjing Jiancheng Bioengineering Institute (Nanjing,
China).

2.4 Assessment of the Antioxidant System and Cytokines in
Skeletal Muscle

Oxidative stress markers in skeletal muscle, such as
MDA, SOD, CAT, and GSH-PX, were measured using
commercial assay kits from Nanjing Jiancheng Bioengi-
neering Institute (Nanjing, China). Levels of IL-1β, IL-6,
and TNF-α in muscle tissue were quantified using ELISA
kits (Nanjing, China).

2.5 Hematoxylin and Eosin (H&E) Staining
Gastrocnemius muscle samples were rinsed with cold

saline, blotted dry with filter paper, partly fixed in 4%
paraformaldehyde, dehydrated through a graded ethanol
series, and subsequently embedded in paraffin. Sections
were prepared from paraffin-embedded blocks and stained
with hematoxylin and eosin (H&E). Finally observed it us-
ing light microscopy (Nikon Corp., Nishioi, Shinagawa-ku,
Tokyo, Japan).

2.6 Real-Time Quantitative Polymerase Chain Reaction
(RT-qPCR)

Total RNA isolated from the muscle was obtained us-
ing Trizol reagent (Invitrogen, Carlsbad, CA, USA), and
subsequently reverse transcribed following the protocol of
a commercial kit manufacturer (Takara, Shiga, Japan) after
the genomic DNA was eliminated. The PCR amplification
was conducted on a quantitative real-time PCR platform
(CFX96 Deep Well Dx) utilizing the UltraSYBR Mixture
(Taizhou, Jiangsu, China). The 18S ribosomal RNA served
as the reference gene, and the expression level of the target
gene was assessed using the 2−∆∆ct method. Primer pairs
were designed with NCBI’s Primer-BLAST and confirmed
for specificity via a BLAST search. Primers were synthe-
sized by Beijing Liuhe BGI Technology Co., Ltd. (Beijing,
China). Forward and reverse primers corresponding to the
target genes are listed in the Table 1.

2.7 Gut Microbiota Analysis
A fecal DNA extraction kit (Model D3141,

Guangzhou Meiji Biotechnology Co., China) was used to
extract the DNA of cecum contents. The V3-V4 region of
rDNA was amplified with primers 341F CCTACGGGNG-
GCWGCAG and 806R GGACTACHVGGGTATCTAAT.
After amplification, PCR products were purified and
quantified before being sequenced on an Illumina PE250
[31]. Chimeric sequences were filtered out using UCHIME
[32], and the remaining sequences were grouped into oper-
ational taxonomic units (OTUs) based on 97% similarity
through the UPARSE pipeline (v.9.2.64) [33]. Taxonomic
classification was performed using a Bayesian classifier
with the RDP (v.2.2) [34] and aligned with the SILVA
database (v.132) [35]. Krona (v.2.6) [36] was used for
abundance visualization.
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Fig. 1. Effects of ICA treatment on body weight and energy intake in different groups of mice. (a) Body weight. (b) Energy intake.
n = 10. Abbreviations: the CON group, solvent gavage control group; the ICA-L group, 25 mg/kg ICA gavage group; the ICA-H group,
50 mg/kg ICA gavage group.

The stacked bar plot depicting the community compo-
sition was generated using the ggplot2 package from the
R project (v.2.2.1) [37]. For comparing species among
groups, the Tukey’s HSD and Kruskal-Wallis H tests were
conducted using the Vegan package in R (v.2.5.3, Auck-
land, Auckland Region, New Zealand) [38]. The calcu-
lation of the Alpha diversity index was executed via QI-
IME (v.1.9.1) [39]. Principal coordinate analysis (PCoA)
was conducted and visualized by both the Vegan and gg-
plot2 packages in R [37]. Redundancy analysis (RDA), per-
formed with the Vegan package (v.2.5.3) [38], was used to
evaluate the impact of environmental factors on commu-
nity composition. To examine the relationships between
environmental factors and species, Pearson correlation co-
efficients were computed using the psych package from R
(v.1.8.4) [40]. Additionally, heatmaps were generated with
Omicsmart (http://www.omicsmart.com).

