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Abstract 

In this study, lemon peel flavonoids (LPF) were administered to investigate its effect on the anti-fatigue and anti-
oxidant capacity of mice that undergo exercise until exhaustion. LPF (88.36 min in LPFH group mice) significantly 
increased the exhaustion swimming time compare to the untreated mice (40.36 min), increased the liver glycogen 
and free fatty acid content in mice and reduce lactic acid and BUN content in a dose-dependent manner. As the con-
centration of lemon peel flavonoids increased, the serum creatine kinase, aspartate aminotransferase, and alanine 
aminotransferase levels of mice gradually decreased. LPF increases superoxide dismutase (SOD) and catalase (CAT) 
levels in mice and reduces malondialdehyde levels in a dose-dependent manner. And LPF raises hepatic tissue SOD, 
CAT activities and reduces skeletal muscle tissue iNOS, TNF-α levels of mice compared to the control group. LPF 
also enhanced the expression of copper/zinc-superoxide dismutase (Cu/Zn-SOD), manganese-superoxide dismutase 
(Mn-SOD), and CAT mRNA in mouse liver tissue. LPF also enhanced the expression of alanine/serine/cysteine/threo-
nine transporter 1 (ASCT1) mRNA and attenuate the expression of syncytin-1, inducible nitric oxide synthase (iNOS), 
and tumor necrosis factor (TNF)-α in mouse skeletal muscle. According to high-performance liquid chromatography 
(HPLC) analysis, it was found that LPF contains flavonoids such as rutin, astragalin, isomangiferin, naringin, and querce-
tin. Our experimental data show that LPF has good anti-fatigue effects and anti-oxidation ability. In summary, LPF 
has high prospects to be developed and added to nutritional supplements.
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Introduction
Lemon (Citrus limon) is a common fruit that is rich in 
beneficial ingredients such as vitamin C, sugar, calcium, 
phosphorus, iron, vitamin B1, vitamin B2, niacin, citric 
acid, quinic acid, malic acid, hesperidin, naringin, and 
coumarin. It contains high potassium and low sodium 

and is very beneficial for the human body [1]. The ben-
eficial ingredients contained in lemon can assist with 
maintaining the production of various tissues and inter-
cellular substances in the human body, and also main-
taining their normal physiological functions [2]. Lemon 
promotes the production of body fluid, prevents cardio-
vascular diseases, clears away heat and disperses phlegm, 
and possesses antibacterial and anti-inflammatory effects 
as well as anti-aging effects [3–6]. The pulp and juice 
of lemon are commonly used, and lemon leaves can be 
used as a seasoning. The skin of fresh lemon fruit can be 
used to produce lemon essential oil, and edible oil can be 
obtained from squeezing lemon seeds [7, 8]. However, 
lemon peels are not commonly used in the processing 
and application of lemons, and most of the lemon peels 
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created during the industrial process of lemons are dis-
carded as waste. Exploring the application value of lemon 
peels, including functional applications, can effectively 
increase the value of lemons, which is beneficial for the 
full development and utilization of agricultural products.

Fatigue caused by sports has become a common phe-
nomenon among athletes, students, office workers, and 
urban fitness groups. Fatigue is mainly an uncomfortable 
physiological phenomenon caused by the body’s inability 
to maintain exercise intensity. Its causes are fairly com-
plicated, such as exercise overload, irregular work and 
rest, mental factors, and disease factors [9]. The occur-
rence of exercise fatigue is mainly related to the exces-
sive consumption of energy biochemicals in the body 
caused by continuous high-intensive exercise, which 
promotes the transformation of energy metabolism and 
leads to the excessive accumulation of a series of fatigue-
related metabolites [10]. Long-term or strenuous exercise 
by humans or animals can cause the source of cellular 
energy to change from aerobic respiration to anaerobic 
glycolysis. The body then accumulates a large amount 
of lactic acid (LA), the pH and osmotic pressure of the 
internal environment become unbalanced, and the level 
of reactive oxygen species (ROS) increases. These physi-
ological changes are all important factors that contribute 
to the generation of fatigue [11]. Studies have shown that 
ROS can damage the integrity of cell membranes through 
lipid peroxidation and cause oxidative fatigue of skeletal 
muscles. Effectively scavenging free radicals is the central 
link in relieving fatigue [12].

