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Tis study aimed at examining the structure-role modeling and antifatigue mechanism of polysaccharides, including
M. androsaceus exopolysaccharide 3 (MEPS3), isolated fromMarasmius androsaceus fermentation broth.Temolecular weight of
MEPS3 was 10.47 kDa. Furthermore, monosaccharide analysis showed the presence of mannose, glucose, and galactose in MEPS3
in a molar ratio of 0.08 : 0.34 :1.46. Mannose, α-galactose, and α-d-glucose anomeric hydrogen signals were detected using nuclear
magnetic resonance spectroscopy. MEPS3 was found to contain glyoxylic acid, forming rod-like chains that support high-purity
polymerization.Te weight-loaded swimming test results showed that MEPS3 treatment reduced lactic acid (LA) levels by 25.72%
and increased the lactate dehydrogenase (LDH) activity by 5.67% in the plasma. Furthermore, it loweredmalondialdehyde (MDA)
levels by 47.09% and increased reactive oxygen species (ROS) and glutathione peroxidase (GSH-Px) levels by 52.42 and 97.03%,
respectively, in the plasma. In addition, MEPS3 treatment reduced MDA and ROS levels in the liver by 28.85 and 18.64% while
increasing superoxide dismutase (SOD) and GSH-Px levels by 17.41 and 38.13%, respectively. MEPS3 treatment increased the
expression of nuclear factor-erythroid 2-related factor 2, glutamate-cysteine ligase, quinone oxidoreductase 1, and heme oxy-
genase 1 by 22.5, 24.8, 20.3, and 43.1%, respectively, in the liver. Tese fndings demonstrate that MEPS3 efectively alleviates
fatigue by removing harmful metabolites and indicate that the antifatigue mechanism is related to the Nrf-2 signaling pathway.

1. Introduction

Marasmius androsaceus, a well-known saprophytic mush-
room, contains numerous components such as poly-
saccharides, proteins, mannitol, cholesterol acetate, amino
acids, ergosterol, and hydroxycinnamic acid [1].
M. androsaceus possesses antihypertensive, antidepressant,
antioxidant, analgesic, and immunomodulatory properties
[2, 3]. Polysaccharides from the M. androsaceus broth are
among the most important functional components.
M. androsaceus polysaccharides have a high antidepressant

activity and considerably increase norepinephrine and do-
pamine levels in mice. Western blot analysis revealed that
M. androsaceus polysaccharides increase the expression of
tyrosine hydroxylase, D2 dopamine receptor, and calcium-
calmodulin-dependent protein kinase II.

Fatigue is characterized by a sense of tiredness that
reduces the vitality and ability of an individual to perform
daily activities. Although physical fatigue can be resolved by
rest, dietary interventions, and medications [4], researchers
are now turning their attention to natural products owing to
their safety profle. Among these, polysaccharides have
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gained increasing interest with regard to their structural
characterization and the elucidation of mechanisms un-
derlying their potential antifatigue efects [5].

Te cause of fatigue is complex and variable. Fatigue is
generally believed to be associated with energy metabolism,
oxidative stress, and lipid peroxidation. Polysaccharides
extracted from Codonopsis can substantially increase the
glycogen content of the liver and muscle and reduce the
blood urea nitrogen content in mice, thereby efectively
relieving fatigue by increasing energy and reducing the
accumulation of harmful metabolites [6]. Chi et al. [7] re-
ported that polysaccharides isolated from Ziyang green tea
can increase the activities of superoxide and GSH-Px and
MDA content in the skeletal muscle and remarkably im-
prove exercise-induced fatigue by reducing oxidative stress.
Some studies have suggested that the antifatigue mechanism
of okra polysaccharides involves a reduction in the accu-
mulation of creatine kinase and lactate dehydrogenase in the
serum and an increase in succinate dehydrogenase, aden-
osine triphosphate, and adenosine triphosphatase levels [8].
Te antifatigue mechanism of the polysaccharide of Spir-
ulina platensis may be related to increased hemoglobin
levels; reduced lactic acid, urea nitrogen, and creatine kinase
levels in the blood; inhibition of exercise-induced synthesis
of 5-hydroxytryptamine and tryptophan hydroxylase ex-
pression; and increased serotonergic type 1 B inhibitory
autoreceptor expression in the caudate putamen of exercised
rats [9]. Te antifatigue mechanism of Polygonatum cyrto-
nema Hua polysaccharide involves the regulation of
osteocalcin signaling [10]. Research on antifatigue mecha-
nisms is helpful for the development and utilization of
natural antifatigue products. Recently, researchers have
focused on the analgesic, antihypertensive, antioxidant, and
antidepressant functions of M. androsaceus [11]. However,
studies on the antifatigue efects of M. androsaceus poly-
saccharides are limited.

To study the antifatigue mechanism of M. androsaceus,
a polysaccharide fraction, MEPS3, was purifed. Te struc-
tural characteristics were analyzed via molecular weight
determination, monosaccharide composition analysis, and
spectral and microscopic analyses. Moreover, the antifatigue
activity of MEPS3 was investigated by evaluating animal
behavior and the biochemical parameters associated with
oxidative stress in fatigued mice; in addition, the antifatigue
mechanism of MEPS3 was elucidated. Overall, this study
aimed at identifying a new natural antifatigue product and
providing experimental evidence to support the clinical use
of MEPS3 as an efective antifatigue agent.

