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In this study, the effects of Lactobacillus rhamnosus SDSP202418 isolated from 
shrimp paste on the exercise performance of fatigued mice were analyzed, and the 
potential action mechanism was revealed. L. rhamnosus SDSP202418 significantly 
improved the exhaustion time of the mice and regulated the biochemical indices 
(lactate dehydrogenase, nitrogen, and uric acid) of the fatigued mice to resist 
fatigue. L. rhamnosus SDSP202418 also upregulated the mRNA expression of slow 
muscle fibers and downregulated the mRNA expression of fast muscle fibers in 
the exercise mice by activating the AMPK/PGC-1α pathway in the fatigued mice. 
It also increased the contents of antioxidant enzymes (superoxide dismutase 
(SOD), catalase (CAT), and glutathione (GSH)) in the liver and muscle. These 
enzymes removed and repaired oxidative free radicals to achieve antifatigue. In 
addition, L. rhamnosus SDSP202418 can change the gut microbial structure and 
modulate the abundance and balance of fatigue-related gut microbiota, which 
in turn exerts antifatigue effects. L. rhamnosus SDSP202418 is a functional food 
component that relieves fatigue after exercise.
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1 Introduction

Exercise fatigue is a physiological phenomenon that occurs after the body has completed 
a certain amount of mental and physical activity. The body’s physiological processes are unable 
to maintain their functions at a specific level and intensity (Liu et al., 2022). Excessive fatigue 
is detrimental to the improvement of athletic performance and may have harmful effects on 
physical and mental health (Zhang et al., 2019). At present, the physiological mechanism 
underlying the production of exercise-induced fatigue is primarily summarized as energy and 
material consumption theory, metabolite accumulation and blockage theory, and protective 
inhibition theory (Spector et al., 1995; Verkerke et al., 2005; Weisleder and Ma, 2008). High-
intensity exercise increases the consumption of energy sources, such as serum and muscle, and 
the accumulation of metabolites, such as lactic acid (LA), ammonia, and blood urea nitrogen 
(BUN) (Nikolaidis et al., 2018). Additionally, free radical accumulation caused by exercise-
induced fatigue leads to muscle damage and muscle fatigue by triggering lipid peroxidation 
and disrupting the antioxidant defense system (Gonzalez et al., 2016). The gut is an important 
organ for maintaining healthy homeostasis, and excessive fatigue can also lead to gut microbial 
disruption, exacerbating fatigue-induced physical injuries. The relationship between the gut 
microbiota and exercise fatigue has been extensively studied. An imbalance of intestinal flora 
and an increased number of pathogenic bacteria were observed in exhaustively exercised mice 
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(Li et al., 2022). The disorders of gut microbes can also cause oxidative 
stress and exacerbate fatigue. Zhu et al. (2022) found that the Maca 
compound could increase the number of beneficial bacteria species 
(Lactobacillus and Akkermansia) and decrease the number of harmful 
bacteria species (i.e., Candidatus_Planktophila and Candidatus_
Arthromitus) to modulate gut flora at the genus level. Moreover, a high 
correlation between fatigue-related biomarkers and fecal microbiota 
was found. Therefore, fatigue can be ameliorated by maintaining a 
balanced gut flora.

Delaying or eliminating exercise fatigue is particularly crucial for 
augmenting training and exercise results. Domestic and foreign 
researchers have recently conducted several studies on antifatigue 
active substances in animals and plants. They found that some natural 
active ingredients, such as polypeptides, amino acids, polysaccharides, 
vitamins, and polyphenols can exert certain antifatigue effects (Zhou 
et al., 2023). These substances exist widely in food-borne animals and 
plants. Active substances with antioxidant or anti-inflammatory 
properties, such as curcumin (McFarlin et al., 2016), omega-3 fatty 
acids (Lewis et  al., 2015), and polyphenolic extracts (Cases et  al., 
2017), are currently popular sports nutrition supplements. Attention 
has recently been focused on the relationship between gut microbes 
and exercise performance (Przewłócka et al., 2020). Interfering with 
the gut microbiome of athletes has certain positive effects, including 
improved immunity, gastrointestinal health, exercise performance, 
antioxidant capacity, fatigue recovery, energy supply, nutrient 
absorption, and body composition. All of these parameters are critical 
for the endurance of health and performance in athletes (Pyne et al., 
2015). Probiotics are an effective means of regulating the composition 
and function of gut flora. This promotes microbial diversity, increases 
reproduction, and helps to promote the growth of healthy species. 
Thus, appropriate doses of probiotic supplementation improve fatigue-
related symptoms, reduce exercise fatigue, and accelerate recovery 
from muscle injuries (Jäger et al., 2019; Li et al., 2022; Yeh et al., 2022; 
Miray et al., 2024).