A number of studies have shown that food and some 
medicinal plants eaten by the general public not only 
have high edible value, but the active compounds they 
contain also have high medicinal and health value. The 
flavonoids in food exert certain anti-oxidation, anti-
fatigue, and anti-aging effects, which can also enhance 
exercise capacity and prevent cardiovascular and cer-
ebrovascular diseases [13–15]. Because flavonoids 
extracted from plants are generally safer than synthetic 
drugs, they have better application prospects for specific 
populations, such as the elderly and athletes. However, 
the effect of most natural plant flavonoids on exercise-
induced fatigue is still unclear, including the effect and 
mechanism of lemon peel flavonoids. Therefore, this 
study investigated the effects of lemon peel flavonoids on 
the fatigue and antioxidant capacity of mice exhausted 
from swimming in order to provide a theoretical basis for 
the development of sports nutritional supplements.

Materials and methods
Extraction of lemon peel flavonoids (LPF)
Lemon peels (Chongqing Huida lemon Technology 
Group Co., Ltd, Chongqing, China) were freeze-dried 

and crushed into powder, and then added to 95% ethanol 
for ultrasonic extraction at 1:10 (w/v). The crude flavo-
noids from the peel were sonicated for 60 min (at 50 °C 
and 200 W), and finally, the crude extract of the sample 
was obtained by suction filtration. Then, the crude extract 
was passed through macroporous resin AB-8 (Solar-
bio Life Sciences, Beijing, China) to separate and purify 
the flavonoids, and finally, purified LPF was obtained by 
rotary evaporation.

Determination of cell survival rate (MTT assay)
Human kidney 293  T cell suspension (1 ×  104  cells/mL, 
National Collection of Authenticated Cell Cultures, 
Shanghai, China) was inoculated into 96 well cell cul-
ture plate (60 μL cell solution + 100 μL DEME medium, 
Solarbio Life Sciences), and cultured at 37  °C for 24  h. 
After adhering to the wall, 20  μL hydrogen peroxide 
(0.3  mmol/L) was added for 4  h to prepare the oxida-
tive damage model. Continue to add 20 μL LPF aqueous 
solution (0–20 mg/mL) for 24 h. After that, 20 μL MTT 
(Solarbio Life Sciences) was added and cultured for 4 h. 
The upper medium was removed, and 150 μL DMSO was 
added. After shaking for 30 min at 37  °C, the OD value 
was measured at 570 nm.

Animal grouping and handling
Seventy-five inverted cytokine receptor (ICR) mice 
(Kaixue Biotechnology (Shanghai) Co., Ltd, Shanghai, 
China) were randomly divided into 5 groups: control 
group (Control), swimming group (Swimming), vitamin 
C group (Vitamin C), low-dose lemon peel flavonoid 
group (LPFL), and high-dose lemon peel flavone group 
(LPFH), with 15 mice per group. Mice in the vitamin C 
group received intragastric administration of vitamin C 
solution at a dose of 100 mg/kg per day, and mice in the 
LPFL and LPFH groups received intragastric administra-
tion of LPF at a dose of 50 and 100 mg/kg, respectively. 
The control group and swimming group received intra-
gastric administration of 0.2  mL of saline per day. The 
five groups of mice continuously received intragastric 
administration for 4 weeks.

Swimming exhaustion experiments
Starting with intragastric administration of vitamin C 
and LPF, mice in the swimming group, vitamin C group, 
LPFL group, and LPFH group performed three 30-min 
swimming trainings during the first week. After that, the 
swimming time was increased by 10 min per week, and 
swimming was still performed 3 times a week (KW-QP 
forced swimming system in mice, Nanjing Calvin Bio-
technology Co., Ltd, Nanjing, Jiangsu, China). After the 
last LPFH gavage, which occurred 4 weeks later, the mice 
were subjected to swimming exhaustion experiments. 



Page 3 of 11Bao et al. Applied Biological Chemistry  (2020) 63:85 

Before the experiment, each mouse was weighed, and 
then a lead wire weighing 5% of the mouse’s body weight 
was tied to the tail of the mouse. The mice were then 
placed in a water tank with a water depth of 30 cm and 
a water temperature of 30  °C for swimming exhaustion 
experiments. When the mice were submerged in the 
water and did not rise to the surface within 10  s, they 
were judged to be exhausted, and the time of exhaustion 
was recorded [16]. The protocol for these experiments 
was approved by the Ethics Committee of Chongqing 
Collaborative Innovation Center for Functional Food 
(202005022B), Chongqing, China.