2. Materials and Methods

2.1. Materials and Reagents. Te chemicals used in this
study, including NaCl, CHCl3, KH2PO4, MgSO4·7H2O, vi-
tamin B1, sucrose, peptone, yeast extract powder, tri-
fuoroacetic acid, methanol, 1-phenyl-3-methyl-5-
pyrazolone, potassium bromide, galacturonic acid, tetra-
borate, sulfuric acid, m-hydroxybiphenyl, D-mannose
(Man), l-arabinose (Ara), fucose (Fuc), d-galactose (Gal),
d-glucose (Glc), ribose (Rib), d-(Rha), and Rhodiola and

radioimmunoprecipitation assay bufer, were obtained from
Sigma-Aldrich (St. Louis, MO, USA). In addition, LA, LDH,
ROS, SOD, GSH-Px, MDA, and protein assay kits were
obtained from Beijing Boxbio Science & Technology Co.,
Ltd. (Beijing, China). Membrane and polyvinylidene fuo-
ride membranes were obtained from Millipore (MA, USA).
Te primary antibodies against rabbit nuclear factor-
erythroid 2-related factor 2 (Nrf-2) (code number: sc-
81342), heme oxygenase 1 (HO-1) (code number: sc-
390991), quinone oxidoreductase 1 (NQO1) (code number:
sc-32793), and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (code number: sc-47724), and secondary horse-
radish peroxidase-labelled goat-anti-rabbit antibodies were
purchased from Santa Cruz (California, USA). Te primary
antibodies against rabbit glutamate-cysteine ligase (GCLM)
(code number: ab126704) were purchased from Abcam
(Cambridge, UK).

2.2. Fermentation of Polysaccharides. M. androsaceus
(CCTCC M2013175; China Center for Type Culture Col-
lection, Wuhan, China) was cultured in a 100 L fully au-
tomatic fermenter (Biotech-100JS, BaoXing Bioscience
Company, Shanghai, China) using a defned liquid medium
containing 20 g/L sucrose, 10 g/L peptone, 10 g/L yeast ex-
tract powder, 1 g/L MgSO4·7H2O, 1 g/L KH2PO4·3H2O, and
0.1 g/L vitamin B1. Te fermentation conditions were as
follows: initial pH, 6.5; rotation speed, 300 rpm; culture
duration, 6 days; culture temperature, 26°C; inoculum vol-
ume, 5%; ventilation volume, 200 L/h; inoculum age, 4 days;
and loading volume, 70/100 L.

2.3. Extraction and Purifcation of Polysaccharides. In ac-
cordance with the conditions described in a previous study,
we prepared the polysaccharides using a 6-day submerged
fermentation and precipitation with ethyl alcohol. Extra-
cellular polysaccharides, i.e., MEPS, were prepared by re-
peated protein removal, centrifugation, vacuum
concentration, and freeze-drying. Te separation of MEPS
was accomplished using a DEAE-52 cellulose anion ex-
change column (2.6 cm× 35 cm) and a Sephadex G100
column (3.0 cm× 100 cm). We dissolved MEPS to a con-
centration of 10mg/mL and conducted gradient separation
on the DEAE-52 cellulose anion exchange column via
elution with water, 0.1M, 0.2M, 0.3M, and 0.4M NaCl at
a fow rate of 1mL/min. We obtained the peaks of each
component by merging, concentrating, dialyzing, and
freeze-drying the eluates [11]. Subsequently, we collected
and lyophilized three purifed fractions, namely, MEPS1,
MEPS2, and MEPS3 for further analysis.

2.4. Characterization of MEPS3

2.4.1. Ultraviolet (UV) Spectral Analysis and Purity
Detection. MEPS3 was dissolved in distilled water at
a concentration of 0.5mg/mL. Full wavelength scanning was
performed in the range of 200–400 nm using an ultraviolet-
visible spectrophotometer (UV-mini 1240, Shimadzu Corp.,
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Tokyo, Japan). Te purity of MEPS3 samples was de-
termined using a high-performance liquid chromatography
(HPLC) system (1200, Agilent Technologies, California,
USA) equipped with a TSK G4000 PWXL column
(7.8mm× 300mm, 10 μm) and an RI-101 diferential de-
tector. Te mobile phase was 0.9% NaCl, and the injection
volume was 10 μL. Te fow rate was 0.5mL/min, and the
temperature of the column compartment was controlled at
30°C. Before detection, MEPS3 was dissolved in deionized
water and then fltered through a membrane with 0.22 μm
diameter to remove impurities [11].

2.4.2. Determination of Molecular Weight. An HPLC-
refractive index detector (RID) (1260 RID, Agilent Tech-
nologies, California, USA) equipped with a TSK-G
5000WXL (7.8mm× 300mm) was used to analyze the
molecular weight. Te fractions (1mg/mL) were dissolved in
distilled water and fltered using 0.45 μm flters. Te analysis
conditions were as follows: water at a fow rate of
0.6mL·min−1 was used for elution, and 20 μL of the solution
was injected in each run at a column and detector tem-
perature of 25°C. Te molecular weights of the poly-
saccharide fractions were estimated using a calibration curve
prepared using a series of dextran standards (2000, 500, 70,
40, and 10 kDa) [11].