The World Health Organization defines probiotics as “living 
microorganisms that have health benefits when used in sufficient 
quantities” (Hill et al., 2014; Lee et al., 2022). Specific genera, such as 
Lactobacillus and Bifidobacterium, as well as specific species, such as 
Lactobacillus rhamnosus, can improve the gastrointestinal discomfort 
caused by a single bout of high-intensity or endurance exercise (Zhang 
et  al., 2023). According to Zhang et  al., Lactobacillus casei Zhang 
effectively improved the average running time of rats by affecting their 
intestinal flora and serum metabolism (Li et al., 2022). Bifidobacterium 
longum OLP-01 (OLP-01), isolated from the intestinal microbiome of a 
female Olympic champion weightlifter, augmented the grip strength and 
endurance of mouse forelimbs and significantly reduced the serum 
levels of LA, ammonia, and CK following acute exercise. At the same 
time, OLP-01 intervention also significantly increased the basic glycogen 
level in the liver and muscle (Huang et al., 2020). Lactobacillus paracasei 
PS23, isolated from the fecal samples of healthy people, improved 
muscle mass and strength in aging mice. Additionally, continuous PS23 
supplementation for 6 weeks prevented post-muscle injury strength loss 
and improved blood muscle injury and inflammatory marker levels in 
young people (Lee et al., 2022). Probiotic supplementation increases 
energy supply during exercise, which may offer metabolic benefits for 
athletes during high-intensity exercise and recovery. L. plantarum PS128 
supplemented during training significantly increased plasma levels of 
branched-chain amino acids (increased 24–69%) in triathletes 

compared to the placebo (Yu and Fu, 2023). On isolating a large number 
of Leptococcus bacteria from the fecal samples of elite marathon runners 
and transplanting them into mice, Sheiman’s team at Harvard University 
found that the endurance performance of normal mice significantly 
improved after supplementation. Compared to the control group, the 
time spent exercising to exhaustion on the treadmill increased by 13% 
(Scheiman et al., 2019). L. rhamnosus exerts substantial antioxidant 
effects, which can slow down the oxidative damage caused by free 
radicals generated during exercise, reduce apoptosis, and enhance 
exercise capacity. Martarelli et al. (2011) found that L. paracasei IMC502 
and L. rhamnosus IMC501 (1 × 109 colony-forming units (CFUs)/days) 
supplemented for 4 weeks reduced the serum CK level of cyclists after 
strenuous exercise, promoted fatigue elimination, and improved the test 
performance of athletes. However, the effects of this LA bacteria on 
recovery after long-term exercise have been less studied.

In this study, a strain of L. rhamnosus SDSP202418 with high 
gastric acid and bile salt resistance was isolated from traditional 
shrimp paste to explore the antifatigue effect of this bacterium. This 
study offers a theoretical basis for developing functional foods that can 
enhance endurance and relieve fatigue.

2 Materials and methods

2.1 Sample preparation

L. rhamnosus SDSP202418 (SDSP18) was selected and isolated 
from the shrimp paste, Shandong, China, with the accession number 
CGMCC No. 29613, and was deposited in the China General 
Microbiological Culture Collection Center (CGMCC, Beijing, China). 
Furthermore, the strain was further identified by the BGI Group 
(Wuhan, China), an independent third party. The strain maintained 
at −80°C was resuscitated and cultured in MRS. The bacteria were 
then diluted with 0.9% normal saline to 1.0 × 109 CFU.

2.2 Animals studied and treatments 
administered

Forty Kunming mice (6 weeks old) with weights between 20 and 
22 g were obtained from the experimental animal center of the 
Chongqing Medical University and used in the experiment. The mice 
were kept in a warm room at 20–24°C, a relative humidity of 50%, and 
a 12 h/12 h light–dark cycle. All mice received a standard diet, and 
food and water were freely available to them. The animals were 
randomized into four groups of six mice each. In the normal (Nor) 
and control (Con) groups, the mice were treated with 200 μL of 0.9% 
normal saline. The vitamin C group and the SDSP18 group were 
treated with 200 mg/kg of vitamin C and SDSP18 (1.0 × 109 CFU/mL), 
respectively. The experimental protocol was approved by the Ethics 
Committee of Chongqing Collaborative Innovation Center for 
Functional Food (2023102702B, Chongqing, China).

2.3 Treadmill fatigue test

After 1 week of intragastric administration, the 3-week training 
began. A treadmill (YH-CS, Wuhan Yihong Technology Co., Ltd., 
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Wuhan, Hubei, China) was used to train the mice after 30 min of gavage. 
The treadmill running protocol was designed based on the scheme of Xu 
et al. (2013) and Okamoto et al. (2019) as shown in Figure 1 with some 
modifications. The normal group was not subjected to any exercise. The 
other groups of mice underwent 1 week of adaptive training, followed by 
2 weeks of intensive training. The adaptation training was established as 
follows: the speed was 10 m/min, the slope was 0, 10 min a day, 6 
consecutive days a week. Intensive training was established at a speed of 
10 m/min and a 5° slope for 10 min a day for 6 consecutive days a week. 
To prevent the mice from deviating from the track, 0.8 ma of electric 
current was supplied. After 3 weeks, exhaustion tests were conducted on 
the second day following high-intensity training. The test slope was 15°, 
running at a speed of 20 m/min. Under electrical stimulation, the mice 
were considered exhausted when they stopped moving and left the 
runway for 10 s. Finally, blood was collected from the mouse eyeballs, 
and the liver, kidney, heart, spleen, lung, and skeletal muscle were 
dissected for the subsequent analysis (Li et al., 2022).

2.4 Physical and chemical indices

The blood was centrifuged at 3,500 rpm for 10 min at 4°C to 
separate serum, and the serum was then stored at −80°C. Commercial 
kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) 
were used to determine serum indicators according to instructions.

2.5 Hematoxylin and eosin staining

The liver and skeletal muscles of each group were immobilized 
with 4% polyformaldehyde. The slices were prepared and finally 
stained with 1% water-soluble eosin staining solution for 5 min. 
Magnified microscopes (BX43F, Olympus Co., Tokyo, Japan) were 
used for observing the tissues (200×) after they were sealed with 
neutral glue.

