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1 Introduction
Fatigue is defined as a feeling of discomfort, and it will lead 

to inability to complete original normal activities or work under 
the same conditions. In severe cases, it can even threaten people’s 
physical and mental health (Goncharov et al., 2021). The causes 
of fatigue often include excessive consumption of energy, massive 
production and accumulation of metabolites, immune system 
disorders, oxidative damage, etc. (Li et al., 2020), inflammation 
and oxidative stress are thought to play an important role in 
the cause of fatigue (Lee et al., 2015; Ye et al., 2017). With the 
increasingly fierce competition in modern society, fatigue has 
become a common social problem (Zhu et al., 2021). Therefore, 
it is particularly important to relieve fatigue (Li et al., 2017).

For a long time, chemical drugs have been a main treatment 
to relieve fatigue. However, these drugs have adverse effects 
on the nervous system and normal physiological activities 
(Itzhak & Ali, 2006). In recent years, dietary supplements have 
attracted much attention (Hu et al., 2020). Peptides have become 
the focus of research due to their high nutritional value, wide 
source, fast absorption, and diverse functions (Bo et al., 2021; 
Chen et al., 2021). Many studies have shown that peptides are 
safe and effective in reducing fatigue, such as peptides from 

oysters (Xiao et al., 2020), mackerel (Wang et al., 2014), hairtail 
(Wang et al., 2020). Aquatic animals are diverse and contain a 
large number of valuable protein resources, so there is a huge 
space for development and utilization (Chalamaiah et al., 2019)。

Tilapia (Oreochromis mossambicus) is one of the important 
farmed freshwater fish in China, but its deep processing 
industry lags behind and its added value is low (Lin et al., 2021; 
Shiyan et al., 2021). Therefore, improving its protein utilization 
rate has attracted widespread attention. So far, there have been 
more studies on tilapia scraps (Lin et al., 2021). However, its 
composition is relatively complex, and the content of blood, 
fat and other impurities is large, which makes the processing 
process more cumbersome (Huang et al., 2015a). In addition, 
tilapia scraps are slightly inferior to the sensory quality of tilapia 
meat (Li et al., 2021),so tilapia meat is a good source of bioactive 
peptide. At present, studies have reported various biological 
activities of tilapia protein peptides, such as antioxidant activity 
(Zhang et al., 2021), angiotensin-converting enzyme inhibitory 
activity (Toopcham et al., 2017) and calcium-binding activity 
(Charoenphun  et  al., 2012), but there are few studies on its 
anti-fatigue effect.
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Abstract
In order to promote the development and application of small molecule oligopeptides from tilapia (SMOT), its anti-fatigue 
effect was evaluated by using exhaustive swimming in mice. The results showed that compared with the negative control group, 
SMOT could significantly prolong the exhausted swimming time of mice, reduce blood lactic acid, blood urea nitrogen and 
malondialdehyde content, and could significantly improve liver glycogen storage status. Meanwhile, the activities of superoxide 
dismutase and glutathione peroxidase of the mice gavaged with SMOT were significantly higher than those in the negative control 
group. In addition, SMOT could increase the activity of immune factor IL-2, stimulate the secretion of sIgA and regulate the 
level of inflammatory factors. So SMOT had significant anti-fatigue effect. Its anti-fatigue effect was exerted by increasing energy 
reserves, eliminating the accumulation of metabolites, reducing oxidative stress, and improving the body’s immune function.  
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Practical Application: It not only promotes the development of the tilapia industry, but also provides a theoretical reference 
for the development of anti-fatigue dietary supplements.
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To date, there are no in vitro models that can comprehensively 
and accurately evaluate the degree of anti-fatigue (Wang et al., 
2021). Therefore, it is necessary to study the anti-fatigue activity 
through animal experiments in vivo. In this study, taking mouse 
swimming as an animal model, the anti-fatigue effect of small 
molecule oligopeptides from tilapia (SMOT) was discussed by 
recording the exhausting swimming time of mice, measuring 
the fatigue related biochemical parameters and immune related 
parameters, so as to provide reference for the development of 
high efficacy, low cost, safe and healthy anti-exercise fatigue food.