2.4.3. Determination of Monosaccharide Composition.
Te monosaccharide composition of MEPS3 was de-
termined as described in our previous method [11]. In brief,
a 2mg polysaccharide sample was hydrolyzed with 2M
trifuoroacetic acid (2mL) at 120°C for 3 h in a sealed
ampoule bottle. Subsequently, the hydrolysate was distilled
under a vacuum using methanol and nitrogen to remove
excess acid. Finally, the dried hydrolytic sample was
derivatized in a sealed ampoule with a 2mol/L 1-phenyl-3-
methyl-5-pyrazolone (PMP)-methanol solution (100 µL) at
70°C for 30min. Te products were centrifuged at 8000 rpm
for 5min, and the supernatant was mixed with 0.3M HCl
(100 μL). Excess PMP was removed using CHCl3, and
centrifugation at 8000 rpm for 2min was performed to
remove CHCl3. Te derivatives were analyzed using an
HPLC-UV system, equipped with a Zorbax SB-C18 column
(150× 4.6mm, 5.0m), and detected at 250 nm. Te mobile
phase consisted of 0.05M KH2PO4 (pH 6.7) with 83 (solvent
A) and 17% (solvent B) acetonitrile at a fow rate of 1mL/
min. Te injection volume used was 20 μL.

2.4.4. Determination of Uronic Acid Content. Te uronic
acid in MEPS3 was analyzed using the m-hydroxybiphenyl
method [12]. In brief, 1mL aliquots of a series of gradients of
galacturonic acid were precooled in an ice water bath. Ten,
1.5mL sodium tetraborate and sulfuric acid were added to
the mixture and placed in a boiling water bath for 5min.
After cooling, 25 μL of m-hydroxybiphenyl was added. Te
absorbance was measured at 520 nm, and a standard curve
was drawn. Te polysaccharide sample (10mg) was hy-
drolyzed to 10mL. Te prepared polysaccharide sample was

added to 1mL to determine the uronic acid content of the
polysaccharide according to the abovementioned method.

2.4.5. Fourier Transform Infrared (FT-IR) Spectroscopy
Spectral Analysis. Te purifed fractions were mixed with
dried potassium bromide powder (1 :150) and pressed into
a 1mm wafer for FT-IR measurement. Te corresponding
spectra were recorded using an FT-IR spectrophotometer
(Nicolet 6700, Termo Electron Corp., Waltham, MA, USA)
within the frequency range of 4000–400 cm−1 [13].

2.4.6. Nuclear Magnetic Resonance (NMR). MEPS3 was
dissolved in heavy water (supersaturated solution) to record
1hydrogen (64 scans) and 13carbon (15k scans) NMR spectra
(with a BBFO-plus probe) on a Bruker spectrometer (AV-
400, Bruker Daltonics Inc., MA, USA) at 30°C and
600MHz [14].

2.4.7. Scanning Electron Microscopy (SEM). Te morpho-
logical characteristics of MEPS3 were observed using SEM
(JSM-7500, JEOL, Japan). Te vacuum-dried sample was
placed on a specimen holder with Al and sputtered with Au
powder using a vacuum-coating apparatus at an accelerating
voltage of 5 kV and image magnifcation of 800x [15].

2.4.8. Atomic Force Microscopy (AFM). MEPS3 was diluted
to a concentration of 5 μg/mL with distilled water and fl-
tered through a 0.45 μm flter (NYL, 13mm syringe flter,
Whatman, Inc., Piscataway, NJ, USA). A drop of MEPS3
solution was placed on freshly cleaved mica, dried at room
temperature, and observed using a digital instrument (Multi
Mode 8; Bruker Daltonics Inc., Billerica, MA, USA) [16].

2.5. Animals and Treatments. Male Kunming mice (5weeks
old, 18–20 g) were purchased from Vital River Laboratory
Animal Technology Co., Ltd. (Beijing, China). Te mice
were kept in a controlled environment with a 12 h light/black
cycle and a temperature of 22± 2°C. Food and water were
provided ad libitum. After 1week of adaptation, the mice
were randomly divided into four groups (n� 7/group) on the
basis of diferent concentrations of MEPS dissolved in
distilled water fed to them. Te groups were as follows:
control (distilled water), MEPS1 (180mg/kg, i. g.), MEPS2
(60mg/kg, i. g.), and MEPS3 (30mg/kg, i. g.) groups. Te
treatments were administered intragastrically for 14 days.
One-hour posttreatment, antifatigue ability tests were
conducted. Based on animal behavior tests, polysaccharide
fractions with a high antifatigue activity were screened for
use in subsequent animal experiments and structural
characterization [17].

Another set of male Kunming mice was randomly di-
vided into eight groups (n� 7/group), namely, the vehicle
(administered distilled water), which was further subdivided
into native and control; two Pro (administered Rhodiola,
300mg/kg); two LD (administered a low dose of MEPS3,
30mg/kg, i. g.); and two HD (administered a high dose of
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MEPS3, 300mg/kg, i. g.) groups. Te treatments were ad-
ministered intragastrically for 14 days. After the last intra-
gastric administration, the mice in the control, Pro, LD, and
HD groups were forced to swim for 10min to establish
a fatigue model. All animal procedures were performed in
accordance with the Guidelines for Care and Use of Lab-
oratory Animals (Ministry of Science and Technology of
China, 2006) and were approved by the Institutional Animal
Committee of Qilu University of Technology
(QLU20200625).

2.6. Fatigue Tolerance Test

2.6.1. Electric Tolerance Test. Te animals in the diferent
groups were trained three times before the last adminis-
tration. Te mice in each group were placed on a Plexiglass
rod such that their muscles were in a static-tension state. We
set the speed at 10 r/min. After training, the mice in each
group were intragastrically treated for 30min after the last
administration of the test samples and placed on a Plexiglass
rod (ZB-200, Taimeng Technology Co., LTD., Chengdu,
China); the rotation speed was set at 20 rpm. Te rotarod
times of the mice falling from a glass rod due to muscle
fatigue were recorded three times in parallel [18].