2.8 Statistical Analysis
All results are presented as the mean± SEM. Statisti-

cal analyses were conducted using SPSS software (version
26.0, IBM Corp., Armonk, NY, USA). Statistical compar-
isons among multiple groups were analyzed by one-way
analysis of variance (ANOVA) by Tukey’s post-hoc tests.
The statistical significance was defined as p < 0.05. The
diagrams were generated using GraphPad Prism software
(version 8.0, GraphPad Software, Inc., San Diego, CA,
USA).

3. Results
3.1 Effects of ICA Treatment on Body Weight and Energy
Intake

At the conclusion of ICA treatment, we assessed the
changes in body weight and energy intake of the mice. No
significant differences were observed in the body weight of
the mice across the three groups, as shown in Fig. 1a. Fur-
thermore, energy consumption did not differ significantly
among the groups (Fig. 1b). These results indicate that di-
etary intake and growth of the mice were not affected by
ICA intervention.

3.2 Effects of ICA Treatment and Exhaustive Exercise on
Serum Biomarkers

The exhaustive exercise led to elevated in serum lev-
els of CK and BUN, however, treatment with ICA signif-
icantly attenuated these increases when compared to the
CON group. Specifically, the CK level in serum was re-
duced in the ICA-L group (p = 0.05), and BUN levels in
both ICA intervention groups were significantly lower than
those in the control group (p < 0.05, CON vs. ICA-L;
p < 0.001, CON vs. ICA-H). Additionally, there was a
suggestion that ICA intervention alleviated the exhaustive
exercise-induced elevation in levels of LDH, although there
was no statistically significant difference compared to the
control or ICA-L groups (p > 0.05) (Fig. 2).

3.3 Histological Examination of Skeletal Muscle in Mice
The H&E staining results of muscle sections revealed

that exhaustive exercise induced structural damage in the
muscle tissue of control mice. This damage included large
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Fig. 2. Effects of ICA treatment on blood biomarkers levels in exhausted mice. (a) CK. (b) BUN. (c) LDH. n = 6, * p < 0.05, ***
p < 0.001. Abbreviations: ICA, icariin; CK, creatine kinase; BUN, blood urea nitrogen; LDH, lactate dehydrogenase; the CON group,
solvent gavage control group; the ICA-L group, 25 mg/kg ICA gavage group; the ICA-H group, 50 mg/kg ICA gavage group.

areas of cracks, inflammatory cell infiltration, swelling, and
even necrosis of muscle cells (Fig. 3a). However, these
pathological symptoms were ameliorated to varying de-
grees in the ICA treatment groups. In the ICA-L group, lo-
cal muscle fibers were slightly swollen and slightly cracked
(Fig. 3a), whereas in the ICA-H group skeletal muscle cells
were closely packed and had tiny cracks (Fig. 3a), suggest-
ing that ICA intervention could significantly relieve the ox-
idative muscle damage induced by exhaustive exercise.

3.4 Effects of ICA Treatment on the Antioxidant System in
Skeletal Muscle

After exhaustive exercise, MDA levels in the muscle
tissue of all three groups were elevated, but to a lower ex-
tent in the ICA-L (p< 0.001) and ICA-H (p< 0.01) than the
CON group (Fig. 3b). Additionally, the activity of antiox-
idant enzymes SOD, CAT and GSH-PX were substantially
increased in the two ICA intervention groups (Fig. 3c–e).

3.5 Effects of ICA on Cytokine Levels and Associated
mRNA Expression in Skeletal Muscle

The impact of ICA treatment on skeletal muscle was
assessed by evaluating the levels of inflammation-related
cytokines in muscle. The results showed that one instance
of exhaustive exercise stimulated significantly higher IL-
1β levels in CON group than in the ICA intervention group
(p < 0.01, CON vs. ICA-L; p < 0.05, CON vs. ICA-H)
(Fig. 4a). In addition, treatment with ICA 50 mg/kg/day
decreased IL-6 and TNF-α levels (Fig. 4b,c). These re-
sults suggest that acute exhaustive exercise-induced obvi-

ous inflammation in the skeletal muscle of mice, which
was alleviated by ICA treatment, especially with dose of
50 mg/kg/day.