Energy metabolism index measurement
Liver glycogen was determined according to a previously 
published method [17]. Mouse livers was homogenized 
in 0.5  mL of perchloric acid and centrifuged at 15  °C 
and 15,000 r/min for 15 min. The supernatant was main-
tained on ice, and 30 μL of the supernatant or glycogen 
standard was added to a 96-well microplate. Then, 200 μL 
of potassium iodide reagent was added to each well, and 
after standing for 10 min, the absorbance at 460 nm was 
recorded. The serum LA content was determined by the 
lactate oxidase method [18]; the blood urea nitrogen 
(BUN) content was determined by the diacetyl monox-
ime color method [19], and the serum nonesterified fatty 
acid (NEFA) content was determined by the copper ion 
color method [20].

Sports injury index determination
After the swimming exhaustion experiments were com-
pleted, the mice were euthanized by cervical dislocation, 
and blood was collected from their hearts. The blood was 
centrifuged at 4000  r/min for 20  min, and the superna-
tant serum was reserved for testing. Mouse serum cre-
atine kinase (CK), aspartate aminotransferase (AST), 
and alanine aminotransferase (ALT) levels were detected 
using kits according to the manufacturer’s instructions 
(Solarbio Life Sciences, Beijing, China).

Antioxidant index determination
The superoxide dismutase (SOD) activity of mouse serum 
was detected by the pyrogallol colorimetric method, the 
catalase (CAT) activity was measured by the visible light 
method, and the activity of malondialdehyde (MDA) 
was determined by the thiobarbituric acid colorimetric 
method (Solarbio Life Sciences, Beijing, China) [21].

Determination of SOD, CAT activities in hepatic tissue, 
and iNOS, TNF‑α levels in skeletal muscle tissue
Mice liver and skeletal muscle tissues were prepared into 
10% homogenate with normal saline and centrifuged at 
4000 rpm for 10 min. The supernatant was removed and 

the liver tissue SOD, CAT activities and skeletal muscle 
tissue iNOS, TNF-α levels were measured using the kits 
(Nanjing Jiancheng Bioengineering Institute, Nanjing, 
Jiangsu, China).

Hematoxylin and eosin (H&E) staining
Five mice in each group did not perform swimming 
exhaustion experiments, and the remaining 10 mice were 
subjected to swimming exhaustion experiments. After 
the mice were euthanized before and after swimming 
exhaustion experiments, the mouse livers were washed 
with normal saline, and 0.5 × 0.5   cm2 tissue was fixed in 
10% formalin, embedded in paraffin, and 4-μm thick sec-
tions were cut. The sections were stained with H&E to 
evaluate the pathological changes in the mouse liver, and 
the staining was observed under an optical microscope 
(BX43, Olympus, Tokyo, Japan).

Quantitative real‑time polymerase chain reaction (qPCR) 
experiment
The mouse liver tissue and skeletal muscle were col-
lected and homogenized. RNA was extracted from the 
tissue with TRIzol™ reagent (Thermo Fisher Scientific, 
Inc., Waltham, MA, USA) and diluted to 1 μg/μL. Then, 
reverse transcription was performed on 1  μL of the 
diluted RNA solution according to the reverse transcrip-
tion kit method (Solarbio Life Sciences, Beijing, China) 
to obtain a cDNA template. For PCR, 1  μL of cDNA 
template was mixed with 10  μL of SYBR Green PCR 
Master Mix, 1  μL of upstream and downstream prim-
ers (Thermo Fisher Scientific, Inc., Table 1), and 7 μL of 
sterile distilled water. The PCR reaction was performed 

Table 1 Sequences of the primers used for this experiment

Gene name Sequence

Cu/Zn-SOD Forward: 5′-AAC CAG TTG TGT TGT CAG GAC-3′
Reverse: 5′-CCA CCA TGT TTC TTA GAG TGAGG-3′

Mn-SOD Forward: 5′-CAG ACC TGC CTT ACG ACT ATGG-3′
Reverse: 5′-CTC GGT GGC GTT GAG ATT GTT-3′

CAT Forward: 5′-GGA GGC GGG AAC CCA ATA G-3′
Reverse: 5′-GTG TGC CAT CTC GTC AGT GAA-3′

Syncytin-1 Forward: 5′-GTT AAC TTT GTC TCT TCC AGA ATC GA-3′
Reverse: 5′-CAT CAG TAC GTG GGC TAG CA-3′