2.6.2. Rotarod Time Test. Adaptability training was per-
formed in diferent groups before the last administration of
the test samples. Mice in each group were placed on
a treadmill (804, Yuyan Scientifc Instrument Co., LTD.,
Shanghai, China) at a speed of 20 rpm, and the current was
adjusted to the highest level so that they could understand
how to escape the charged area. Tirty minutes later, the
mice in each group were placed on a treadmill, with the
speed set at 30 rpm. Te duration of the electric shock for
5min was recorded three times in parallel [18].

2.6.3. Weight-Loaded Swimming Test. Te weight-loaded
swimming test was performed based on a previous study,
with some modifcations. Te mice were forced to swim
without loading for 10min before the experiment to allow
them to acclimatize to swimming. One hour after the last
administration of the test samples, the weight-loaded
swimming test was used. Te mice were placed in an
open cylindrical container (80 cm× 40 cm), which contained
fresh water maintained at 22± 1°C and was approximately
35 cm deep such that the animal failed to touch its bottom. A
lead weighing approximately 5% of the body weight of the
mice was attached to the tail. Exhaustion was determined by
observing the loss of coordinated movements and failure to
return to the surface within 10 s, and exhaustive swimming
time was recorded immediately [10, 19, 20].

2.7. Sample Collection and Measurement. Blood was col-
lected from the orbital venous plexus of the mice of each
group before and after the weight-loaded swimming test.
Plasma sample was prepared by centrifugation at 4000 rpm
and 4°C for 10min and stored at −80°C. Te mice were

sacrifced by cervical vertebra dislocation, and their livers
were collected and stored at −80°C. Te levels of LA, LDH,
ROS, SOD, GSH-Px, MDA, and tissue proteins were de-
termined using commercially available kits in accordance
with the manufacturer’s protocol.

2.8. Western Blotting. A portion of the collected liver
samples was homogenized in radioimmunoprecipitation
assay bufer containing a 1% protease inhibitor cocktail.
Protein concentrations were determined using a bicincho-
ninic acid kit and adjusted to the same level as that of the 5x
loading bufer. Proteins (10 μL) were separated using 10%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(spacer gel, 80V; separation gel, 120V) and transferred onto
polyvinylidene fuoride membranes. Te membranes were
blotted with primary antibodies against Nrf-2 (1 :1000), HO-
1 (1 :1000), NQO1 (1 :1000), GCLM (1 :1000), and GAPDH
(1 :1000) at 4°C overnight, followed by incubation with
horseradish peroxidase-conjugated secondary antibodies (1 :
1000) for 1 h. Chemiluminescence was detected using an
infrared laser imaging system (Odyssey, LI-COR Inc., USA)
[21]. Western blot bands were quantifed using ImageJ
(version 1.8.0, Bethesda Software LLC, MD, USA).

2.9. Statistical Analysis. Each experiment was performed
independently in triplicate. Te results are expressed as the
mean± standard deviation (mean± SD). Te Kolmogor-
ov–Smirnov (K-S) test was used to verify the normality of
data distribution and to confrm that the data were within
the normal range. Data were analyzed using a one-way
analysis of variance and Tukey’s multiple comparison
tests using the SPSS software (SPSS 16.0 for Windows, SPSS
Inc., Chicago, IL, USA). Origin 8.5 (version 8.5, OriginLab
Corporation, Northampton, USA) was used to illustrate the
fgures, and the statistical signifcance was set at P< 0.05.

3. Results and Discussion

3.1. Extraction, Purifcation, and the Antifatigue Activity of
Polysaccharide Fractions. Crude MEPS was isolated from
M. androsaceus through fermentation and separated via
gradient elution using DEAE-52 cellulose anion-exchange
column chromatography with 0, 0.1, 0.2, 0.3, 0.4, and 0.5M
NaCl solutions. We found (Figure 1(a)) that MEPS was
eluted in three fractions, namely, MEPS1, MEPS2, and
MEPS3. Tese fractions were concentrated under a vacuum,
dialyzed against distilled water, and lyophilized, and the
relevant components were collected. Te polysaccharide
content was quantifed using the phenol-sulfuric acid
method; results showed that the MEPS1, MEPS2, and
MEPS3 content ratios were 6 : 2 :1.

Te antifatigue properties of MEPS1, MEPS2, and
MEPS3 were evaluated through animal behavior experi-
ments, including the electric shock, rotarod, and weight-
loaded swimming time tests, to screen for a favorable an-
tifatigue efect of the test compounds (Figure 2). Intragastric
concentrations were set according to the content ratios of
MEPS1, MEPS2, and MEPS3. Results showed that the three
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fractions exerted diferent degrees of antifatigue efects.
Specifcally, after 14 days of treatment with the three frac-
tions, MEPS1 (180mg/kg) increased the time spent on the
rotarod apparatus and weight-loaded swimming by 32.8 and
45.4%, respectively, without changing the electric shock