The ICA intervention reduced the pro-inflammatory
cytokines levels and increased intramuscular antioxidant
enzyme activity. In order to evaluate even further the ef-
fects of ICA on mice exercised to exhaustion, we examined
the mRNA expression related to muscle inflammation and
damage. Compared to the control group, mice receiving
ICA intervention showed a significant upregulation of Cat
mRNA expression levels in the ICA-H group (p < 0.01).
However, themRNA expression of Sod1 andGsh-px1 in the
ICA-H group was higher compared with the CON group,
but the difference was not significant. It is noteworthy that
the mRNA expressions of TNF-α and NF-κB (p < 0.05)
were higher in the CON group compared with the ICA-H
group (Fig. 4d).

3.6 ICA Treatment Regulated the Gut Microbiota Structure

The dilution curves for all samples showed that the
discovery rate of new OTUs levelled off as the sequenc-
ing volume increased, and the goods_coverage indices were
all above 0.99 (indicating that at least 99% of the species
had been detected), all of them reflecting that the amount
of sequencing data was sufficient to cover the vast ma-
jority of microorganisms. Sob dilution curves, and list of
goods_coverage data are in Supplementary Fig. 1 and
Supplementary Table 1.

Next-generation sequencing of the 16S rDNA gene
was performed to assess the effect of ICA treatment on
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Fig. 3. Effects of ICA on morphology and antioxidant capacity of mouse myocytes. (a) Histological sections of skeletal muscle
stained with H&E (scale: 100 µm). (b–e) Effects of ICA treatment on MDA, SOD, CAT, and GSH-PX levels in skeletal muscle of
exhausted mice. n = 6, * p < 0.05, ** p < 0.01, *** p < 0.001. Abbreviations: ICA, icariin; GSH-PX, glutathione peroxidase; SOD,
superoxide dismutase; CAT, catalase; MDA, malondialdehyde; the CON group, solvent gavage control group; the ICA-L group, 25
mg/kg ICA gavage group; the ICA-H group, 50 mg/kg ICA gavage group.
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Fig. 4. Effects of ICA treatment on inflammatory cytokine levels of IL-6, IL-1β, TNF-α in muscle and associated mRNA ex-
pression. (a) IL-1β. (b) IL-6. (c) TNF-α. (d) Expression of relevant mRNA levels in skeletal muscle. n = 5–6, * p < 0.05, ** p
< 0.01. Abbreviations: ICA, icariin; Sod1, superoxide dismutase 1; Cat, catalase; Gsh-px1, glutathione peroxidase 1; TNF-α, tumor
necrosis factor-α; NF-κB, nuclear factor -κB; IL-1β, interleukin-1β; IL-6, interleukin-6; the CON group, solvent gavage control group;
the ICA-L group, 25 mg/kg ICA gavage group; the ICA-H group, 50 mg/kg ICA gavage group.

the gut microbiota structure. Principal coordinates anal-
ysis (PCoA) based on Bray-Curtis distance exhibited the
discrepancy in the structure of the microbiota between
the control and ICA intervention groups. The ANOSIM
Test results implied that ICA treatment significantly altered
the gut microbiota structure of mice (Fig. 5a,b). The α

diversity analysis, including the Shannon, Simpson, and
Pielou indices, revealed that the ICA-H group had signifi-
cantly higher species diversity compared to the CON group
(Fig. 5c–e).

Fig. 5f,g display the differences in taxonomic compo-
sition, revealing significant changes between the top tenmi-
croorganisms in abundance at the phylum and genus levels.
Bacteroidetes, Firmicutes, and Verrucomicrobiota emerged

