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ABSTRACT: Codonopsis pilosula is a herbal plant with its roots utilized in food and medicine across Asia for the
recognized healthy properties. However, the leaves contain fatigue-reducing chemicals and oxidative metabolism
scavenger, while the potential anti-fatigue effects remain unexplored. The anti-fatigue function of water extract of
C. pilosula leaves (WCL) was investigated in mice model. Swimming endurance, biochemical parameters and the
genes of AMPK signaling pathway were determined. And the chemical components were identified and analyzed
by UPLC-MS/MS. WCL exhibited remarkable anti-fatigue properties with a high safety. Compared to normal group
(3.43 min), WCL significantly prolonged swimming time, with the best performance observed at a dosage of 1 g/kg/day
(17.74 min), followed by 2 g/kg/day (6.69 min), and 0.5 g/kg/day (3.90 min) which showed no significant effect. The
anti-fatigue effect was primarily observed by increasing indicators in the blood of antioxidant effects through enhancing
SOD enzyme activity, and reducing MDA levels, and also by decreasing blood metabolites of BUN, LDH, and BLA, and
upregulating expression levels of PGC-1a, PPARa and MHC-1 genes. Overall, orally administering WCL at dose of 1-
2 g/kg/day in mice demonstrated significant anti-fatigue effects. Flavonoids, phenolic acids, and amino acids may play
important roles in their anti-fatigue ability by components analysis. Therefore, WCL is a promising natural product
with anti-fatigue properties, and these findings provide novel insights into the high-value, health-promoting use of the

non-medicinal parts of C. pilosula.
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INTRODUCTION

Codonopsis pilosula is a herbal plant mainly distributing
in Asia, and the dried roots have been utilized in
both food and medicine for centuries for addressing
various health conditions [1]. The dried roots have
been included in the list of the Pharmacopoeia of
People’s Republic of China since 1963 [2]. Pharma-
cological studies proved that anti-fatigue effect is one
of the notable function of C. pilosula’s roots, which
has been proved by clinical experience [3]. The roots
also have other effects, including memory enhancing
effects, anti-fatigue, regulating and improving immune
function, etc. [4]. In practical production, typically
only the roots are utilized, while the above-ground
parts such as leaves, stems, and flowers have not been
utilized until now, resulting in a waste of resources.
However, recent studies related to medicinal materials
have shown that the non-medicinal parts of medici-
nal plants contain a lot of chemical substances, even
some active substances are higher than the medicinal
parts. In our former studies, when comparing the
chemical composition and antioxidant properties of
C. pilosula leaves (CL) and roots, we observed that CL
exhibited higher levels of bioactive compounds such

as lobetyolin, proteins, amino acids, polysaccharides,
flavonoids, and polyphenols [5]. It is worth noting
that these chemical components, particularly amino
acids, polysaccharides, flavonoids, and polyphenols,
are known as effective physiological regulators that can
alleviate fatigue [6]. Additionally, it has been deter-
mined that the antioxidant activity of CL is significantly
higher compared to the roots. Studies have confirmed
that oxidative stress and free radical damage play a
critical role in the development of fatigue [ 7], while the
antioxidant activity of CL is strong, the high content of
amino acid and polysaccharide in CL are also important
factors with potential anti-fatigue effect. However,
the anti-fatigue effects of CL have not previously been
reported.