time. MEPS2 (60mg/kg) treatment had no signifcant efect
on the electric shock, rotarod, and swimming times.
However, MEPS3 (30mg/kg) treatment signifcantly in-
creased the rotarod and swimming times by 38.9 and 49.2%,
respectively (P< 0.05) and decreased the electric shock time
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Figure 1: (a) Fractionation ofMarasmius androsaceus polysaccharides using DEAE-52 chromatography. (b) MEPS3 was further separated
by Sephadex G-100 column chromatography, and (c) the UV spectra, (d) micrographs, and (e) purity of MEPS3 were examined.
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by 48.05% compared with those in the vehicle group
(P< 0.05). Tese results indicated that MEPS3 had the
highest antifatigue capacity. Our results are in tandem with
an antifatigue study of okra polysaccharides; the crude
polysaccharides extracted from okra (Abelmoschus escu-
lentus (L.)Moench) efectively prolonged the swimming time
of mice in a weight-bearing swimming experiment [20]. In
an antifatigue study of Polygonatum cyrtonema Hua poly-
saccharide, we observed a signifcant increase in the ex-
haustive swimming time of mice compared to that in the
normal control group [10]. Similarly, in the investigation of
Cordyceps militaris acidic polysaccharides (CMPB), mice
gavaged with CMPB had considerably longer stick rotation
times in the rotarod test than those in the model group,
which suggested enhanced exercise endurance [22]. Previous
research has highlighted Ganoderma lucidum as an antifa-
tigue food, with Ganoderma lucidum polysaccharide (GLPs)
identifed as its main antifatigue component [23]. In the
forced swimming test, mice gavaged with GLPs exhibited
considerable antifatigue activity [24]. Tese substantial lines
of evidence indicate that polysaccharides potentially have
antifatigue properties. Terefore, we performed the struc-
tural characterization of MEPS3 and used it in animal ex-
periments to determine its antifatigue mechanism [25].

3.2. Characterization of MEPS3

3.2.1. UV Spectrum and Purity Analyses of MEPS3.
MEPS3 exhibited no absorption peaks at 260 or 280 nm in
the UV spectrum (Figure 1(c)), which indicated the absence
of nucleic acids and proteins. Subsequently, the MEPS3
fraction was purifed using Sephadex-G100 dextran gel
column chromatography (Figure 1(b)). Te purity of the
purifed polysaccharide sample, i.e., MEPS3, was determined
via HPLC (Figure 1(e)). After MEPS3 passed through the gel
column, a single and symmetrical chromatographic peak
was obtained, and the peak emergence time was 21.09min.
Te peak area was 96%, indicating that MEPS3 was a ho-
mogeneous component. In addition, the purity of MEPS3, as
determined using the phenol-sulfuric acid method, was
96.12%.

3.2.2. Molecular Weight of MEPS3. Te biological activity of
polysaccharides is related to their molecular weights [26].
Te molecular weight was determined using HPLC-RID
with TSK-G5000WXL (7.8mm× 300mm) and a calibration
curve of dextran standards (logMw � −0.1864t + 7.9977;
R2 � 0.99704) obtained using HPLC [11]. Te peak time for
MEPS3 was 21.087min. Based on the calibration with
standard dextran, the estimated molecular weight was
10.47 kDa (Figure 3(a)).

3.2.3. Monosaccharide Composition of MEPS3. MEPS3
contains mannose, glucose, and galactose in a molar ratio of
0.08 : 0.34 :1.46, which indicates that MEPS3 is a hetero-
glycan (Figure 3(b)). In the previous studies, polysaccharides
from Cordyceps sinensis, a valuable medicinal material with

antifatigue efects, had monosaccharide composition and
molar ratios similar to those of MEPS3, which suggests that
MEPS3 may have antifatigue efects [27].

Te high galactose content of acidic polysaccharides
accounts for their antifatigue activity [28]. Maca poly-
saccharides, which contain D-GalA :D-Glc : L-Ara : D-Man:
D-Gal : L-Rha in a ratio of 35.07 : 29.98 :16.98 :13.01 : 4.21 :
0.75, are acidic polysaccharides with a high D-GalA content
and good antifatigue efects. Te mannose content of
polysaccharides contributes to their biological activities,
including antifatigue, antitumor, and immunostimulatory
efects [29, 30]. Te antifatigue efects of MEPS3 might be
related to its mannose content.

3.2.4. Determination of Uronic Acid Content.
Galacturonic acid was used as the standard, and the gal-
acturonic acid content, which was in the range of 10–200 μg/
mL, showed a good linear relationship with the absorbance.
Te uronic acid content inMEPS3 was 4.2% according to the
standard curve (Y � 0.00875X + 0.01306; R2 � 0.996).
Polysaccharides with biological activities are mostly acidic.
In a previous study, the polysaccharides extracted from four
berries used in traditional medicinal foods (Tibetans Hip-
pophae rhamnoides L., Lycium barbarum L., Lycium ruth-
enicum Murr., and Nitraria tangutorum Bobr.) containing
uronic acids were found to be efective in resolving the
fatigue caused by hypoxia [31].

3.2.5. FT-IR Analysis of MEPS3. Te infrared spectrum of
MEPS3 is shown in Figure S1. A strong and wide stretching
peak, which was caused by the stretching vibration of O-H,
was observed at 3423 cm−1 and is a typical carbohydrate
peak. A wider peak also indicates a weak hydrogen bond
between the hydroxyl groups [32, 33]. In addition, several
weak peaks at approximately 2926 cm−1 caused by the -OH
and C-H stretching vibrations exist [34]. Te absorption
peak near 1623 cm−1 was attributed to the antisymmetric
stretching vibrations of carboxylate anions (COO-), con-
frming the presence of uronic acid [35]. Te stretching
vibration of the absorption peak C-O-H and the vibration of
the C-O-C glycoside bond in the range of 1200–1000 cm−1

are related, which indicates the presence of a pyranose ring
in MEPS3 [36]. In addition, a weak band near 807 cm−1

indicates the presence of β-chain glycosyl residues [37].