as the dominant phyla of the microbiota (Fig. 5f). The
ICA intervention group exhibited a reduction in the abun-
dance of Firmicutes compared to the control group, while
Verrucomicrobiota abundance increased in both the ICA-
L and ICA-H groups compared to the control group. Fur-
thermore, notable variations were observed in the ratio of
Firmicutes to Bacteroidetes among the three groups. Both
doses of ICA intervention decreased the F/B ratio (p< 0.05,
CON vs. ICA-L; p < 0.001, CON vs. ICA-H) (Fig. 5h).
At the genus level, the CON group displayed higher abun-
dance of Lachnospiraceae_NK4A136_group within the Fir-
micutes phylum. In addition, ICA intervention increased
the abundance of Akkermansia within Verrucomicrobiota,
and Parasutterella within Proteobacteria (Fig. 5g).
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Fig. 5. Influence of ICA treatment on the composition of intestinal microbiota in mice of different groups. (a) Principal coordinates
analysis (PCoA) based on Bray. (b) Anosim (Analysis of similarities). (c) Shannon index. (d) Simpson index. (e) Pielou index. (f)
Species distribution stacking map (phylum). (g) Species distribution stacking map (genus). (h) The ratio of Firmicutes to Bacteroidetes.
(i) Indicator species analysis. n = 5, * p < 0.05, ** p < 0.01, *** p < 0.001. Abbreviations: the CON group, solvent gavage control
group; the ICA-L group, 25 mg/kg ICA gavage group; the ICA-H group, 50 mg/kg ICA gavage group.

To determine the differences in intestinal flora com-
position caused by ICA, we performed an Indicator Species

Analysis and applied the Tukey HSD rank sum test. Signif-
icant differences were found in 10 microbial species at the
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Fig. 6. Relationship between intestinal microflora and proinflammatory cytokine levels. (a) Redundancy analysis. (b) Heatmap
of Spearman’s correlation. The intensity of the color represents the degree of association. n = 5, * p < 0.05, ** p < 0.01, *** p <

0.001. Abbreviations: ICA, icariin; SOD, superoxide dismutase; CAT, catalase; GSH, glutathione; TNF-α, tumor necrosis factor-α;
CK, creatine kinase; BUN, blood urea nitrogen; LDH, lactate dehydrogenase; MDA, malondialdehyde; the CON group, solvent gavage
control group; the ICA-L group, 25 mg/kg ICA gavage group; the ICA-H group, 50 mg/kg ICA gavage group.

genus level among the three groups. Specifically, the abun-
dance of Lachnospiraceae_NK4A136_group andMucispir-

illum was higher in the CON group compared to the ICA
groups (p < 0.01 for ICA-L, p < 0.001 for ICA-H). Har-
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ryflintia was less abundant in the ICA-L group than in the
CON group (p < 0.05). ICA intervention suppressed Mar-
vinbryantia (p < 0.05) and increased Parasutterella (p <

0.05, CON vs. ICA-L, p < 0.001, CON vs. ICA-H). In the
ICA-L group, Akkermansia and Muribaculum were more
abundant than in the CON group (p < 0.05). In the ICA-H
group, Butyricimonas and Prevotellaceae_UCG-001 were
more abundant than in the CON group (p< 0.05). The pro-
portion of Lachnospiraceae_UCG-006 was elevated in the
ICA-H group compared to the CONgroup, although the dif-
ference was not significant (Fig. 5i).

3.7 Correlation Between Gut Microbiota and Biochemical
Damage Indicators

To delve deeper into the relationship between key gut
microbial taxa and parameters related to skeletal muscle in-
jury and inflammation, redundancy analysis was first con-
ducted to delineate the relationship amongmicrobiota, sam-
ples, and environmental factors. Our results indicated that
markers of inflammation and muscle damage were more
closely related to microbial composition in the CON group,
especially MDA. However, the activity of antioxidant en-
zymes had a great influence on the structure of microorgan-
isms in the ICA-H group, especially the activity of SOD
(Fig. 6a). Then, we performed Spearman correlation anal-
yses. The analysis showed significant correlations between
muscle damage indicators and the abundance of the top 60
gut microbial genera.

Lachnospiraceae_NK4A136_group was negatively
correlated with SOD (p < 0.05), CAT, and GSH-PX, and
positively correlated with MDA (p < 0.05) and IL-6 (p <

0.001). Acetatifactor and Harryflintia were negatively cor-
related with SOD, CAT (p< 0.05), and GSH-PX, and posi-
tively correlated with IL-1β and MDA (p< 0.05). Anaero-
plasma was negatively correlated with GSH-PX (p< 0.05)
and positively correlated with MDA (p < 0.001) and IL-
1β (p < 0.05). Mucispirillum (p < 0.001) and ASF356 (p
< 0.001) were negatively correlated with SOD and posi-
tively correlated with serum BUN (p < 0.05) and IL-1β
(p < 0.01 for Mucispirillum, p < 0.05 for ASF356). Eu-
bacterium_ruminantium_group was negatively correlated
with SOD and CAT (p < 0.05) and positively correlated
with serum BUN, IL-1β, IL-6 (p < 0.05), and TNF-α (p <
0.001). UCG-005 was negatively correlated with SOD and
GSH-PX (p < 0.05) and positively correlated with serum
BUN, MDA, and TNF-α (p < 0.05). Parasutterella (p <