2.6 Real-time PCR

RNA from the liver and muscle was extracted using the TRIzol 
reagent (Gan et  al., 2021). cDNA was synthesized using HiScript 
SuperMix (Vazyme, Nanjing, China). Real-time quantitative PCR was 
performed using the StepOnePlus real-time PCR system (Thermo 

Fisher Scientific, Waltham, MA, United States) and a fluorescent dye 
(SYBR Green PCR Master Mix). Table  1 presents the primer pairs 
applied. The target gene expression levels were analyzed using the 2−ΔΔCT 
method. Beta-actin was selected as an internal parameter (Li 
et al., 2018).

2.7 Assays for intestinal microbiota

Feces were collected from each mouse (n = 5) and immediately 
stored at −80°C. Total genomic DNA was extracted using a fecal 
genomic DNA extraction kit (TianGen) following the manufacturer’s 
instructions. The quality of the DNA was checked by 
spectrophotometric analysis (optical density ratio at 260/280 nm) 
using ultra-microspectrophotometry and agarose gel electrophoresis 
(Wang et  al., 2020). 16S rRNA gene sequencing was performed. 
Specific primers 515F and 806R amplified the 16S V4 region. Briefly, 
PCR reactions were performed with 10 ng gDNA under the following 
conditions: 98°C, 1 min; 30 cycles: 10s at 98°C, 30s at 50°C, 30s at 
72°C; and storage at 72°C for 5 min. Library construction was carried 
out using the NEBNext® Ultra™ II FS DNA PCR-free Library Prep 
Kit (New England Biolabs). The constructed libraries were quantified 
with Qubit and Q-PCR, and after passing quality control, PE 250 
sequencing was performed on the NovaSeq  6,000 platform. The 
augmented sequence data are processed using the QIIME2 
Comparison Platform1 (Bolyen et al., 2019). The main process is 
shown in Figure 2. Split each sample data from the raw data based on 
the barcode sequence and PCR amplification primer sequence. After 
trimming the barcode and primer sequences, the reads of each 
sample were assembled using FLASH (version 1.2.111), resulting in 
the assembled sequences as the Raw Tags. The assembled Raw Tags 
were subjected to rigorous filtering using fastp software (version 
0.23.1) to obtain high-quality clean tags. After the aforementioned 
processing, the Tags obtained need to undergo the removal of 
chimeric sequences. The Tags sequences are aligned with species 
annotation databases (Silva 138.1 annotation database https://www.
arb-silva.de for 16S/18S, Unite database https://unite.ut.ee/ for ITS) 
to detect chimeric sequences and ultimately remove them to obtain 
the effective tags.

1 http://ccb.jhu.edu/software/FLASH/

FIGURE 1

Experiment scheme of Kunming mice.
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2.8 Statistical analyses

All experiments were performed at least three times. The figures 
were statistically analyzed and visualized by Origin 2021Pro and SPSS 
software (version 22.0; IBM Corp., Armonk, NY, United States), and 
comparison among groups was performed using a one-way 
ANOVA. All data were expressed as means and standard deviations. 
Statistical significance was set at a p-value of <0.05. We used the LEfSe 
method, which uses the LEfSe to determine the impact of taxa. 
Microbiotas displaying differential expression between groups were 
defined as those with an LDA score of >2.5.

3 Results

3.1 Effects of L. rhamnosus SDSP202418 on 
body weight and blood glucose of 
exhausted mice

No significant difference was observed in the initial body weight of 
the mice in the four groups (Figure 3A). After SDSP18 was supplemented 
for 4 consecutive weeks, the body weight of the mice in the four groups 
increased to varying degrees. The body weights of the control group 
were 0.4, 2.6, and 1.2% lower than the normal group, vitamin C group, 
and SDSP18 group, respectively. However, no significant differences 
were noted (p > 0.05). Blood sugar is the substance supplying direct 
energy to the body during exercise. The blood sugar levels in the exercise 
mice were significantly lower than those in the normal group 
(Figure  3B), especially in mice supplemented with vitamin C and 
probiotics. This may be  due to higher glucose consumption in the 
vitamin C and SDSP18 groups, which means that the SDSP18-
supplemented mice receive a more adequate energy supply during 
exercise, which augments their exercise ability and delays physical fatigue.

3.2 Effects of Lacticaseibacillus rhamnosus 
SDSP202118 on exhaustion time and 
physiological indices of exhausted mice

Exhaustion time is the most intuitive data representing exercise 
endurance. No fatigue experiment was conducted in the normal 
group. After 3 weeks of daily running training, the running exhaustion 
time of the SDSP18 and vitamin C groups was 3.24 and 2.01 times that 
of the control group, respectively, with significant differences noted 
(p < 0.05). At the same time, the exhaustion time of the SDSP18 group 
was 2,219 s longer than that of the vitamin C-positive group 
(Figure 4A), indicating that SDSP18 supplementation significantly 
augments endurance and delays fatigue.

Figure 4B presents the ratio of major organs to the body weight of 
mice. Compared to the normal group, no significant difference was 
observed in the organ indices of mice in the vitamin C and SDSP18 
groups. This indicated that the ingestion of SDSP18 during 3-week 
running had no effects on the body and organ weights of the mice. The 
liver index was significantly higher in the exercise group than in the 
normal group, which indicated that exercise fatigue can cause liver 
injury. The liver index of the SDSP18 group decreased to the level of 
the normal group, indicating that SDSP18 exerts a better effect on 
alleviating the liver injury of mice with exercise fatigue. Compared to 
the normal group, the muscle index in the other three groups 
increased, and that in the SDSP18 group significantly increased. This 
indicated that adaptive exercise improves the muscle index of mice, 
and probiotic intervention promotes an increase in muscle mass.