2 Materials and methods

2.1 Materials

Materials and reagents

Fresh tilapia (Oreochromis mossambicus) was purchased from 
a local market in Zhanjiang, China. After removing scales, head, 
tail, bones and internal organs of the fish and then cleaning, the 
fish meat was collected by a meat grinder, and the obtained fish 
meat was stored in polyethylene bags at -18 °C for use.

Papain (2 × 105 U/g) was purchased from Pangbo 
Bioengineering Co., Ltd.(Nanning, China); Acetonitrile (HPLC 
grade) was produced from Sigma, USA; Glutathione was 
bought from Solarbio Technology Co., Ltd.( Beijing, China); 
Interleukin-2 (IL-2), interleukin-10(IL-10), interleukin-1β 
(IL-1β), interferon-γ (IFN-γ), tumor necrosis factor-a (TNF-a), 
secretory immunoglobulin A (sIgA) and Caspase-3(Casp-3) 
ELISA kit were all obtained from Jiangsu Enzyme Biotechnology 
Co., Ltd.(Jiangsu, China); Kits for analysis of blood lactic acid 
(BLD), blood urea nitrogen (BUN), superoxide dismutase 
(SOD), glutathione peroxidase (GSH-PX), malondialdehyde ( 
MDA), liver glycogen (LG) were all got from Nanjing Jiancheng 
Biotechnology Institute (Nanjing, China); All the other chemical 
reagents were of analytical grade.

Experimental animals

Ninety KM male mice (SPF, 18 ~ 22 g) were purchased 
from Baishitong Biotechnology Co., Ltd. (Certificate No. SYXK 
(Guangdong) 2019-0204, Zhuhai, China). All animals were 
provided with standard laboratory feed and water, raised in an 
SPF laboratory at room temperature (23 ± 1 °C) and moderate 
humidity (45% ~ 55%), with a light-dark cycle for 12 hours. 
All animal experiments conducted in this study were approved 
in advance and followed the guidelines of the Ethics Committee 
of Guangdong Ocean University. The experimental procedures 
were carried out in strict accordance with the “Guidelines for 
the Care and Use of Laboratory Animals” of Guangdong Ocean 
University.

2.2 Method

Preparation of SMOT

Tilapia meat is added distilled water in a ratio of 1:2 and 
homogenized. The homogenate obtained was adjusted to pH 

5, then placed in a constant temperature shaking water bath at 
45 °C to preheat for 10 minutes and enzymatically hydrolyzed 
with papain of 0.4% for 4 hours. After the hydrolysis, in order 
to inactivate the enzyme, the solutions were put in a boiling 
water bath for 15 min. The hydrolysates were centrifuged at 
8000 rpm, 4 °C for 15 min, and the supernatant was got after 
filtered. The samples were separated by the ceramic membrane 
with a pore size of 200 nm, followed by ultrafiltration membranes 
with a molecular mass cutoff of 5 kDa and 1 kDa for further 
separation, and the fractions less than 1 kDa were collected for 
subsequent experiments. 

Determination of the molecular weight distribution and amino 
acid composition

The molecular weight distribution of SMOT was determined by 
high performance gel filtration chromatography. The chromatographic 
conditions were as follows, chromatographic column: TSKgel 
G2000SWXL (7.8 mm × 30 cm), mobile phase: acetonitrile-
water-trifluoroacetic acid volume ratio of 45:55:0.1, flow rate: 
0.5 ml/min, column temperature: 30 °C, detection wavelength: 
240 nm. Glycine-glycine-glycine (189.17 Da), glycine-glycine-
tyrosine-arginine (451.48 Da), L-oxidized glutathione (612.628 Da), 
bacitracin (1422.69 Da), aprotinin (6511.51 Da) and cytochrome 
C (12384 Da) were used as standards to make a standard curve 
of relative molecular mass. The standard curve was obtained by 
plotting lgMW against the retention time. The linear regression 
equation was: y = -4.4732x + 32.574. 