Fatigue is affecting more than 20% of people
worldwide [8], which can be caused by intense physi-
cal exercise [9]. Extensive research on natural materi-
als has demonstrated their ability to enhance athletic
performance and combat fatigue with minimal side
effects. Therefore, the exploration of natural func-
tional materials with anti-fatigue properties is crucial
for promoting overall health. Investigating the health
benefits of CL can pave the way for the development of
new, health-promoting foods while offering valuable
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insights for the Codonopsis industry’s advancement,
holding significant economic and research value [10].
This study aims to evaluate the anti-fatigue effects of
CL. The anti-fatigue function was investigated in an en-
durance swimming mice model by measuring weight-
loaded swimming time. To explore the primary mech-
anism, biochemical parameters including blood urea
nitrogen (BUN), blood lactic acid (BLA), serum lactate
dehydrogenase (LDH), liver glycogen (LGL), malon-
aldehyde (MDA) and superoxide dismutase (SOD) of
the liver were analyzed. The mRNA expression levels
of PGC-1a, PPARa, and MHC-1 were also determined.
These findings provide an experimental basis for the
use of CL as a functional material and offer insights
into the bioactive utilization of the non-traditional
medicinal parts of C. pilosula.

MATERIALS AND METHODS
Preparation of WCL

C. pilosula leaves were collected in mid-August from
a two-year-old planting field in Huining, Gansu
Province, China. Leaves of various sizes were cut,
mixed, washed with distilled water, and dried to a
constant weight. For animal experiments, 100 g of
powdered leaves were boiled in 1 1 distilled water
for 30 min [11], filtered through six layers of gauze,
and repeated three times. The combined extract was
concentrated in a vacuum drying oven, freeze-dried,
and stored at —80 °C. The extract was then diluted with
distilled water to the required experimental concentra-
tions [12].

Acute toxicity test of WCL

A total of 40 Kunming mice of 18-22 g (from the same
source and housing condition as described in the next
subsection) were randomly selected and divided into
a control group and WCL group. The WCL group was
fasted 12 h (but allowed to get water) before gavage
fed. They were administered at a concentration of
26.72 g/kg for every 24 h. The control group was
given with ultra-pure water. The mouse’s appearance,
behavior, response to stimuli, secretions, excrement,
etc. and death (time of death, pre-death reaction,
etc.) were observed every day. The weight was
measured on the 1, 3, 7, and 14 d. At the end
(14 days), the experimental animals were generally
dissected to observe and record the changes in the
volume, weight, and color of the tissues and organs,
and a detailed pathological examination of the tissues
were conducted.

Animal housing for testing anti-fatigue effect

Fifty male Kunming mice of no specific pathogen (SPF)
grade of 18-22 g [11] were purchased from Lanzhou
Veterinary Research Institute (Lanzhou, China). They
were housed in a room where the temperature and
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relative humidity environment (20£2 °C, 55+10% rel-
ative humidity) were controlled with a 12 h light-
dark cycle. The animals were kept in polypropylene
cages, they can get food and water freely. Fresh water
and food were added every day. The animal feeding
experiments were conducted by Lanzhou Food and
Drug Administration. All experiments in this study fol-
lowed the National Institutes of Health Guide for Care
and Use of Laboratory Animals and were approved by
Lanzhou Food and Drug Administration. After 5 d
of acclimation, the mice were randomly divided into
5 groups with 10 animals for each group and kept for
30 d. The body weight of the mice was recorded every
week. The food intake was recorded every day.

Experimental groups of testing anti-fatigue effect

The mice were divided into 5 groups: negative con-
trol group (NC), treated with distilled water; positive
control (PC), treated with ascorbic acid, 1 g/kg/day,
low-dose group (LG), treated with WCL of 0.5 g/kg/-
day; medium-dose group (MG), treated with WCL of
1 g/kg/day; high-dose group (HG), treated with WCL
of 2 g/kg/day. All treatments were administered by
oral gavage at 0.1 ml/10 g body weight.

Endurance swimming test

Mice were trained to swim for 30 min, three times
a week, in plastic containers (50 cm height, 30 cm
diameter) with 20 cm water depth and a temperature
of 22-25°C [9]. On the 28th day, after oral admin-
istration, mice rested for 30 min, then underwent a
weight-loaded swimming test with a lead sheet (7%
of body weight) attached to their tails. The swimming
time was recorded when they failed to surface for air
within 7 s [13]. Afterward, they were removed from
the water, dried, and rested for 48 h. On day 30, after
the final oral dose, mice swam for 30 min without
weight-loaded. They were dried, rested for 30 min,
anesthetized with ether, and blood was collected from
their eyes for serum analysis. Livers were frozen in
liquid nitrogen and stored at —80°C for later analy-
sis [14].