3.2.6. NMR Analysis of MEPS3. Te H spectrum of MEPS3
(Figure 4(a)) showed that the H atom signals between 4.9
and 4.3 ppm were assigned to anomeric protons of
β-anomers, while the signals above 5.0 ppm were assigned to
anomeric protons of α-anomers, indicating that mainly
α-glycosidic linkages are present in the backbone [38, 39].
No proton signal occurred at 5.4 ppm, indicating that GF
was composed of pyranose [30], which is consistent with the
FT-IR analysis results. Generally, signals between 1.1 and
1.3 ppm indicate the presence of the 6-deoxy sugar methyl
doublet [39].Te chemical shift signals in the 1.79–2.23 ppm
region indicate the presence of acetyl groups and methyl
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esterifcation carboxyl groups, which to some extent in-
dicates that MEPS3 contains uronic acid [40]. Owing to the
presence of methyl or methylene protons near the double
bonds or carbonyl groups, the 1H NMR spectrum of MEPS3
exhibited a prominent signal in the range of 3.50–4.11 ppm,
which may be attributed to the CH2-O and CH-O groups of
sugars [30, 41, 42]. In addition, signals in the range of
5.12–4.90 ppm for the glucuronic acid residues of MEPS3
were visible [43]. Te characteristic peak of mannose was
δ4.787 ppm. Te signals in δ5.062, 5.107, and 5.159 were
α-galactose signals, and the signals in δ5.313 were α-D-
glucose anomeric hydrogen signals [44], which is consistent
with the results of monosaccharide composition. Te 13C
NMR spectrum of the polysaccharide (Figure 4(b)) showed
a regular structure. Te β-anomeric carbon signal appeared
at δ102.23 ppm in the C spectrum of the polysaccharide,
which may belong to (1⟶ 4)-α-Manp [45]. Te peak at
δ23.32 ppm was the acetyl-methyl carbon signal peak. Te
characteristic signals that appeared at δ102.60–104.46 ppm
in the C spectrum of the polysaccharide were assigned to the
C − 1 of Galp.Te signals of the ring carbons appeared in the

region between δ65.12 and 82.13 ppm [46]. Te absence of
signals in the δ82–88 region confrmed the pyranose form of
all sugar residues [47], which is consistent with the results of
1H NMR analysis. Te main proton and carbon signals are
listed in Table S1.

3.2.7. SEM Analysis of MEPS3. As shown in Figure 1(d), the
SEM micrographs of MEPS3 revealed the surface mor-
phology of the polysaccharide. SEM images (800x magni-
fcation) showed that MEPS3 had a high degree of
heterogeneity, with spherical particles, rod-shaped struc-
tures of diferent sizes, and cross-linkages between them.

3.2.8. AFM Analysis of MEPS3. A topographical AFM
planar image of 5 μg/mL MEPS3 is shown in Figure 5(a),
where individual molecules can be observed within the
dilute regions. Te irregular and spherical lumps are shown
in Figures 5(a) and 5(b), respectively. Occasionally, a stick-
type lump attributed to the entanglement of multiple mo-
lecular chains was observed. Te diameter and height of the
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Figure 2: Efects of MEPS treatment on (a) electric shock times, (b) rotarod time, and (c) swimming time in exercise endurance tests. Data
are expressed as the mean± SD. (A, B) Bars with diferent superscripts are signifcantly diferent (P< 0.05).
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lumps were 10–200 and 5–31 nm, respectively. Te height
and width of the molecules varied according to the mea-
surement position.

3.2.9. Efect of MEPS3 Treatment on Body Weight. Body
weights were recorded weekly (Table 1). No signifcant
diferences in body weights were observed between the
vehicle and treatment groups. Te results suggested that
MEPS3 (30 and 300mg/kg) and Rhodiola (300mg/kg) had
no signifcant efect on mouse body weights when compared
with those in the vehicle group.

3.2.10. Efects of MEPS3 on LA Levels and LDHActivity in the
Plasma. LA levels and LDH activity in the plasma were
determined after 2weeks of intragastric administration, in
accordance with the manufacturer’s instructions. Before the
weight-loaded swimming experiment, no signifcant dif-
ferences were observed in the plasma LA levels between the
vehicle and treatment groups (Figure 6(a)). Fatigue is
a complex metabolic state characterized by the accumulation
of LA and carbon dioxide [20, 25]. LA is the product of
energy metabolism. Excessive LA production can decrease
the pH and inhibit muscle contraction. Terefore, elimi-
nating LA promptly is benefcial in relieving fatigue. Te

weight-loaded swimming test was conducted to build a fa-
tigue model; the LA content in mice was found to be sig-
nifcantly increased. Te increase in the LA content caused
by fatigue reduced after the intragastric administration of
MEPS3 and Pro. Furthermore, the plasma LA levels of the
HD and Pro groups decreased by 25.72 and 22.18%, re-
spectively, and the HD group showed a better antifatigue
efect than the Pro group. With an increase in MEPS3
intragastric dose, the decrease in LA was more evident,
showing a dose-dependent relationship.