3.3 Effects of Lacticaseibacillus rhamnosus 
SDSP202418 on biochemical indices of 
exhausted mice

Table 2 presents the biochemical indices of mice after exhaustive 
exercise. When the exercise intensity exceeds the aerobic metabolic 
capacity of the body, LA is produced. This LA accumulates in the body, 
acidifies muscles, and causes fatigue. The LA content was higher in the 
vitamin C and SDSP18 groups than in the control group, which may 
be due to the increased exercise ability of the mice supplemented with 

TABLE 1 Details regarding the primers utilized in real-time PCR.

Gene Primer sequence (5′ to 3′)

Cu/Zn SOD Forward: AACCAGTTGTGTTGTCAGGAC

Reverse: CCACCATGTTTCTTAGAGTGAGG

Mn SOD Forward: AGACCTGCCTTACGACTATGG

Reverse: CTCGGTGGCGTTGAGATTGTT

CAT Forward: TGGCACACTTTGACAGAGAGC

Reverse: CCTTTGCCTTGGAGTATCTGG

MyHC I Forward: ACTGTCAACACTAAGAGGGTCA

Reverse: TTGGATGATTTGATCTTCCAGGG

MyHC IIa Forward: TAAACGCAAGTGCCATTCCTG

Reverse: GGGTCCGGGTAATAAGCTGG

MyHC IIx Forward: GCGAATCGAGGCTCAGAACAA

Reverse: GTAGTTCCGCCTTCGGTCTTG

MyHC IIb Forward: CTTTGCTTACGTCAGTCAAGGT

Reverse: AGCGCCTGTGAGCTTGTAAA

Sirt 1 Forward: CGCTGTGGCAGATTGTTATTAA

Reverse: TTGATCTGAAGTCAGGAATCCC

PGC-1α Forward: GGATATACTTTACGCAGGTCGA

Reverse: CGTCTGAGTTGGTATCTAGGTC

FIGURE 2

Pre-processing of sequencing data.
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antioxidants or probiotics, which in turn increased LA production. 
BUN is the product of protein aerobic metabolism. If the body’s ability 
to adapt to exercise load is reduced, the increase in serum BUN levels 
is more obvious. The serum BUN content in the vitamin C and 
SDSP18 groups decreased by 32.24 and 41.49% compared to that in 
the control group, respectively. Lactate dehydrogenase (LDH) 
primarily catalyzes the reversible reaction between pyruvate and LA. It 
is a crucial enzyme involved in sugar anaerobic metabolism in the 
body. Compared to the normal group, LDH levels significantly 
increased in the control group. Compared to the control group, serum 
LDH levels in the vitamin C and SDSP18 groups significantly reduced 
by 24.6 and 42.7%, respectively. The aforementioned indices 
comprehensively indicated that SDSP18 alleviates exercise fatigue.

The liver index of the control group significantly increased 
(Figure 2A), which indicates abnormal liver development after exercise 
fatigue. Aspartate aminotransferase (AST) and alanine aminotransferase 
(ALT) are commonly used as clinical and experimental crucial 
indicators that reflect liver function. High AST and ALT levels often 
indicate liver function impairment. Therefore, serum ALT and AST 

levels were further detected. Serum ALT and AST contents were 
significantly higher in the control group than in the normal group. 
SDSP18 and vitamin C could significantly downregulate serum ALT 
and AST levels in the exercise fatigue mice. These results indicate that 
SDSP18 improves abnormal liver function after exercise fatigue in mice.

3.4 Effects of Lacticaseibacillus rhamnosus 
SDSP202418 on antioxidant levels in 
exhausted mice

Physical exercise produces numerous free radicals, whereas 
moderate exercise activates the antioxidant defense system and 
eliminates free radicals. However, excessive exercise decreases the 
ability to scavenge free radicals in the body, resulting in cell damage 
(Liu et al., 2016). Therefore, the antioxidant factors SOD, GSH, and 
CAT must be urgently removed (Wen et al., 2013; Ziolkowski et al., 
2015). Table 3 presents the effects of L. rhamnosus SDSP18 on serum 
antioxidant factors in mice. T-AOC is the total antioxidant capacity, 

FIGURE 3

Effect of Lacticaseibacillus rhamnosus SDSP202418 on body weight (A) and blood glucose (B) in mice. The lowercase letters represent significant 
differences between groups (p  <  0.05).

FIGURE 4

Effect of Lacticaseibacillus rhamnosus SDSP202418 on the exhaustive running time (A) and body composition (B) in mice. The lowercase letters 
represent significant differences between groups (p  <  0.05).
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which directly reflects the body’s antioxidant capacity. SOD, CAT, and 
GSH are the main antioxidant defense systems of the body. The 
activities of these enzymes can directly reflect the strength of the 
antioxidant capacity. Exercise reduced the serum T-AOC compared 
to the normal group. Compared to the control group, the serum 
T-AOC in the SDSP18 group increased by 24.3%, which was higher 
than that in the vitamin C group (7.05%). This indicated that SDSP18 
was more effective than the antioxidant vitamin C in improving the 
T-AOC of the mice fatigued after exercise. Regarding antioxidant 
enzymes, compared to the control group, the CAT activity in the 
SDSP18 and positive control groups increased by 81.5 and 93.5%, 
respectively, and the GSH content exhibited no significant difference. 
In summary, SDSP18 reduces the degree of cellular oxidative damage 
and enhances the ability of the body’s antioxidant system.