Determination of biochemical parameters

The levels of BUN, BLA, serum LDH, LGL, liver and
MDA and SOD were measured according to the proce-
dures provided by the assay kits. All the assay kits used
were purchased from Solarbio Life Science Co., Ltd.
(Beijing, China). All other reagents were of analytical
grade.

Quantitative real-time PCR analysis

All reagents, RNA extraction, and PCR methods were
provided by Wuhan Servicebio Technology Co., Ltd.
(Wuhan, China). For RNA extraction, 100 mg liver
tissue was homogenized with 1 ml Trizol Reagent on
ice, then centrifuged at 12,000 rpm for 10 min to
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collect the supernatant. After adding 250 ul chloro-
form, 400 ul supernatant was transferred to a new
tube, mixed with 0.8 times the volume of isopropanol,
and incubated at —20°C for 15 min. The precipitate
was washed with 1.5 ml of 75% ethanol and dissolved
in 15 ul RNase-free water at 55°C for 5 min. RNA
concentration and purity were measured using Nan-
odrop 2000 and diluted to 100-500 ng/nl. For reverse
transcription, 2 pg RNA was incubated with 0.5 ul
Oligo (dT)18 Primer and 0.5 pl Random Hexamer
Primer at 65 °C for 5 min, then cooled on ice. Reaction
buffer (4 pl) and RT enzyme mixture (1 ul) were
added, followed by incubation at 42°C for 60 min,
then at 70°C for 5 min. RNA quantification was
performed with an initial denaturation at 95°C for
10 min, followed by 40 cycles of denaturation at 95 °C
for 15 s and annealing at 60°C for 60 s. The gene
expression was calculated using the 2724t method, -
actin was used as an endogenous reference gene [15].
The sequences of forward primers for PGC-1a,
PPARa, MHC-1 and f-actin were: GAGAGGCAGAAG-
CAGAAAGC, GCATGTGAAGGCTGTAAGGG, CCAAGG-
GCCTGAATGAGGAG, and GCAAGCAGGAGTACGATG-
AGT, respectively. The sequences of reverse primer
were: CTCAATTCTGTCCGCGTTGT, TTGTGTGACATC-
CCGACAGA, GCAAAGGCTCCAGGTCTGAG and GGT-
GTAAAACGCAGCTCAGTA, respectively [15].

Sample preparation and extraction and conditions
for UPLC-MS/MS analysis

Biological samples were freeze-dried using a vac-
uum freeze-dryer (Scientz-100F Scientz Biotechnol-
ogy, Ningbo, China) and crushed with a zirconia bead
in a mixer mill (MM 400, Retsch, Haan, Germany) for
1.5 min at 30 Hz. 100 mg of lyophilized powder was
dissolved in 1.2 ml 70% methanol, vortexed for 30 s
every 30 min for 6 cycles, and stored at 4 °C overnight.
After centrifugation at 12,000 rpm for 10 min, the
extracts were filtered (SCAA-104, 0.22 nm) before
UPLC-MS/MS analysis. LIT and triple quadrupole
(QQQ) scans were performed using a Q TRAP mass
spectrometer (Q TRAP 4500, AB Sciex, Foster City,
CA, USA), with ESI Turbo Ion-Spray interface in both
positive and negative modes, controlled by Analyst
1.6.3 software. ESI parameters included a source
temperature of 550°C, ion spray voltage of 5500 V
(positive) /—4500 V (negative), and gases set at 50, 60,
and 25 psi for GSI, GSII, and CUR, respectively. Mass
calibration was performed using 10 and 100 pmol/I
polypropylene glycol solutions in QQQ and LIT modes.
MRM scans were conducted with medium collision gas;
the declustering potential (DP) and collision energy
(CE) were optimized for each transition and monitored
according to metabolite elution.