The amino acid composition of SMOT was determined 
using a Hitachi LA8080 amino acid auto-analyzer according 
to the method of GB 5009.124-2016. 

Animals and Grouping 

Ninety mice were housed in separate cages, five mice per 
cage, and after one week of acclimatization, they were randomly 
divided into six groups: normal control group (CP), negative 
control group (NC), SMOT low dose group (SMOT-L), SMOT 
medium dose group (SMOT-M), SMOT high dose group 
(SMOT-H), and positive control group (PC), in which the 
normal control and negative control groups were gavaged 
with distilled water, the low, medium and high dose groups 
were gavaged with 0.25, 0.5 and 1 mg/g of SMOT respectively, 
and the positive control group was gavaged with 0.5 mg/g of 
glutathione. Each mouse was gavaged at a dose of 1 mL/100 g. 
Swimming training was performed after 30 min of each gavage 
for 30 d, except for the normal control group, during which the 
mice were fed and watered freely.

Weight-loaded swimming test

After the last gavage for 30 minutes, the mice were loaded 
with 5% of their body weight in lead skin at the tail and placed 
in a swimming tank (61.5 cm x 45.5 cm x 36.5 cm) at a water 
depth of 30 cm and a water temperature of 25 ± 1 °C. The mice 
were judged to be exhausted when their heads were completely 
submerged in the water for 7 s and no longer surfaced. The time 
taken for the mice to swim to exhaustion was recorded and the 
mice were quickly retrieved to regain strength.
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Two days after the weight-loaded swimming test, the mice 
were placed in a swimming tank (61.5 cm × 45.5 cm × 36.5 cm) 
at a water depth of 30 cm and a water temperature of 25 ± 1 °C 
for 30 min after gavage administration of the drug for 30 min. 
At the end of the session, the mice were retrieved and dried off, 
then placed in the original cage for 30 min before removing 
the eyeballs to extract blood and centrifuging the supernatant. 
The mice were dislocated and executed immediately after blood 
collection, and the liver, spleen, kidney, proximal jejunum 3 cm 
and hind limb gastrocnemius muscle were dissected, rinsed in 
saline, blotted with filter paper and weighed for subsequent 
experiments. Serum for LD, BUN, IL-2, IL-10, IL-1β, IFN-γ, 
TNF-a, liver for hepatic glycogen, gastrocnemius for SOD, 
GSH-PX, MDA, jejunum for sIgA, Casp-3.

Histopathological observations

Histological analysis of the gastrocnemius muscle was 
performed using the method described in a previous study 
(Botzenhart et al., 2020). Mouse gastrocnemius muscles were 
dissected and immediately rinsed in saline and then fixed 
in environmentally friendly GD fixative. The specimens 
were dehydrated with different gradients of ethanol and 
embedded in paraffin. The paraffin-embedded specimens 
were cut transversely into 4 µm thick sections, stained with 
hematoxylin and eosin (HE) and the histomorphology was 
observed under a NIKON light microscope. After imaging 
was completed, the Image-Pro Plus 6.0 analysis software was 
used to count the number of myofibers and measure the total 
area of myofibers.

Immunohistochemical analysis (IHC)

The collected gastrocnemius specimens were fixed in 
environmentally friendly GD fixative and subsequently, the 
muscle tissue specimens were embedded in paraffin and cut 
into 4 μm thick sections for further analysis. Tissue samples 
were gradient degreased and rehydrated in xylene and ethanol 
to remove picric acid. Following antigen repair using microwave 
oven, the tissue was treated with 30% H2O2 for 25 min to block 
endogenous peroxidase and added 3% BSA for 30 min to 
block non-specific binding. NF-κB p65 antibody was added 
and incubated overnight at a humid room temperature of 4 °C. 
The antigen-antibody complexes were detected using secondary 
antibodies labelled with horseradish peroxidase, developed in 
DAB, viewed under a microscope and the mean optical density 
values of NF-κB were measured.