ASCT1 Forward: 5′-ACG CGG GAC AGA TTT TCA C-3′
Reverse: 5′-ACA CCC GCT GCT CCAAC-3′

iNOS Forward: 5′-CAA AGG CTG TGA GTC CTG CAC-3′
Reverse: 5′-ACT TTG ATC AGA AGC TGT CCC-3′

TNF-α Forward: 5′-TGC CAC TTC ATA CCA GGA GA-3′
Reverse: 5′-CCG GAG TCC GTG ATG TCT A-3′

GAPDH Forward: 5′-GAA GGT GAA GGT CGG AGT CA-3′
Reverse: 5′-AAT GAA GGG GTC ATT GAT GG-3′
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at 95 °C for 60 s and then at 95 °C for 40 cycles, and each 
cycle was 15 s. Then, the mixture was reacted at 55 °C for 
30 s, 95 °C for 30 s and 55 °C for 35 s before the reaction 
ended. The relative gene expression was calculated by the 
 2−ΔΔCt method (Stepone Plus qPCR instrument, Thermo 
Fisher Scientific, Inc.), with GAPDH being the internal 
reference for expression [22].

HPLC
For HPLC preparations, 2  mg of dry standard (Beijing 
Putian Tongchuang Biotechnology Co., Ltd., Beijing, 
China) was mixed with sufficient methanol to bring the 
volume to 2 mL, and a 1 mg/mL solution was prepared. 
Then, the sample solution was aspirated into the injec-
tion bottle with a disposable needle and filter membrane, 
with the volume of 0.5–1.0  mL. The chromatographic 
conditions were as follows: Accucore-C18 (2.6  μm, 
4.6 × 150 mm); column temperature: 30 °C; mobile phase: 
(A) 0.5% acetic acid aqueous solution, (B) acetonitrile; 
flow rate: 0.5  mL/min; detection wavelength: 285  nm; 
injection volume: 10  μL (UltiMate3000 HPLC system, 
Thermo Fisher Scientific, Inc.). A standard curve area 
was drawn according to the standard concentration of  R2. 
Then, the content of flavonoids in the sample was calcu-
lated according to the peak area of the sample, the peak 
area of the standard in the mixed standard, the concen-
tration of the standard in the mixed standard, and the 
injection volume of the standard in the mixing ratio.

Statistical analysis
Excel 2010 software was applied to organize the data 
and draw the graphs. The data is expressed as the 
mean ± standard deviation. SPSS 18.0 software was 
applied for data analysis. The test methods used were 
one-way analysis of variance (ANOVA) and the least sig-
nificant difference (LSD) test, and the significance level 
was p < 0.05.

Results
Swimming exhaustion time of mice
As shown in Fig.  1, LPF can reduce the oxidative dam-
age induced by hydrogen peroxide. With the increase of 
LPF concentration, the survival rate of oxidative damage 
cells increased. When the concentration of LPF reached 
12.5  mg/mL, the survival rate of oxidative damage cells 
did not significantly improve. Therefore, 12.5  mg/mL 
(equivalent to 100  mg/kg b.w.) was selected as the high 
concentration for further animal experiments.

Swimming exhaustion time of mice
After analyzing the swimming exhaustion time of the 
mice in each group (Fig.  2), it was found that 4  weeks 
of intragastric administration of vitamin C and different 

doses of LPF solutions significantly extended the swim-
ming exhaustion time of mice, which was significantly 
longer than that of the control group and swimming 
group. In addition, the exhaustion time of the LPFH 
group was significantly longer than that of vitamin C 
group. As the concentration of LPF solution increased, 
the time until exhaustion for the mice also increased.

Energy metabolism in mice
The main energy metabolism indexes of all mice from 
each group were detected after swimming exhaustion 
experiments. The current study found (Table 2) that the 
liver glycogen and free fatty acid content of mice in the 
vitamin C group and various doses in the LPF groups 
were significantly higher than those in the control group 
and swimming group. The amounts of liver glycogen 
and free fatty acids in the LPFH group were significantly 
higher than those in the vitamin C group. Supplemen-
tation with LPF solution increased the liver glycogen 
and free fatty acid content of mice in a dose-dependent 

Fig. 1 Effect of lemon peel flavonoids treatment on survival rate 
of 293 T cells

Fig. 2 Swimming exhaustion time of mouse in each group. a–e 
After the Tukey’s honestly significantly different test analysis, there 
is significant difference between the two groups with different 
superscript (P < 0.05)
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manner. However, the amounts of LA and BUN in the 
vitamin C group and various doses in the LPF groups 
were significantly lower than those in the swimming 
group. The amounts of LA and BUN in the LPFH group 
were significantly lower than those in the vitamin C 
group. With the increase in LPF concentration, there was 
a gradual decrease in LA and BUN.