Figure 5 presents the mRNA expression of liver oxidative stress-
related indicators. Compared to the control group, the mRNA 
expression levels of Cu/Zn SOD and Mn SOD significantly 
increased in the SDSP18 group by 185.5 and 158.2%, respectively, 
and returned to a level equivalent to that in the normal group. These 
results indicate that SDSP18 improves the body’s antioxidant 
capacity and relieves fatigue by increasing antioxidant enzyme 
expression in the liver.

Figure 6 presents the mRNA expression levels of Cu/Zn SOD, 
Mn-SOD, and CAT in the skeletal muscle. SDSP18 significantly 
promoted the expression of the antioxidant enzyme gene, which 
increased the Cu/Zn SOD, Mn-SOD, and CAT contents by 362, 53.06, 
and 65.2%, respectively, compared to the control. At the same time, the 
effect of increased antioxidase-related genes in the SDSP18 group was 
better than that in the vitamin C group. These results suggest that, in 
the skeletal muscle, SDSP18 regulates the expression of oxidative 
stress-related genes and ameliorates exercise-induced oxidative damage.

3.5 Lacticaseibacillus rhamnosus 
SDSP202418 regulates muscle fiber type 
conversion

The composition of different muscle fibers has a crucial regulatory 
role in muscle function and exercise endurance. Vitamin C and 
SDSP18 significantly increased the expression of slow muscle fibers 
(MyHC I) 6 times and 13 times that of the control (Figure  7). 
Meanwhile, SDSP18 significantly downregulated the expression of the 
three fast muscle fibers (MyHC IIa, IIb, and IIx).

Figure  8 presents the mRNA expression levels of the AMPK/
peroxisome proliferator-activated receptor gamma coactivator 1α 
(PGC-1α) pathway-related genes. Compared to the control group, the 
SDSP18 group exhibited significantly upregulated expression of 
PGC-1α and sirtuin1 (Sirt1) genes. The expression increased by 1.6 
and 20 times, respectively. Of note, SDSP18 had a considerably higher 
gene expression-promoting effect than the positive control.

3.6 Effects of Lacticaseibacillus rhamnosus 
SDSP202418 on histology

Figure  9 presents the evaluation results of potential pathological 
changes in different liver and muscle tissues following programmed 
exercise training and probiotic supplementation. In the normal group, the 
liver cells were arranged radially from the central vein, and sinusoid and 
hepatic cords were arranged in order. By contrast, in the control group, 
which underwent forced exercise, the liver cells exhibited a disordered 
arrangement, and the nuclei and cytoplasm were condensed with broken 
nuclear membranes and nucleoli. The arrangement of sinusoid and 
hepatic cords exhibited no significant change among the groups after the 
mice were supplemented with vitamin C or SDSP18 (Figure 9A), similar 
to those in the normal group. This indicated that SDSP18 supplementation 
improves the oxidative damage of the mouse liver tissue.

Over-exercise can cause muscle tissue damage, which is 
manifested by blurred boundaries of muscle bundles, irregular 
arrangement of muscle fibers, interlaminar spreading, increased 
interstitial space, connective tissue hyperplasia, inflammatory cell 
infiltration, and apoptosis (Yu et al., 2022). No significant changes in 
muscle tissue were seen in the normal group. The control group 
showed large tissue gaps, probably caused by muscle strain. Dietary 
supplementation with SDSP18 or vitamin C improved this 
phenomenon. It also reduced inflammatory infiltration and muscle 
fiber gaps and prevented exercise-induced muscle tissue damage, 
thereby improving exercise endurance in mice (Figure 9B).

3.7 Effects of Lacticaseibacillus rhamnosus 
SDSP202418 on intestinal microbiota in 
fatigued mice

Our results indicated that among the top  20 most abundant 
microbial phylum and genera, the levels of Bacteroidota in fatigued 

TABLE 2 Effect of Lactobacillus fermentum SDSP202418 on the serum biochemical parameters of exercise-induced fatigue mice.

Nor Con Vitamin C SDSP18

LA (μmol/L) 924.42 ± 16.67a 945.19 ± 17.49a 1012.95 ± 53.30b 1318.59 ± 63.30c

BUN (μg/mL) 4.35 ± 0.48a 10.34 ± 0.36c 6.81 ± 0.55b 6.05 ± 1.99ab

UA (μmol/L) 107.13 ± 16.18b 157.89 ± 15.20c 70.42 ± 4.21a 78.13 ± 8.93a

LDH (U/L) 34632.84 ± 3574.78b 41367.16 ± 565.06c 31191.04 ± 3452.38b 23695.52 ± 4065.66a

TP (g/L) 4.28 ± 0.07a 4.19 ± 0.05b 4.17 ± 0.03b 4.12 ± 0.04b

ALB (g/L) 82.33 ± 6.03 81.97 ± 1.81 84.70 ± 2.46 83.66 ± 8.48

AST (U/L) 19.78 ± 1.79a 40.34 ± 2.81c 26.09 ± 4.44b 30.73 ± 4.44b

ALT (U/L) 7.53 ± 1.01b 13.99 ± 2.20a 4.70 ± 1.88c 5.81 ± 2.53bc

The values are expressed as mean ± standard deviation. The lowercase letters represent significant differences between groups (p < 0.05).
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mice were higher than that in fatigued mice treated with vitamin C or 
SDSP18 (Figure  10A). The species distribution map (Figure  10B) 
showed that the dominant species at the genus level were Lactobacillus, 
Odoribacter, Prevotellaceae_UCG-001, Alistipes, and Anaeroplasma in 
fatigued mice administered vitamin C or SDSP18. Compared to the 
normal group, the unclassified and other groups of microorganisms 
increased in the group control, Lachnospiraceae_NK4A136_group 
decreased, and the populations of Lactobacillus, Odoribacter, 
Prevotellaceae_UCG-001, Alistipes, and Anaeroplasma in the group 
vitamin C and the group SDSP18 increased, compared to the 
control group.