Statistical analysis

Data were processed using Graphpad prism statistical 
software, and one-way analysis of variance (One-Way ANOVA) 
was carried out, with P < 0.05 indicating significant differences 
and P < 0.01 indicating highly significant differences. All tests 
were carried out at least in triplicates and results were expressed 
as mean ± standard deviation.

3 Results and discussion

3.1 Molecular weight distribution and amino acid 
composition of SMOT

Bioactive peptides are mainly composed of 2-20 amino acids 
with a wide range of biological activities(Shi et al., 2020) and 
are well absorbed, well processed and highly active compared 
to proteins (Yang et al., 2021) . According to the equation, the 
small molecule peptide in the range of 180-1000 Da accounted 
for about 96% of SMOT (Data was not shown in this article). 
It is therefore tentatively assumed that SMOT have potentially 
strong bioactivity and high bioavailability.

The biological activity of peptides is not only related to their 
molecular weight, but also to their amino acid composition 
(Gao  et  al., 2021). Previous studies have shown that several 
amino acids, including Lys, Pro, Met, Tyr, Phe and His, are 
effective antioxidants (Huang et al., 2015b; You et al., 2012). 
And hydrophobic amino acids such as Leu, Ala and Val play 
an important role in scavenging free radicals (Gao et al., 2021). 
The amino acid composition of SMOT is shown in Table  1. 
The total content of amino acids accounts for 55.11 g/100 g and 
several of the above amino acids reaches 51.24%, suggesting 
that SMOT may have strong antioxidant activity. Branched-
chain amino acids can improve muscle motility during exercise 
and significantly delay protein catabolism (Wang et al., 2021). 
The percentage of branched-chain amino acids (Leu, Ile and 
Val) in this study was 17.96%. Glu is the more abundant amino 
acid in SMOT (12.28%) and is also rich in Asp (7.04%) and 
Arg (9.40%). Li et al. (2012) found that black soybean peptides 
contained 11.02% Glu and 6.83% Asp respectively, suggesting 
that they may have potential anti-fatigue effects. Glu has been 
found to have a very positive effect on the nervous system and 
to be helpful during exercise (You et al., 2011) ; Asp is thought to 
lower blood ammonia concentrations (Xu et al., 2015) , thereby 
delaying the onset of fatigue.

3.2 Effect of SMOT on body weight and organ index in mice

The change in body weight of mice during 30 days of 
administration is shown in Figure 1A, the body weight of mice 
in each group gradually increased with the extension of time, 
but there was no significant difference between SMOT groups 
and NC group, the result indicates that SMOT has no effect on 
the growth of mice. 

Table 1. Amino acid composition of SMOT.

Amino acid Content(g/100 g) Amino acid Content(g/100 g)
Asp 3.88 Met 1.62
Thr 2.38 Ile 1.92
Ser 2.25 Leu 4.77
Glu 6.77 Tyr 1.49
Pro 1.93 Phe  2.09
Gly  4.49 Lys 7.00
Ala 4.10 His 2.03
Val 3.21 Arg  5.18
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The liver is an important metabolic and detoxifying organ 
in the body. The spleen is the largest lymphatic organ in the 
body(Liu et al., 2020). As can be seen from Figure 1BCD, SMOT 
groups showed an increasing in organ index compared with the 
NC group, suggesting that SMOT can improve immunity in mice 
to some extent. However, there was no significant difference 
between the groups, indicating that SMOT have no toxic side 
effects and are safe and usable. 