Sports injuries in mice
In the current study, the serum creatine kinase, AST, and 
ALT levels in mice in the vitamin C group and various 
doses of the LPF groups were significantly higher than 
those in the swimming group (Table 3). The above 3 indi-
cators from the LPFH group were significantly lower than 
those from the vitamin C group. As the concentration 
of LPF increased, the levels of the 3 indicators gradually 
decreased.

Serum oxidation level of mice
Table 4 shows that the serum SOD and CAT levels of the 
vitamin C group and various doses of the LPF groups 
were significantly higher than those of the swimming 
group, and supplementation with LPF increased the lev-
els of SOD and CAT in a dose-dependent manner. The 
MDA levels of the vitamin C group and various doses 
of the LPF groups were significantly lower than those 

of the swimming group, and supplementation with LPF 
reduced MDA levels in a dose-dependent manner.

Hepatic tissue SOD, CAT activities and skeletal muscle 
tissue iNOS, TNF‑α levels of mice
The activities of SOD and CAT in the control group were 
the weakest, and swimming could improve the activities 
of SOD and CAT in liver tissue of mice. LPF can fur-
ther enhance the activities of SOD and CAT in swim-
ming mice, and the enzyme activities also increase with 
the increase of LPF concentration (Table 5). The skeletal 
muscle tissue iNOS, TNF-α levels showed the opposite 
trends, these levels were highest in control group mice, 
LPF can reduce these levels, the effects were better than 
vitamin C, and the effect of high concentration (LPFH) 
was better.

Pathological observation of liver
Before the swimming exhaustion experiments, this 
study applied H&E staining to evaluate the pathological 
changes in mouse livers. The results (Fig.  3a) showed 
that the cell nuclei from liver cells of each group of 
mice were basically uniformly stained, the structure of 
the mouse liver tissue cells was normal, and the liver 
cells were radially distributed around the central vein, 
indicating that vitamin C and LPF had no obvious toxic 

Table 2 Hepatic glycogen, lactic acid, blood urea nitrogen and free fatty acid levels of mouse in each group

“ ± ” for standard deviation
a−e After the Tukey’s honestly significantly different test analysis, there is significant difference between the two groups with different superscript (P < 0.05)

Group Hepatic glycogen (mg/g) Lactic acid (mg/L) Blood urea nitrogen (mg/L) Free fatty acid (μmol/mL)

Control 3.74 ± 0.44e 0.25 ± 0.04e 105.20 ± 7.21e 305.66 ± 12.59e

Swimming 5.41 ± 0.58d 1.32 ± 0.22a 344.08 ± 10.89a 1499.50 ± 65.94a

Vitamin C 10.26 ± 0.65b 0.68 ± 0.05c 209.03 ± 10.52c 908.62 ± 60.68c

LPFL 7.89 ± 0.60c 0.98 ± 0.07b 277.98 ± 8.89b 1301.55 ± 78.70b

LPFH 14.52 ± 0.62a 0.53 ± 0.06d 182.69 ± 5.59d 605.01 ± 44.52d

Table 3 Serum CK, AST and ALT levels of mouse in each group

“ ± ” for standard deviation
a−e After the Tukey’s honestly significantly different test analysis, there is 
significant difference between the two groups with different superscript 
(P < 0.05)

Group CK (U/L) AST (U/L) ALT (U/L)

Control 90.69 ± 4.82e 12.65 ± 1.08e 8.11 ± 1.28e

Swimming 341.59 ± 24.88a 104.52 ± 4.98a 91.37 ± 4.59a

Vitamin C 203.08 ± 16.89c 55.32 ± 4.59c 46.78 ± 4.04c

LPFL 279.30 ± 15.61b 82.63 ± 5.05b 75.64 ± 4.92b

LPFH 171.68 ± 15.57d 41.25 ± 3.93d 28.71 ± 3.50d

Table 4 Serum SOD, CAT and MDA levels of mouse in each 
group

“ ± ” for standard deviation
a−e After the Tukey’s honestly significantly different test analysis, there is 
significant difference between the two groups with different superscript 
(P < 0.05)

Group SOD (U/L) CAT (U/L) MDA (μmol/L)