We analyzed the gut microbiota at the phylum and genus level 
using thermography, and Figure  9 shows the proportion of fecal 
microbiota in mice with different treatments (Figure  11). The 
intestinal abundance of the Bacteroidota group (phylum) elevated in 
exercised mice. The abundance of [Eubacterium]_siraeum_group, and 
Ligilactobacillus was also observed to increase. However, these bacteria 
were inhibited in fatigued mice given by vitamin C or Lacticaseibacillus 
rhamnosus SDSP18, even though populations of Alistipes and 
Prevotellaceae_UCG-001 were increased in fatigued mice treated with 
SDSP18. We also found that the Lactobacillus and Alloprevotella levels 
were increased in fatigued mice by administering SDSP18. A similar 
result that the administration of LA bacteria elevated the abundance 
of Bifidobacterium, Bacteroides, Alistipes, and Alloprevotella has been 
reported (Li et al., 2020). Meanwhile, exercise and SDSP18 can also 
decrease the abundance of Candidatus_Saccharimonas, compared to 
the normal group. Our results suggested that SDSP18 elevated the 
levels of LA bacteria (Lactobacillus) and maintained intestinal 
microbiota (Coriobacteriales) in fatigued mice.

Changes in the composition of the intestinal flora lead to the 
formation of dominant species for certain groups of bacteria in the 
intestinal ecosystem. To assess whether SDSP18 intervention has the 
potential to modulate intestinal microbiota in vivo, this study analyzed 
mouse fecal bacteria in a 16S metagenomic. The Shannon diversity 
index was negatively correlated with diversity. No significant change 
was noted between groups (Figure 12A). Further analysis by PCA also 
found no obvious differences in the gut microbiota structure between 
the normal group and other groups (Figure 12B). In addition, 261, 
152, 241, and 191 different bacteria (operational taxonomic units; 
OTUs) were found in normal mice, fatigued mice, and fatigued mice 
given vitamin C and SDSP18. However, a total of 373 bacterial species 
were present in these three groups (Figure 12C).

3.8 Effects of Lacticaseibacillus rhamnosus 
SDSP202418 on microbial LEfSe analysis

Significantly different abundances between species were revealed 
by linear discriminant analysis (LDA) and effect size (LEfSe) analysis 
(Figure 13). Major microbiota, including Butyricimonas virosa and 
Bacteroides stercorirosoris, were significantly elevated in fatigued mice 
and may serve as biomarkers. However, administration of SDSP18 
reduced all of these bacteria in the intestines of fatigued mice. 
We hypothesized that this could be related to the fact that we tested 
microbes in the feces and that SDSP18 allowed more flora to remain 
working in the gut. These results suggest that SDSP18 has the potential 
to modulate the gut microbiota in fatigued mice.

4 Discussion

High-intensity exercise leads to metabolite accumulation and 
consumption of antioxidant enzymes, which results in muscle tension 
and induces sports injury. The most direct and objective expression of 
body fatigue is the decline of exercise endurance. Exercise exhaustion 
time is among the most commonly used indicators of body endurance. 
In animal experiments, the supplementation of specific probiotics 
increased the endurance running time of mice to a certain extent (Lee 
et al., 2020; Scheiman et al., 2019). In the present study, supplementation 
with L. rhamnosus SDSP18 daily during 3 weeks of running training 

TABLE 3 Effects of Lacticaseibacillus rhamnosus SDSP202418 on serum 
antioxidant capacity in mice.

T-AOC 
(mmol/gprot)

CAT (U/mL) GSH 
(μmol/L)

Nor 1.89 ± 0.12 288.79 ± 11.98 a 90.50 ± 2.38

Con 1.56 ± 0.47 92.73 ± 10.74c 91.55 ± 1.32

Vitamin C 1.67 ± 0.18 178.59 ± 21.21b 91.87 ± 0.44

SDSP18 1.94 ± 0.12 167.07 ± 12.80b 91.17 ± 1.38

The values are expressed as mean ± standard deviation. Columns with different letters were 
significantly different at a p-value of < 0.05.

FIGURE 5

Effects of Lacticaseibacillus rhamnosus SDSP202418 on liver antioxidant capacity in mice. The lowercase letters represent significant differences 
between groups (p < 0.05). (A) Cu/Zn-SOD mRNA expression; (B) Mn-SOD mRNA expression; (C) CAT mRNA expression.
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significantly increased the exercise exhaustion time of the mice from 
1824 s in the control group to 5,915 s in the SDSP18 group. It was 2,219 s 
longer than that in the vitamin C-positive group. Supplementation with 
L. rhamnosus SDSP18 for 3 weeks increased muscle index, decreased 
blood glucose levels after exercise, and improved glucose utilization. This 

suggested that L. rhamnosus SDSP18 may be beneficial for energy supply 
during exercise, which is consistent with the results of Chen et al. (2016).

LDH is a key enzyme in the body’s glycolysis energy supply 
system. It reversibly catalyzes pyruvate hydrogenation to LA during 
the anaerobic glycolysis of sugar. LDH chiefly exists in the skeletal 

FIGURE 6

Effects of Lacticaseibacillus rhamnosus SDSP18 on muscle antioxidant capacity in mice. The lowercase letters represent significant differences 
between groups (p < 0.05). (A) Cu/Zn-SOD mRNA expression; (B) Mn-SOD mRNA expression; (C) CAT mRNA expression.