0.01), Escherichia-Shigella, Lachnospiraceae_UCG-006,
and Akkermansiawere positively correlated with SOD. Bu-
tyricicoccus, Colidextribacter, and GCA-900066575 were
positively correlated with serum CK (p < 0.05). Ad-
ditionally, Parasutterella was negatively correlated with
serum BUN (p < 0.05), Escherichia-Shigella with MDA
(p < 0.05), and Akkermansia with serum CK (p < 0.05)
(Fig. 6b).

4. Discussion
This study assessed the impacts of two levels of ICA

treatment on oxidative stress and inflammation triggered by
exercise in skeletal muscle of mice. Exhausted mice were
used as models to investigate the potential mechanism un-
derlying any protective effects of ICA on exercise-induced
muscle injury. To assess these effects, we measured serum
injury markers, muscle antioxidant capacity, levels of in-
flammatory cytokines, expression of relevant mRNA, and
intestinal microbial composition.

In contrast to moderate physical exercise, intense and
prolonged contractions of skeletal muscles during exhaus-
tive exercise induce fatigue, inflammation, and oxidative
stress in various tissues within the body [41]. Skeletal mus-
cle injury is a prevalent occurrence within the domain of
sports medicine. Vigorous exercise triggers a surge in free
radical production. Oxygen free radicals bind with unsatu-
rated fatty acids on the cell membrane of skeletal muscles,
prompting lipid peroxidation. MDA, a free-radical byprod-
uct, is often used as a biomarker for tissue damage. Acute
exhaustive exercise is well-regarded for causing oxidative
stress damage in skeletal muscle, leading to elevated lev-
els of MDA [42] and associated structural harm to mus-
cle cells. Our study aligns with these findings, as one in-
stance of exhaustive exercise resulted in heightened levels
of MDA within gastrocnemius muscle of the control group
following a single exhaustive exercise session.

Furthermore, numerous studies have confirmed that
strenuous exercise increases oxidative damage markers in
skeletal muscle and blood [43,44], indicating the presence
of oxidative stress. This type of exercise results in dam-
age to the sarcoplasmic membrane and Z-discs of the skele-
tal muscle, increasing myocyte permeability [45]. Con-
sequently, CK and LDH from the muscle enter the tissue
fluid and pass through the lymphatic system into the blood-
stream. Increased CK and LDH levels in both serum and
muscle tissue are recognized indicators of muscle damage
[44]. We observed that LDH and CK levels in the serum in
the CON group were higher after a one-time exhaustive ex-
ercise. However, both doses of ICA intervention alleviated
this effect, demonstrating the protective ability of ICA in-
tervention against muscle injury induced by acute exhaus-
tive exercise. Additionally, forceful exercise induces fa-
tigue in the body, leading to the accumulation of metabo-
lites [46]. BUN is the final byproduct of proteinmetabolism
during high-intensity exercise when the energy demand ex-
ceeds the availability of carbohydrates and fats [47]. BUN
serves as a sensitive indicator of body fatigue. In our study,
ICA intervention significantly reduced the accumulation of
BUN relative to the CON group. This suggests that ICA
may exert a protective effect on the decline in muscle per-
formance induced by the accumulation of metabolites.