Control 45.15 ± 3.55e 24.36 ± 1.77e 2.06 ± 0.36e

Swimming 63.84 ± 4.47d 45.97 ± 3.44d 18.30 ± 3.02a

Vitamin C 130.57 ± 12.47b 112.09 ± 4.67b 5.99 ± 0.61c

LPFL 80.36 ± 7.23c 66.02 ± 3.97c 13.52 ± 2.06b

LPFH 167.15 ± 7.75a 129.67 ± 5.57a 4.47 ± 0.37d
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or side effect on the liver of the mice. After the swim-
ming exhaustion experiments, the mouse liver cells 
from each group (Fig. 3b) appeared unevenly arranged, 
the central veins also became irregular, and some cell 
structures were destroyed and necrotic. Both vita-
min C and LPF alleviated the liver damage caused by 
exhausted swimming, although it was observed that a 
stronger effect was caused by LPFH.

Expression of Cu/Zn‑SOD, Mn‑SOD, and CAT mRNA 
in mouse liver
Figure 4 shows that the expression of Cu/Zn-SOD, Mn-
SOD, and CAT mRNA in the control group was the 
weakest, and the expression of Cu/Zn-SOD, Mn-SOD, 
and CAT mRNA in the swimming group was stronger 
than that in the control group. The above expression in 
the Vitamin C, LPFL, and LPFH group mice was sig-
nificantly stronger than that of the control group and 
swimming group, and the LPFH group showed the 
strongest expression.

The mRNA expression of syncytin‑1, ASCT1, iNOS, 
and TNF‑α in mouse skeletal muscle
Figure 5 shows that the mRNA expression intensities, in 
descending order, of syncytin-1, inducible nitric oxide 
synthase (iNOS), and tumor necrosis factor (TNF)-α 
in mouse skeletal muscle were the LPFH group, Vita-
min C group, LPFL group, swimming group, and con-
trol group. ASCT1 exhibited the opposite trend, with 
the expression intensity from high to low as follows: the 
control group, swimming group, LPFL group, Vitamin 
C group, and LPFH group.

Composition of LPF
By HPLC analysis, the experimental results showed that 
LPF contained isomangiferin, rutin, astragalin, nar-
ingin, and quercetin (Fig. 6). The content of isomangif-
erin was highest, followed by rutin (Table 6).

Table 5 Hepatic tissue SOD, CAT activities and skeletal muscle tissue iNOS, TNF-α levels of mice

“ ± ” for standard deviation
a−e After the Tukey’s honestly significantly different test analysis, there is significant difference between the two groups with different superscript (P < 0.05)

Group SOD (μmol/gprot) CAT (U/mgprot) iNOS (U/mgprot) TNF‑α (U/mgprot)

Control 32.05 ± 3.18e 15.36 ± 1.89e 0.372 ± 0.079e 0.796 ± 0.112e

Swimming 45.77 ± 4.10d 24.32 ± 2.02d 1.178 ± 0.102a 3.478 ± 0.265a

Vitamin C 72.84 ± 4.82b 39.78 ± 2.11b 0.652 ± 0.063c 1.450 ± 0.118c

LPFL 60.38 ± 3.63c 32.39 ± 2.36c 0.803 ± 0.049b 2.004 ± 0.187b

LPFH 91.36 ± 4.59a 49.63 ± 2.19a 0.501 ± 0.071d 1.017 ± 0.099d

Fig. 3 Pathological observation of hepatic tissue H&E section of a before swimming and b after swimming mouse in each group (× 100)
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Discussion
The mechanism of sports fatigue is complicated, and 
primary mechanisms include metabolic energy failure, 
accumulation of metabolites, and free radical attack [23]. 
Energy failure refers to the excessive consumption of 
energy materials in the body due to strenuous or exces-
sive exercise, causing body fatigue due to insufficient 
capacity supply. Accumulation of metabolites refers 
to the fact that strenuous or excessive exercise affects 
the body’s energy supply, resulting in the conversion of 
aerobic energy to anaerobic glycolysis. A large amount 
of accumulation occurs of metabolites of anaerobic gly-
colysis, such as LA and ammonia, which disrupts the 
acid–base balance and causes disorder of the intracellular 
environment, then which induces fatigue. The theory of 
free radical attack refers to the fact that anaerobic glyco-
lysis can increase the level of oxygen free radicals in the 
body, destroy the fluidity and permeability of cell mem-
branes, cause damage to tissues, and induce fatigue.