Statistical analysis

The data was analyzed by SPSS 20.0 software. Signifi-
cant differences and mean values were analyzed using

One-way ANOVA, the significance in differences were
determined by Duncan test (p < 0.05 and p < 0.01
were both tested for all the indicators in this study).
All experiments were conducted in triplicate.

RESULTS AND DISCUSSION
Acute toxicity test of WCL

To evaluate the safety of WCL, the acute toxicity test
was conducted [16]. Compared with the control
group, the physiological reactions and behaviors of
mice in WCL group were all normal, and there was
no abnormal reaction or death. No obvious organ
changes were observed after autopsy. The changes
in animal weight are shown in Table 1. The weight
of the administration group increased normally during
the test. Therefore, WCL has a good safety guarantee
for later test.

Effects of WCL on body weight and food intake
during test of anti-fatigue effect

During the anti-fatigue test, daily food intake was
recorded, and weekly averages were calculated for all
groups (Table 2). The body weight of mice in each
experimental group was measured weekly (Table 3).
The results showed that body weight increased for all
mice, with stable food intake across groups during the
feeding stages. From the second week, the LG and MG
groups showed lower body weight compared to other
groups, but no significant differences were observed
between experimental and control groups. However,
the MG group had significantly lower body weight
than the LG and HG groups, likely due to its potential
lipid-lowering effect. Many natural plant ingredients,
such as green tea and olive leaves, have various health
benefit [12].

Effect of WCL on weight-loaded swimming time

The swimming time recorded from endurance weight-
loaded experiment is commonly used as an indicator
of anti-fatigue activity in mice model [16]. The results
of the endurance weight-loaded swimming time of this
study are presented in Fig. 1. The positive control
(PC) group treated with VC demonstrated an effective
anti-fatigue effect, which was higher than the control
group treated with distilled water (p < 0.05). For
WCL treated groups, LG (3.90 min) had no difference
with that of the negative control NC (3.43 min), the
swimming time was almost consistent with that of NC,
suggesting that intake of the low dose of WCL had no
effect on swimming time. Interestingly, the swimming
time of MG (17.74 min) was much significantly longer
than all the other groups (p < 0.01). Compared with
the control group (3.43 min), WCL prolonged swim-
ming time significantly, even over 2 times higher than
the positive control group (7.05 min), meaning that
WCL can improve the exercise endurance of mice to a
certain extent over the dose of 1 g/kg/day. However,
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Table 1 Body weight of experimental groups of mice for acute toxicity test of WCL.

Control Treated group

Female (g) Male (g) Female (g) Male (g)
Initial weight 19.34+£0.55 19.17+£0.50 19.11+£0.46 19.03+£0.50
1st day 22.90+0.82 25.56+0.60 23.38%+1.17 25.11+0.86
3rd day 24.28+0.71 26.84+0.83 24.04+1.11 27.26+1.00
7th day 25.95+0.88 31.88+1.09 26.44+1.60 30.59+1.14
14th day 29.55+1.32 36.38+1.34 30.46+1.93 36.46+1.53

Data are presented as mean= SD, n = 10.
Table 2 Average food intake recorded weekly for the experimental groups of mice.

NC (g) PC (g) LG (g) MG (g) HG (g)
First week 2.67+0.14 2.67+0.18 2.70+£0.13 2.73+£0.09 2.71+£0.09
Second week 2.88+0.06 2.87+0.04 2.86+0.05 2.88+0.03 2.85+£0.03
Third week 2.91+0.05 2.92+0.03 2.92+0.02 2.90+0.03 2.93+0.03
Fourth week 2.95+0.07 2.96+£0.04 2.95+0.04 2.97+0.08 2.98+0.08