Maintaining redox homeostasis is crucial for proper
functioning. To prevent oxidative damage resulting from
an increase in ROS, cells, including muscle cells, possess
endogenous antioxidant defense mechanisms [48]. Intra-
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cellular antioxidants, both enzymatic and non-enzymatic,
work together to regulate ROS levels in the body [49]. One
important antioxidant enzyme is SOD, which is the first line
of defense against free radical damage [50]. SOD helps in
dissociating oxygen-free radicals. Additionally, CAT and
GSH-PX also play a vital role in protecting cells from ox-
idative stress. They assist in the decomposition of hydrogen
peroxide [51,52]. Our study investigated the impact of ICA
treatment on the activities of antioxidant enzymes in skele-
tal muscle. Our findings showed that ICA treatment sig-
nificantly increased the activities of SOD, CAT, and GSH-
PX enzymes. Furthermore, we observed an enhancement
in the expression of Sod1, Cat and Gsh-px1 mRNA, espe-
cially in the ICA-H group. Consistent with previous stud-
ies, ICA administration effectively enhanced antioxidant
enzyme activity and mitigated hypoxia-induced apoptosis
in osteoblasts in a dose-dependent manner [53].

Another distinct feature of the skeletal muscle injury
and associated inflammatory response caused by strenu-
ous exercise is the elevation of pro-inflammatory cytokines,
specifically IL-6, IL-1β, and TNF-α [49,54]. Acute ex-
haustive exercise led to higher levels of IL-1β, IL-6, and
TNF-α production in the CON group. IL-1β is capa-
ble of activating T and B cells, increasing the toxicity
of macrophages, and inducing the expression of IL-6 and
TNF-α [55]. TNF-α, a typical pro-inflammatory cytokine,
is produced because of inflammatory cell infiltration during
muscle damage [56]. It directly inhibitsmuscle strength and
mass and is associated with various inflammatory diseases
and cancer. IL-6, on the other hand, is a crucial cytokine
involved in the inflammatory response. It impacts mus-
cle anabolism and catabolism in response to environmental
changes in the body and affects glucose uptake and insulin
sensitivity [57]. The concentration of IL-6 is correlated
with the duration and intensity of exercise [56]. Our study
found that treatment with ICA effectively alleviated the in-
flammatory response. This was indicated by decreased IL-
6, IL-1β, and TNF-α levels as well as reduced TNF-α and
NF-κB mRNA expression. NF-κB has been implicated in
the control of inflammatory cytokine release [58,59]. The
treatment with ICA may enhance the management of acute
skeletal muscle injury by suppressing the NF-κB pathway,
thereby mitigating the secretion of inflammatory cytokines.

Gut microbiota can mitigate the impact of exercise-
induced oxidative stress and inflammatory responses. It
also makes a vital contribution to increasing energy expen-
diture during intense physical activity [60]. To assess in-
testinal dysbiosis, the high F/B ratio is commonly utilized
as a substitute [61]. In our study, after exhaustive exer-
cise, the F/B value of the control group was significantly
higher compared to the group that received intervention
with ICA. This indicates that ICA intervention plays a vital
role in maintaining intestinal homeostasis. Our findings re-
veal that treatment with ICA had a marked effect on gut mi-
crobiota composition. It notably reduced the abundance of
Lachnospiraceae_NK4A136_group, Mucispirillum, Marv-

inbryantia, and Harryflintia, which had been increased due
to exhaustive exercise. Importantly, a positive correla-
tion was found between the abundance of these genera and
the levels of inflammatory cytokines in muscle as well as
injury-related markers in serum. The presence of Lach-
nospiraceae_NK4A136_group has been linked to brain in-
flammation in Alzheimer’s disease. However, it has also
been found to be useful as it enhances butyrate production,
and alleviates liver lipid accumulation and oxidative stress
[62]. Furthermore, the presence or absence of non-specific
disease-related genera seems to be a more reliable indicator
of the transfer of disease-associated microbes compared to
changes in their relative abundance [63]. Mucispirillum is
widely distributed in the digestive tract and has the ability to
cross the mucosal barrier by flagellar movement, increasing
the risk of host inflammation [64]. This agrees with ear-
lier research, which has established a high association of
its prevalence within the gut microbiota and inflammatory
bowel disease as well as inflammation-driven obesity [65].
In our study, exhaustive exercise led to an enrichment of
Mucispirillum, elevating its risk of crossing the intestinal
barrier into the circulation and causing muscle inflamma-
tion.