3.3 In vivo anti-fatigue activity of SMOT

As one of the key indicators for the evaluation of anti-fatigue 
efficacy, the exhaustion swimming time can visually reflect the 
exercise capacity of the animal (Ma et al., 2017) . The mice’s 
exhaustive swimming time is shown in Figure 2A. The mice in 
SMOT group all had higher swimming time than the NC group, 
but there was no dose-dependent relationship. Similar results 
were seen in the study by Wang et al.(2020). There were highly 
significant differences between the SMOT-M, SMOT-H groups 
and the NC group, which were 2.07 and 1.51 times that of the 
NC group, respectively, indicating that SMOT could improve 
the locomotor ability and prolong the exhaustive swimming 
time in mice.

During strenuous exercise, the body’s oxygen consumption 
increases and anaerobic enzymatic reactions are accelerated, 

resulting in the production of large amounts of lactic acid. 
The accumulation of excess lactic acid lowers the pH of the 
internal environment, causing muscle soreness and reducing 
exercise capacity, which leads to fatigue (Guo  et  al., 2017; 
Wang et al., 2008). As shown in Figure 2B, there was a tendency 
for the lactate content to increase after exercise, but it was not 
statistically significant. Compared with NC group, the lactate 
content in SMOT were all significantly reduced, and the SMOT-L, 
SMOT-M and SMOT-H groups were reduced by 15.34%, 19.50% 
and 16.87% respectively. The results indicated that SMOT could 
effectively reduce the production of lactate.

Under normal physiological conditions, urea production 
and excretion are in dynamic equilibrium. During exercise, the 
balance of energy metabolism in muscle is disrupted and the 
body is unable to obtain sufficient energy from the catabolism 
of sugar; Proteins and amino acids, therefore, have a higher 
catabolic rate which leads to an increase in urea production 
(Chen  et  al., 2020) . Thus BUN is also often used as one of 
the important indicators to determine the degree of fatigue 
(Ding et al., 2011) . Figure 2C shows that there is a tendency for 
BUN levels to increase significantly after exercise, and SMOT 
significantly mitigate this tendency.

As exercise progresses, glycogen is depleted and blood 
glucose levels will be difficult to maintain, which then causes 

Figure 1. The effect of SMOT on the body weight and the organ index of mice: (A) The change in body weight; (B) The liver index; (C) The spleen 
index; (D) The kidney index. (Compared with CP, #P < 0.05, ##P < 0.01; Compared with NC, *P < 0.05, **P < 0.01).
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hypoglycemia that can inhibit brain function and result in the 
inability to continue exercising. When glycogen is depleted in 
large amounts, the body’s endurance decreases significantly 
(Miao et al., 2018). Therefore, glycogen level is a sensitive indicator 
in relation to fatigue. As shown in Figure 2D, the liver glycogen 
content of mice in the SMOT-M group increased significantly by 
28.66% compared to the NC group, while the other two groups 
fed with SMOT showed an increasing trend in liver glycogen 
content, but not significantly. These results suggest that SMOT 
may improve physical endurance by increasing glycogen reserves 
or reducing glycogen depletion or both.

3.4 Antioxidant activity of SMOT

Strenuous exercise will break the balance between oxidative 
and antioxidant systems and produce excessive reactive oxygen 
species, which react with unsaturated fatty acids, leading to lipid 
peroxidation (Cai et al., 2021; Xu et al., 2018). Skeletal muscle, a 
powerful metabolic tissue in the human body, is the lipid peroxidation 
tissue most affected by strenuous exercise (Shen et al., 2021). MDA is 
one of the products of lipid peroxidation, reflecting the degree of 
oxidative stress in body tissues and cells. SOD is an important 
antioxidant enzyme in humans and GSH-PX is an important lipid 

peroxidase decomposing enzyme in the body, which can effectively 
scavenge the reactive oxygen species and protect the organism from 
oxidative damage (Jiang et al., 2018; Wang et al., 2020; Zhao et al., 
2021). As shown in Figure 3, SMOT significantly increased SOD 
and GSH-PX activity and decreased MDA content, indicating that 
SMOT can alleviate the degree of lipid peroxidation, increase the 
activity of antioxidant enzymes and maintain the balance between the 
oxidative and antioxidant systems of the body, thus it is hypothesized 
that tilapia peptides may be able to delay the production of fatigue 
by reducing oxidative damage.