Most pathological fatigue requires treatment with 
drugs. However, in healthy people, drug intervention for 
sports fatigue is usually accompanied by undesirable side 
effects. Therefore, for healthy people, the main methods 

for relieving fatigue are physiotherapy and nutritional 
supplements [24]. Physiotherapy mainly includes tuina, 
massage, and rehabilitation exercises. However, physi-
otherapy only temporarily relieves fatigue and cannot 
increase the ability of the body to manage fatigue. Nutri-
tional supplements are currently the main anti-fatigue 
research area. Existing studies have shown that some 
foods can increase the body’s immunity, with anti-aging 
and anti-oxidation effects, and prevent cardiovascular 
diseases, and thus, the foods also confer certain anti-
fatigue effects [25]. However, these studies have not yet 
reported the mechanism of action of these foods against 
sports fatigue.

It is a common in  vivo animal experiment to observe 
mice develop increased ability to exercise and increase 
their resistance to fatigue through weight-bearing swim-
ming exhaustion experiments [26]. In the current study, 
the anti-fatigue effect and anti-oxidation ability of 
LPF were investigated through swimming exhaustion 
experiments with mice, and vitamin C with satisfac-
tory anti-fatigue and anti-oxidation effects was used as 
a positive control. After 4 weeks of intragastric adminis-
tration of vitamin C and different doses of LPF, the mice 

Fig. 4 Cu/Zn-SOD, Mn-SOD, and CAT mRNA expression of hepatic tissue in mouse. a–e After the Tukey’s honestly significantly different test analysis, 
there is significant difference between the two groups with different superscript (P < 0.05)
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significantly increased their swimming exhaustion time. 
The exhaustion time for the LPF group mice was sig-
nificantly longer than that of the vitamin C group, when 
both groups received identical doses. In addition, when 
the LPF concentration was increased, the exhaustion 
time of mice was also prolonged, indicating that LPF had 
a stronger anti-fatigue effect.

Hepatic glycogen, LA, BUN, and FFAs are all related to 
the body’s energy supply [27]. Liver glycogen is mainly 
formed by the polymerization of glucose molecules and 
is stored in the liver. Liver glycogen is broken down into 
glucose to supply the body with energy in response to 
an energy deficit. Therefore, the level of liver glycogen is 
an important indicator to evaluate the degree of fatigue. 
FFAs are the breakdown products of fats. When vigor-
ous or prolonged exercise is performed, fat mobilization 
is enhanced, and the FFA level increases so as to provide 
energy for the body and relieve fatigue [28].

The current study found that after exhaustive exer-
cise, the liver glycogen and FFAs of the mice in the 
Vitamin C group and the LPF group were significantly 
higher than those in the control group and swimming 
group. Additionally, the liver glycogen and FFAs of 

the mice in the LPFH group were significantly higher 
than those of the Vitamin C group. LPF supplemen-
tation increased liver glycogen and FFAs in mice in a 
dose-dependent manner, and thus increased the liver 
glycogen storage capacity of mice, promoted fat mobi-
lization, and relieved fatigue.

Strenuous and prolonged exercise induces anaerobic 
glycolysis to supply energy. Glycolytic metabolism pro-
duces a large amount of LA, which lowers the pH value 
in the body’s internal environment, affects the body’s 
muscle contraction function, and induces fatigue [29]. In 
addition, strenuous and prolonged exercise also causes 
degradation of body protein to produce BUN, which is 
one of the main evaluation indexes of body protein con-
sumption [30]. The current study found that after exhaus-
tive exercise, the LA and BUN levels of the mice in the 
vitamin C group and the LPF group were significantly 
lower than those of the mice in the swimming group. The 
LA and BUN levels of the mice in the LPFH group were 
also significantly lower than those of the vitamin C group. 
With the increase in the LPF concentration, the amounts 
of LA and BUN gradually decreased. This showed that 
supplementing with LPF reduces the accumulation of 

Fig. 5 Syncytin-1, ASCT1, iNOS and TNF-α mRNA expression of skeletal muscle tissue in mouse. a–e After the Tukey’s honestly significantly different 
test analysis, there is significant difference between the two groups with different superscript (P < 0.05)
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LA, inhibits protein degradation, and relieves fatigue by 
positively regulating the body’s energy metabolism.

Muscles and the liver are more prone to damage dur-
ing exercise. When the body is damaged due to excessive 
exercise, it is usually accompanied by an increase in the 
levels of CK, AST, and ALT in the body [31]. The current 
study found that the serum CK, AST, and ALT levels of 
mice in the vitamin C group and LPF group were sig-
nificantly higher than those in the swimming group. The 

above 3 indicators were significantly lower in the LPFH 
mouse group as compared to those in the vitamin C 
mouse group. As the concentration of LPF increased, the 
levels of the 3 indicators gradually decreased, suggest-
ing that LPF can adequately function to prevent sports 
injuries.