LDH normally exists in muscle cells; however, it is re-
leased into the blood when the muscle is damaged [48].
Tus, an increase in plasma LDH levels is indicative of tissue
damage and fatigue. After weight-loaded swimming, the
LDH activity in the vehicle group showed no statistical
diference from that before weight-loaded swimming.
However, compared with the vehicle group, the MEPS3 dose
and Pro groups showed improved LDH activity in mouse
plasma; the HD group showed the most obvious efect, with
the LDH activity increasing by 5.67% (Figure 6(b)). Maca
polysaccharides exert antifatigue efects by reducing LA and
LDH levels in mouse serum [28]. In this study, in theMEPS3
group, the plasma LA levels decreased and the plasma LDH
activity increased in a dose-dependent manner compared to
those in the vehicle group (Figures 6(a) and 6(b)). Tese
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Figure 3: (a) Gel permeation chromatogram of the MEPS3 solution and (b) HPLC chromatogram of the MEPS3 hydrolysate.
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results indicated that MEPS3 supplementation improved
endurance capacity because of the rapid removal of harmful
metabolites in swimming experiments.

3.2.11. Efects of MEPS3 on Liver ROS Levels. Fatigue is
associated with oxidative stress. Generally, oxidative stress is
induced by the overgeneration of ROS, and fatigue leads to
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Figure 4: NMR spectra of MEPS3: (a) 1H NMR spectrum and (b) 13C NMR (DEPT-135) spectrum.
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excessive ROS production during exhaustive exercise, which
indicates that ROS is a major indicator of physical fatigue
[49]. Te concentration of ROS in the liver was evaluated
two weeks after the intragastric administration. Te results
demonstrated that the liver ROS content was similar to that
of the vehicle group in each treatment group before the
weight-loaded swimming test. However, after weight-loaded
swimming, the ROS content in the vehicle group was sig-
nifcantly (P< 0.05) higher than that before swimming; it is
possible that the ROS content increased because fatigue was
alleviated upon gavage with Pro or MEPS3. Compared with
those in the vehicle group, the ROS levels in the livers of the
Pro, LD, and HD groups decreased by 19.18, 11.95, and
18.64%, respectively, which indicated that MEPS3 can
scavenge ROS in a dose-dependent manner and that the
antifatigue ability of MEPS3 may be involved in the anti-
oxidant system (Figure 6(c)).

3.2.12. Efects of MEPS3 on Oxidative Stress and Antioxidant
Biomarker Levels in the Plasma and Liver. We measured
MDA, SOD, and GSH-Px levels in the plasma and livers of
mice before and after weight-loaded swimming and further
explored the association between MEPS3 and antifatigue
(Tables 2 and 3). Te results showed that after weight-loaded
swimming, in the group with high dose of MEPS3, the MDA
content decreased by 47.09% and SOD and GSP-Px levels
increased by 52.42 and 97.03%, respectively, in the plasma,
whereas the levels of MDA decreased by 28.85%, and the
GSH-Px and SOD levels in the liver increased by 38.13 and
17.41%, respectively. During exercise, the body experiences
oxidative stress, which disrupts the oxidation system and

causes the generation of numerous free radicals, leading to
cellular and tissue damage. Unsaturated fatty acids are
attacked by excessive oxygen free radicals to produce lipid
peroxides. MDA is the fnal metabolite of lipid peroxides,
and its content is proportional to the damage to cells caused
by oxygen free radicals [19, 50]. In addition, SOD and GSP-
Px can clear superoxide anion free radicals from the body
and play a role in resolving fatigue. During exercise, because
of the large amount of glucose consumed, liver cells can
decompose liver glycogen into glucose during blood cir-
culation [51].Terefore, the activities of SOD and GSP-Px in
the livers of the blank group increased, whereas the levels of
SOD and GSP-Px in the plasma decreased after weight-
loaded swimming, indicating that oxidative stress is closely
related to fatigue.

In this study, compared to that in the vehicle group,
a high dose of intragastrically administered MEPS3 reduced
the MDA content in the plasma and livers of mice after
weight-loaded swimming, increased SOD and GSP-Px ac-
tivities, and played a positive role in scavenging the free
radicals generated by fatigue. Overall, MEPS3 supplemen-
tation signifcantly reduced MDA and ROS levels and in-
creased antioxidative enzyme levels (SOD and GSP-Px),
which suggests that MEPS3 protects the cells from oxygen
free radical damage, prevents bioflm-mediated damage, and
exerts antifatigue efects by modulating oxidative stress.

3.2.13. Efects of MEPS3 on the Expression of Key Proteins
Involved in Nrf-2 Signaling. TeNrf-2/antioxidant response
element (ARE) pathway plays an important role in regu-
lating oxidative stress [52]. Te expression of the Nrf-2 and
Nrf-2 downstream key proteins HO-1, NQO1, and GCLM
was evaluated via western blotting of the livers of weight-
loaded swimming mice (Figure 7). Results revealed that the
expression of Nrf-2 and its downstream proteins in the livers
of mice in the control group was signifcantly higher than
that in the native group. However, MEPS3 treatment, es-
pecially in the HD group, signifcantly increased the ex-
pression of Nrf-2, GCLM, NQO1, and HO-1 in the liver by
22.5, 24.8, 20.3, and 43.1%, respectively. Tese results
demonstrated that swimming downregulates the key pro-
teins involved in Nrf-2 signaling, whereas MEPS3
upregulates them.

(a) (b)

Figure 5: AFM micrographs of MEPS3: (a) planar view and (b) cubic view.

Table 1: Efects of Rhodiola (300mg/kg, oral gavage (i.g.)) and
MEPS3 (30 and 300mg/kg, i.g.) treatments on mouse body weight.