In addition, ICA intervention increased the proportion
of beneficial bacteria, including Akkermansia, Parasut-
terella, Muribaculum, and Butyricimonas. Previous stud-
ies have revealed that astragalus, a type of flavonoid, can
significantly mitigate the decline in Akkermansia levels in
mice with colitis induced by dextran sulphate sodium [66].
This suggests that astragalus has an important role in reduc-
ing intestinal inflammation. Parasutterella is an integral
component of gut microbiota of both humans and mice. It
actively participates in bile acid metabolism and produces
succinic acid to maintain the symbiotic relationship among
intestinal microbiota [67]. Furthermore, the abundance of
Parasutterella is inversely correlated with metabolic con-
ditions induced by a high-fat diet, such as obesity, diabetes,
and fatty liver, which includes inflammation [68]. Murib-
aculum is a commensal bacterium that has been previously
shown to hinder pathogen colonization and preserve gut
homeostasis. It is the predominant flora in healthy mice
[67,69] and exhibits a negative correlation with aging and
oxidative stress processes [70]. It is widely known that
an increase in short-chain fatty acids (SCFAs), particularly
butyrate and propionate, inhibits the activation of NF-κB,
thereby inhibiting the proinflammatory cascade [71]. Bu-
tyricimonas, a Gram-negative anaerobic genus, is a major
producer of butyrate. Past research has demonstrated that
metformin induces an augmentation in the abundance of
Butyricimonas, which is vital for down-regulating the ex-
pression of inflammatory factors such as IL-1β and IL-6 in
the epididymal fat of elderly obese mice [72].

Our research aimed to investigate the effects of ICA
on oxidative stress and inflammatory injury in mouse skele-
tal muscle caused by acute exercise, as well as to deter-
mine whether changes in microbial composition are asso-
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ciated with oxidative stress and inflammatory factor lev-
els. Although the present study revealed associations be-
tween the gut microbiota and oxidative stress and inflam-
matory factors, the causal relationship needs to be further
verified by mechanistic studies. We focused on measur-
ing the gene expression of specific cytokines and enzymes.
However, it is important that further studies investigate the
signaling mechanisms by which ICA supplementation al-
leviates exercise-induced muscle damage. While there is
existing research on the use of ICA to mitigate tissue oxida-
tive damage, there is limited understanding about its effects
on exercise-induced oxidative damage. Given the potential
for gender differences, it is also crucial to explore whether
similar outcomes would arise in female animals. It is rec-
ommended that future studies concentrate on investigating
the signaling mechanisms that underpin the effects of ICA
on the gut microbiota and the specific associations between
gut microbes and muscle health. This will allow for fur-
ther refinement and optimization of the use of ICA in acute
muscle injury.

Overall, ICA intervention significantly modulated the
gut microbiota, enhancing those associated with SCFAs
production, while reducing pathogenic bacteria. Post-
exercise, this shift was strongly linkedwith an enhancement
of muscle antioxidant capacity and a decrease in expression
of inflammatory cytokine. Consequently, our hypothesis is
that ICA treatment has the potential to alter the gut micro-
biota composition and lower the risk of both acute muscle
injury and inflammation.

This study has limitations. First, employing single-
bout exhaustive exercise may not fully reflect varied
exercise-induced injury patterns influenced by intensity,
duration, or modality. Future work should explore resis-
tance or high-intensity interval training to clarify exercise-
specific effects. Second, while focused on gene expression
of select cytokines/enzymes, ICA’s signaling mechanisms
against muscle injury remain unclear. Moreover, poten-
tial sex-related differences were not addressed in this ex-
perimental design. It is essential to examine whether fe-
male animal models exhibit comparable outcomes to ensure
broader applicability of the findings.

5. Conclusions
In the present study, ICA treatment was demonstrated

to ameliorate skeletal muscle inflammation and gut micro-
bial dysbiosis in mice subjected to acute exercise-induced
injury. Specifically, ICA was able to alleviate muscle dam-
age caused by acute exhaustive exercise. This wasmediated
through the upregulation of antioxidant gene expression and
enzyme activity while downregulating inflammatory factor
expression. Furthermore, ICA was shown to significantly
shifted the gutmicrobiota composition, enriching beneficial
bacteria and reducing harmful bacteria. This study provides
evidence suggesting that ICA is an effective antioxidant for
protecting skeletal muscle during exercise, and warrants fu-
ture investigation in human studies.
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