Excessive exercise can promote the massive genera-
tion and accumulation of superoxide anion free radicals, 
which have great destructive effects on the cell mem-
brane system and cell metabolism, and cause oxidative 
stress damage to the body. SOD and CAT are important 
antioxidant enzymes in the body. In addition to antioxi-
dant effects, SOD can also repair damaged cells. In ver-
tebrates, SOD is mainly expressed in Cu/Zn-SOD and 
Mn-SOD [32]. In the body, SOD converts free radicals 
into less toxic  H2O2, and then  H2O2 is catalyzed by CAT 
to generate  H2O, thereby scavenging free radicals [33]. 

Fig. 6 Component analysis of lemon peel flavonoids by HPLC. a Standard chromatograms, b chromatograms of lemon peel flavonoids. 1: 
isomangiferin, 2: rutin, 3: astragalin, 4: naringin, 5: quercetin

Table 6 The content of flavonoids in lemon peel flavonoids 
(mg/g)

Isomangiferin Rutin Astragalin Naringin Quercetin

291.41 ± 5.12 234.99 ± 3.37 15.53 ± 0.41 26.65 ± 0.56 10.56 ± 0.22
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The current study found that the levels of SOD and CAT 
in the Vitamin C group and the LPF group were signifi-
cantly higher than those in the swimming group, and 
LPF supplementation increased the levels of SOD and 
CAT in a dose-dependent manner. This showed that LPF 
has satisfactory antioxidant capacity. MDA is the oxida-
tion product of cell membrane lipids and is a sensitive 
indicator of lipid peroxidation. When the human body 
is fatigued, the level of MDA increases [34]. In the cur-
rent study, the MDA levels in the vitamin C group and 
the LPF group were significantly lower than those in the 
swimming group, and supplementation with LPF reduced 
MDA levels in a dose-dependent manner, indicating that 
LPF can protect cells and act as an antioxidant by reduc-
ing lipid peroxidation.

Studies have shown that there is high expression of 
syncytin-1 in response to damage, inflammation, or 
atrophy of muscle tissues, which affects exercise ability 
[35]. The increase in syncytin-1 expression level inhibits 
the expression of its receptor, ASCT1, and the decrease 
in ASCT1 expression is regulated by nitric oxide (NO) 
[36]. When there is inflammation in the body, the level 
of iNOS increases, which produces a large amount of 
NO and inhibits the expression of ASCT1 [36, 37]. 
TNF-α induces and enhances the expression of syncy-
tin-1 in muscles, causing the production of free radicals 
and cytoinflammatory factors, which in turn inhibits the 
expression of ASCT1 [38]. Our study also showed that 
vitamin C and LPF upregulate the expression of ASCT1 
and downregulate the expression of syncytin-1, iNOS, 
and TNF-α in the skeletal muscles of mice after exhaus-
tive exercise.

Most anti-fatigue chemicals are cortical stimulants. 
When the cerebral cortex is in a depressed state, the 
effect of these drugs is more significant. Anti-fatigue 
drugs excite the brain and eliminate drowsiness, which 
allows users to continue to function for a prolonged 
amount of time. Representative drugs in this category 
include caffeine, amphetamine, ritalin, meclofenac axetil, 
piracetam, and modafinil, but most of these anti-fatigue 
chemicals are addictive and have significant side effects 
[39]. Therefore, there has been an urgent need to search 
for anti-fatigue factors from medicinal and edible plants.

Research reveals that active flavonoids from plants 
have anti-fatigue effects, which provides the material 
basis for the research and development of anti-fatigue 
functional food. Isomangiferin, rutin, astragalin, nar-
ingin, and quercetin have strong antioxidant effects, they 
can reduce the damage of oxidative stress caused by high 
intensity exercise [13, 40–43]. At the same time, these 
plant flavonoids can remove LA, pyruvic acid, ammonia, 
and other metabolic wastes produced after exercise, and 
assist with maintaining the normal metabolism of skeletal 

muscle cells [44]. In addition, these plant flavonoids can 
improve energy metabolism and promote energy recov-
ery after exercise [45]. Our study also confirmed that 
these plant flavonoids are multi-functional, as LPF acts as 
both an antioxidant and an anti-fatigue agent.
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