Groups Initial Intermediate Terminal
Vehicle 20.5± 0.8a 22.6± 1.3a 24.5± 1.2a
Pro (s) 20.4± 1.0a 22.7± 1.5a 24.9± 1.4a
LD (s) 20.6± 0.7a 22.9± 0.9a 25.0± 1.5a
HD (s) 20.4± 1.2a 22.4± 1.2a 24.3± 1.3a

Data are expressed as the mean± SD. Values in the same row with the same
letters are not signifcantly diferent (P> 0.05). Pro, administered Rhodiola;
LD, administered a low dose of MEPS3; and HD, administered a high dose
of MEPS3.
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Nrf-2 is the central transcriptional regulator of ARE-
driven gene expression in response to oxidative stress. Under
oxidative stress, Nrf-2 is translocated from the cytoplasm
into the nucleus to activate the expression of antioxidant

enzymes such as SOD and GSH-Px. When the Nrf-2/ARE
pathway is activated, the induction of GCLM, HO-1, and
NQO1 expression by polychlorinated biphenyl quinone
plays an important role in adaptation to oxidative stress [52].
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Figure 6: Efects of Rhodiola (300mg/kg, i.g.) and MEPS3 (30 and 300mg/kg, i.g.) treatments on (a) plasma LA levels, (b) plasma LDH
activity, and (c) liver ROS levels. Data are expressed as the mean± S.D. (A–E) Bars with diferent superscripts are signifcantly diferent
(P< 0.05). Pro, administered Rhodiola; LD, administered a low dose of MEPS3; and HD, administered a high dose of MEPS3.

Table 2: Efects of Rhodiola (300mg/kg, i.g.) and MEPS3 (30 and 300mg/kg) treatments on oxidative stress and antioxidant biomarker
levels in the mouse plasma.

Groups Indicator Vehicle Pro (mg/kg) MEPS3 (mg/kg)
300 30 300

Before test
MDA (nmol/mL) 17.79± 0.51a 11.87± 0.28b 15.60± 0.57c 10.13± 0.41d
SOD (U/mL) 82.87± 2.71a 71.37± 2.48b 87.49± 2.95ac 90.64± 2.69c

GSH-Px (μmol/mL) 94.89± 2.85a 94.24± 2.37a 95.19± 2.42a 97.05± 3.95a

After test
MDA (nmol/mL) 20.96± 0.45a 11.21± 0.42c 15.82± 0.34b 11.09± 0.29c
SOD (U/mL) 66.93± 1.88a 93.43± 1.95b 88.03± 2.62c 102.02± 2.52d

GSH-Px (μmol/mL) 80.22± 1.93a 157.88± 3.62c 121.78± 3.64b 158.06± 4.15c

Data are expressed as the mean± SD. Values in the same row with diferent letters (a, b, c, and d) are signifcantly diferent (P< 0.05).
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Table 3: Efects of Rhodiola (300mg/kg, i.g.) and MEPS3 (30 and 300mg/kg, i.g.) treatments on oxidative stress and antioxidant biomarker
levels in the mouse liver.

Groups Indicator Vehicle Pro (mg/kg) MEPS3 (mg/kg)
300 30 300

Before test
MDA (nmol/mL) 9.56± 0.17a 9.20± 0.32a 7.75± 0.45b 7.46± 0.46b
SOD (U/mL) 96.81± 1.10a 103.84± 1.10b 92.33± 0.38c 98.84± 0.67d

GSH-Px (μmol/mL) 20.74± 0.57a 21.57± 0.30ab 22.71± 0.72b 24.52± 0.89c

After test
MDA (nmol/mL) 12.48± 0.16a 7.81± 0.40b 9.48± 0.46c 8.88± 0.24c
SOD (U/mL) 118.66± 2.42a 154.56± 2.37b 128.08± 1.63c 163.91± 2.27d

GSH-Px (μmol/mL) 24.12± 0.22a 28.43± 0.40b 26.36± 0.34c 28.32± 0.27b

Data are expressed as the mean± SD. Values in the same row with diferent letters (a, b, c, and d) are signifcantly diferent (P< 0.05).
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Figure 7: Continued.
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In this study, MEPS3 supplementation increased the levels of
key proteins of the Nrf-2/ARE pathway, such as Nrf2,
GCLM, NQO1, and HO-1, which indicated that
MEPS3 exerts an antifatigue efect through the Nrf-2/ARE
pathway.

4. Conclusion

In this study, MEPS3 treatment signifcantly increased the
rotarod and swimming times by 38.9 and 49.2%, re-
spectively, while reducing the electric shock time by
48.05% compared to those in the vehicle group. Tese
results indicated that MEPS3 exhibited the highest anti-
fatigue capacity. In addition, the results showed that the
molecular weight of MEPS3 was 10.47 kDa. Mono-
saccharide analysis indicated that MEPS3 consists of
mannose, glucose, and galactose in a molar ratio of 0.08 :
0.34 : 1.46. Te uronic acid content in MEPS3 was 4.2%.
Infrared spectra analysis showed the presence of uronic
acid, pyranose ring, and β-chain glycosyl residues in
MEPS3. NMR experiments confrmed the results of
monosaccharide analysis. We found that MEPS3 exerts an
antifatigue efect by reducing LA and ROS levels and
increasing the plasma LDH activity. Oxidative stress is
closely related to fatigue, and MEPS3 regulates oxidative
stress via the Nrf-2 signaling pathway. Tese results
provide valuable insights into the antifatigue mechanism,
highlighting MEPS3 as a novel and readily accessible
natural antifatigue agent. Our fndings ofer experimental
evidence supporting the potential clinical use of MEPS3 as
an efective agent against fatigue. MEPS3 holds promise as
a functional food or drug for managing fatigue.
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