3.5 Effect of SMOT on muscle tissue

Skeletal muscle has an important role in the body’s 
metabolism and exercise endurance, and morphological 
features such as muscle fiber cross-sections are important 
indicators of the health and function of the skeletal muscle 
system (Shen  et  al., 2021). High-intensity exercise leads to 
the production of large amounts of reactive oxygen species, 
which causes losses to muscle tissue, resulting in a reduction 
in muscle mass and muscle fiber area (Yin  et  al., 2021). 
The effect of SMOT on mouse gastrocnemius muscle is shown 
in Figure 4, the morphology of muscle fibers in NC group was 

Figure 2. The effect of SMOT on the fatigue-related biochemical indicators of mice: (A) The exhausted swimming time; (B) The content of lactic 
acid; (C) The content of urea nitrogen; (D) The content of liver glycogen (Compared with CP, #P < 0.05, ##P < 0.01; Compared with NC, *P < 
0.05, **P < 0.01).
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Figure 3. The effect of SMOT on SOD, GSH-PX and MDA in mice (Compared with CP, #P < 0.05, ##P < 0.01; Compared with NC, *P < 0.05, **P < 0.01).

Figure 4. The effect of SMOT on mouse gastrocnemius muscle. A: Normal control group (CP); B: Negative control group (NC); C: SMOT low-
dose group (SMOT-L); D: SMOT medium-dose group (SMOT-M); E: SMOT high-dose group (SMOT-H); F: Positive control group (PC); G: 
Muscle fiber area. (Compared with CP, #P < 0.05, ##P < 0.01; Compared with NC, *P < 0.05, **P < 0.01).
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variable. The muscle fibers were obviously atrophied, loosely 
arranged and had more intracellular cracks (Figure 4B), while 
the muscle fibers in SMOT group were tightly arranged with 
slight cracks (Figure 4CDE). The protective effect of SMOT on 
gastrocnemius muscle is consistent with the fact that SMOT 
can increase SOD and GSH-PX activity and reduce oxidative 
damage, and Zheng  et  al. (2019) reported that macamides 
extract can alleviate fatigue by reducing muscle damage in 
mice. From Figure 4G, it can be seen that SMOT significantly 
increased the area of muscle fibers in mice, which was caused by 
the thickening of muscle fibers. The thickening of muscle fibers 
indicates that there is more energy material in muscle fibers 
and more myoglobulin content, which improves the quality of 
muscle fibers and greatly increases the force of muscle fibers 
(Mizunoe et al., 2021; Wen et al., 2021). From the above, it 
can be seen that SMOT has an improvement effect on muscle 
quality and strength, which can improve the exercise ability 
of mice. In contrast, the SMOT group showed a significant 
increase in exhaustion swimming time.

3.6 Effect of SMOT on immune function

High-intensity exercise causes a series of physiological 
and biochemical changes in the muscles, intestines, blood 
and nervous system, leading to fatigue and reduced immunity. 
(Anderson & Maes, 2020). In this study, preliminary studies 
on the immunomodulatory effects of SMOT were carried out 
using interleukins (IL-1β, IL-2 and IL-10), TNF-a, IFN-γ, 
Casp-3 and sIgA. TNF-α is the earliest and most important 
inflammatory mediator during the inflammatory response, 
regulates other tissue metabolic activities and contributes to 
the synthesis and release of other cytokines. IL-1β is an isoform 
of IL-1 that promotes the release of TNF-α. TNF-α and IL-1β 
are considered to be pro-inflammatory factors (Ge et al., 2021). 