FIGURE 7

Effect of Lacticaseibacillus rhamnosus SDSP202418 on the mRNA expression level of MyHC I (A), MyHC IIa (B), MyHC IIb (C), and MyHC IIx (D) in the 
muscle. The lowercase letters represent significant differences between groups (p < 0.05).
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muscle and ensures that muscles can obtain ATP even during a short 
hypoxia period, which reflects the energy supply characteristics of the 
glycolysis system. When the tissue is destroyed, LDH from inside the 
cell enters the blood, which leads to an elevation in serum enzyme 
activity. In this study, compared to the control group, the 
supplementation of a certain dose of L. rhamnosus SDSP18 
significantly reduced the serum LDH level of the exercise mice, 
indicating that SDSP18 ameliorates exercise-induced cell and muscle 
injuries to some extent.

LA, urea (UA), and BUN are also biochemical indices of exercise-
induced fatigue. UA, a metabolite of protein and amino acid 
decomposition, is a common indicator used for evaluating the degree 
of exercise-induced fatigue. Intense exercise and physical labor 
accelerate nucleotide metabolism, nucleotide, and nucleoside 
decomposition, and their transformation cycle to produce 
UA. Accordingly, the blood UA content increases. Therefore, UA is 
inversely proportional to exercise endurance, that is, the lower the 
body’s exercise endurance, the more obvious the increased UA 

content. The experimental results revealed that SDSP18 
supplementation restored the UA content in the mice to normal levels 
after long exhaustive exercise. L. rhamnosus SDSP18 improved the 
energy supply and utilization capacity of the metabolic system and 
augmented the body’s exercise level. BUN is the key end product of 
human protein metabolism. When the body exercises for a long 
period, it is unable to obtain sufficient energy through sugar and fat 
breakdown. The protein and amino acids in the skeletal muscle 
participate in catabolism to provide energy and produce BUN. This 
experiment thus unveiled that SDSP18 supplementation during 
3-week running training significantly reduced the serum BUN level 
in exercise mice. LA is a byproduct of muscles produced during high-
intensity exercise when the muscles obtain sufficient energy from the 
anaerobic glycolysis pathway. Excess LA causes H+ and H3PO4 
accumulation in the muscles, thereby decreasing muscle pH, 
inhibiting phosphofructokinase activity, and reducing the sugar 
breakdown rate. This ensures that the stromal reticulum binds more 
Ca2+, which then affects the muscle tone. This result is different from 

FIGURE 8

Effect of Lacticaseibacillus rhamnosus SDSP202118 on the mRNA expression level of PGC-1α (A) and Sirt1 (B) in the muscle. The lowercase letters 
represent significant differences between groups (p < 0.05).

FIGURE 9

Effects of exercise and vitamin C or SDSP18 interventions on histopathology. (A) Liver and (B) skeletal muscle. Specimens are photographed using a 
light microscope (200×).
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those of other studies. In the present study, the serum LA content of 
the SDSP18-supplemented mice increased, which was speculated to 
be related to the enhanced tolerance of mice to LA and delayed the 
emergence of the blood LA fatigue threshold. Combined with 
exhaustion time, mice in the L. rhamnosus SDSP18 group persisted for 
a long time under the high LA concentration, indicating that probiotic 
supplementation enhanced the exercise ability of the exercise mice.

Vigorous exercise can accelerate reactive oxygen species (ROS) 
production, affect the balance of oxygen free radicals and the free 
radical scavenging system, resulting in oxidative stress damage, and 

reduce antioxidant enzyme activity (Powers et al., 2004). Growing 
evidence has shown that ROS induces protein oxidation and strongly 
promotes muscle fatigue (Yan et  al., 2024). Probiotics can reduce 
oxidative stress, increase exercise capacity, and reduce fatigue levels. 
CAT and GSH peroxidase (GSH-Px) catalyze H2O2 decomposition 
into H2O and O2, thus protecting the structural and functional 
integrity of cell membranes. Dietary supplementation with 
L. rhamnosus SDSP18 increased CAT, GSH-Px, and T-AOC activities 
in the serum of mice with exercise-induced fatigue and reduced 
oxidative stress-induced damage. SOD is a type of antioxidant 

FIGURE 10

Assay for feces microbiota in mice administered with different treatments. The top 20 abundance from the taxa analysis of microbiota composition at 
(A) phylum and (B) genus.

FIGURE 11

Heat map of species abundance clustering for (A) phylum level and (B) genus level in mice with different treatments.
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metalloenzyme that widely exists in various body tissues and cells. Its 
main function is to remove excess superoxide anion-free radicals from 
the body. Both Cu/Zn-SOD and Mn-SOD can inhibit free radicals 
produced during exercise and are vital for reducing exercise fatigue 
(Muradian et al., 2002). The study results revealed that L. rhamnosus 
SDSP18 inhibited exercise-induced liver injury by increasing 
antioxidant enzyme activity in the liver. At the same time, similar 
results were observed in the muscle tissue, indicating that L. rhamnosus 
SDSP18 protects against fatigue-induced oxidative damage of muscles 
to a certain extent.