IFN-γ and IL-2 are factors with broad immunomodulatory 
effects. And IL-10 inhibits the synthesis and release of 
inflammatory factors (Nam et al., 2016) . In Table 2, TNF-α 
and IL-1β levels were significantly increased after exercise, 
and SMOT significantly reduced the levels of these factors. IL-
10 levels were significantly up-regulated after SMOT treatment. 
These results suggest that SMOT may delay the production of 
fatigue by regulating inflammatory factors. IL-2 levels were 
significantly increased in the SMOT group, while IFN-γ did 
not change significantly, suggesting that SMOT may have a 
potential immunomodulatory effect.

Caspase-3 is the main terminal shear enzyme in apoptosis 
and plays an irreplaceable role in apoptosis (Zheng et al., 2017) . 
sIgA, as the main antibody in mucosal immunity, is responsible 
for an important immune function (Feng et al., 2021) . From 
Table  2 we can find that the sIgA concentration in mice in 
the SMOT group was extremely significantly higher than that 
in the NC group, while there was no significant difference in 
Caspase-3 between the groups.

3.7 IHC detection of NF-κB expression in muscle tissue

NF-κB, an important transcription factor involved in the 
regulation of the immune response, is normally present in the 
cytoplasm as a homo- or heterodimeric inactive form. Once 
NF-κB dimers are activated, NF-κB is released and translocated 
to the nucleus(Yuan et al., 2021), triggering gene expression of 
pro-inflammatory mediators. NF-κB expression levels was shown 
in Figure  5. The expression of NF-κB factor was stimulated 
after exercise (Figure  5B), while the SMOT group inhibited 
the expression of this factor, from which it can be speculated 
that SMOT may alleviate the production of fatigue through 
anti-inflammation. 

Table 2. Immune related parameters.

Groups CP NC SMOT-L SMOT-M SMOT-H PC

TNF-a 
(pg/mL) 80.67 ± 2.60 88.55 ± 1.82## 85.89 ± 0.71 83.86 ± 1.71** 84.83 ± 4.18* 84.2 ± 1.87**

IL-1β 
(pg/mL) 17.13 ± 0.73 28.54 ± 2.29## 28.14 ± 1.62 18.98 ± 1.06** 25.97 ± 2.72* 17.83 ± 1.34**

IL-10 
(pg/mL) 72.3 ± 4.50 65.21 ± 4.69## 71.63 ± 2.77** 87.09 ± 4.30** 81.2 ± 1.18** 89.41 ± 1.54**

IL-2 
(pg/mL) 42.75 ± 2.40 41.99 ± 1.76 40.13 ± 2.31 55.51 ± 3.61** 53.98 ± 2.01** 58.39 ± 2.33**

IFN-γ 
(pg/mL) 63.64 ± 2.78 72.87 ± 4.87## 71.65 ± 2.50 69.4 ± 3.31 69.23 ± 7.97 72.25 ± 0.73

Casp-3 
(pmol/L) 12.77 ± 0.28 12.66 ± 0.32 12.47 ± 0.39 12.74 ± 0.32 12.71 ± 0.26 13.35 ± 1.23

sIgA 
(μg/mL) 4.30 ± 0.12 4.99 ± 0.20## 5.24 ± 0.13* 6.66 ± 0.11** 5.93 ± 0.15** 6.40 ± 0.29**

Compared with CP, #P < 0.05, ##P < 0.01; Compared with NC. *P < 0.05. **P < 0.01.
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4 Conclusion
In this study, significant anti-fatigue effect of small molecule 

oligopeptides from tilapia has been confirmed by exhaustive 
swimming in mice. Its anti-fatigue effect was exerted by 
increasing energy reserves, eliminating the accumulation of 
metabolites, reducing oxidative stress, and improving the body’s 
immune function. This finding suggested that SMOT could be a 
promising nutraceutical supplementation for improving exercise 
performance and relieving physical fatigue. 
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