At present, there is no report on the regulation of probiotics on 
muscle composition. Muscle composition is crucial for resisting 
exercise fatigue. Therefore, we studied the effect of L. rhamnosus 
SDSP18 on the muscle composition of exhausted mice. Based on 
contractile and energy metabolic properties, skeletal muscle fibers 
consist of slow and fast muscle fibers (Chang et al., 2017). Slow 
muscle fibers (MyHC I) contract at a slower rate, but are able to 
sustain movement for longer periods of time. Fast muscles contract 
very fast and are capable of generating strong forces in a short 
period of time, which can easily lead to fatigue, including MyHC 

IIx, MyHC IIa, and MyHC IIb (Reyes et al., 2015). SDSP18 can 
promote the formation of slow muscle fibers and reduce the 
movement of fast muscle fibers. SDSP18 promotes the formation 
of slow muscle fibers and reduces the movement of fast muscle 
fibers. The AMPK/PGC-1α pathway has a crucial role in the 
regulation of mitochondrial energy metabolism and the regulation 
of myofiber type (Kahn et  al., 2005). GC-1α and Sirt1 are two 
major downstream factors of AMPK signaling.PGC-1α is closely 
related to cellular energy metabolism, which is closely related and 
can activate the expression of slow oxidative fiber genes (Zhang 
et al., 2017). At the same time, its overexpression increases the 
proportion of MyHC I (Li et al., 2002). PGC-1α, as a transcriptional 
coactivator, is closely related to cellular energy metabolism (Lantier 
et  al., 2014). L. rhamnosus SDSP18 mitigated exercise-induced 
downregulation of PGC-1α and Sirt1 gene expression. Meanwhile, 
SDSP18 promoted the formation of slow muscle fibers and reduced 
the formation of fast muscle fibers. SDSP18 affects myotube 
differentiation through the AMPK/PGC-1α pathway and regulates 
skeletal muscle type conversion, thus enhancing skeletal muscle 
energy metabolism and alleviating fatigue progression.

FIGURE 12

(A) Box plot of alpha index distribution between groups and (B) genus PCA. (C) Flower plot based on OTU abundance.

FIGURE 13

Histogram of the distribution of LDA values (A) and evolutionary branching plot (B).
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The gut microbiota has a crucial role in maintaining human 
health. Meanwhile, the production and elimination of harmful 
serum metabolites, oxidative stress response, and muscle are all 
closely related to gut microbiota Firmicutes, Bacteroidetes, 
Proteobacteria, and Actinobacteriota are the major intestinal flora 
of the body. The composition and function of the gut microbiota 
functional components are affected and altered by exercise. 
Meanwhile, the gut microbiota regulates energy metabolism, 
inflammatory response, stress resistance, and oxidative stress, 
which further affect exercise regulation. Many dietary supplements 
have been shown to improve athletic performance and combat 
physical fatigue by altering the composition of the gut microbiota. 
For example, salidroside extract may increase the abundance of 
beneficial microorganisms, mediate the integrity of the gut barrier, 
and remodel the gut microbiota (Zhu et al., 2022). Probiotics can 
produce substantial benefits by directly shaping the microbiota. In 
the present study, we found no significant changes in microbiota 
diversity (as reflected by the Shannon diversity index) between the 
different groups, and the alpha diversity index was not statistically 
significant. This may not be consistent with a “healthier” microbiota 
with high species richness. However, considering that the purpose 
of probiotic supplementation is to allow some gut flora to proliferate 
more than others to promote beneficial metabolites in gut microbial 
producers, it is not sufficient to alter overall species diversity, and 
even species diversity may be  compromised. Interestingly, the 
structure of the gut microbiota changed significantly in the control 
and SDSP18 groups (as shown in PCoA). We further delved into the 
changes in the composition of the intestinal flora after the gavage of 
SDSP18. The number of Lactobacillus and Alistipes increased in 
SDSP18-gavaged mice. Among them, Lactobacillus could positively 
regulate exercise-induced fatigue. Alistipes are closely related to 
chronic stress and human health and help to alleviate memory 
impairment in ecological disorders and diseases. Meanwhile, 
SDSP18 could reduce the number of Candidatus Saccharimonas. 
These results suggest that SDSP18 may modulate gut flora content, 
especially by suppressing the content of undesirable flora. The 
regulation effect of SDSP18 on intestinal microbiota is an important 
means to alleviate exercise fatigue.

In summary, L. rhamnosus SDSP18 alleviates muscle fatigue and 
improves muscle function through the timely elimination of fatigue-
produced metabolites, inhibiting oxidative stress and changing muscle 
fiber composition.

5 Conclusion

In conclusion, the present study demonstrated that L. rhamnosus 
SDSP202418 can alleviate exercise-induced fatigue through several 
targets, including eliminating harmful serum metabolites, reducing 
oxidative damage, and changing the muscle fiber composition. 
Additionally, L. rhamnosus SDSP202418 could change the gut microbial 
structure and modulate the abundance and balance of fatigue-related gut 
microbiota. Increased probiotics in the gut can restore imbalances in the 
intestinal ecosystem, normalize serum biomarkers, and reduce oxidative 
stress, thereby relieving fatigue and enhancing exercise function. 
Although the direct physiological relationship between skeletal muscle 
and gut is not obvious, the signals generated by the interaction of 
intestinal microbiota affect the normal operation of various parts of the 

body, and can also indirectly affect the physiological activities of muscle 
tissue. L. rhamnosus SDSP202418 may ameliorate fatigue and intestinal 
injury by targeting small intestinal microbiota. The comprehensive 
analysis indicated that SDSP18 has the potential to be a novel functional 
food ingredient for preventing and relieving sports fatigue. In the future, 
further studies are required to continue to disentangle the complex 
relationships between L. rhamnosus SDSP202418, the gut-muscle axis, 
and exercise-induced fatigue.
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