Data are presented as mean=+ SD, n = 10. NC, negative control group, treated with distilled water; PC, positive control, treated
with ascorbic acid, 1 g/kg/day; LG, low-dose group, treated with samples of 0.5 g/kg/day; MG, medium-dose group, treated with
samples of 1 g/kg/day; HG, high-dose group, treated with samples of 2 g/kg/day. The different small letters indicate significant
differences at p < 0.05 and p < 0.01, respectively, based on ANOVA-Duncan multiple comparison results.

the swimming time of the HG group (6.69 min) was
much shorter than that of the MG group but longer
than that of NC and LG groups, which was almost the
same as PC group. This means high dose of intake of
WCL could prolong swimming time but it did not in-
crease with the increase of dose. The most appropriate
dose was 1 g/kg/day. This result was similar to the
weight-loaded swimming test of arabinan-rich pectin
from acerola [17], of which the middle dose group
obtained the highest swimming time and the high dose
group obtained longer time than the control group
but shorter than the middle-dose group. The phe-
nomenon where the high-dose group exhibited a lower
efficacy than the middle-dose group is a classic concept
in pharmacology and toxicology, commonly referred
to as “a pattern of decreased effect with increased
dose” [18]. This may be related to the fact that the
intake of high concentrations of bioactive substances
can impose an additional burden on metabolic organs,
such as the liver and kidneys. There is a threshold for
the absorption and utilization of the active components
in WCL by the body; once this threshold is exceeded,
the excess not only fails to exert beneficial effects but
also consumes energy for metabolism and excretion
[18,19]. Another possibility is side effects: a high dose

may induce mild physiological discomfort or metabolic
disorders (non-lethal but affecting the optimal exercise
state of the mice), leading to a shortened exhaustive
swimming time. Additionally, immune response mech-
anisms could be another contributing factor, as high
doses might trigger an adverse or opposite immune
reaction [18,19]. From these results, WCL could
prolong the exhaustive swimming time efficiently, thus
it had a prominent anti-fatigue effect over the dose
of 1 g/kg/day. What’s more, the effect was closely
determined by the dose of WCL, low dose did not have
meaningful function.

Effect of WCL on biochemical parameters of blood
samples

To analyze anti-fatigue mechanism of WCL, the bio-
chemical parameters of blood samples are shown in
Fig. 2. The muscle produces plenty of lactic acids
when doing high-intensity exercise. The increased
level of lactic acid will bring about a reduction of pH
in muscle tissue and blood, and also induce many
side effects of various biochemical and physiological
processes [20]. Therefore, the levels of BUN, LDH,
and BLA of blood samples were detected. BUN is
the nitrogen content in urine from the breakdown of

Table 3 Body weight of mice in the experimental groups recorded weekly.

Group Initial (g) First week (g) Second week (g) Third week (g) Fourth week (g)
NC 21.73+1.552 33.50+1.842 41.73+2.71% 43.51+2.57% 43.57+2.51%
PC 21.42+1.592 33.65+2.232 41.46+2.74% 43.13+£2.41% 43.40+2.232P
LG 21.12+1.372 33.95+2.592 42.87+2.67 41.33+2.88%0 41.72+2.80%"
MG 21.20+1.332 32.94+2.372 39.82+2.26" 40.98+3.37° 41.03+2.73P
HG 22.18+1.972 34.06+ 3.052 40.86+2.502P 44.14+3.07° 44.08+2.722

Data are presented as mean= SD, n = 10. NC, PC, LG, MG, and HG are the same as those described under Table 2.
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Fig. 1 The weight-loaded swimming time of mice treated with
different doses in an endurance swimming mice model. NC,
negative control group, treated with distilled water; PC, positive
control, treated with ascorbic acid, 1 g/kg/day; LG, low-dose
group, treated with samples of 0.5 g/kg/day; MG, medium-dose
group, treated with samples of 1 g/kg/day; HG, high-dose group,
treated with samples of 2 g/kg/day. Above each column, the
different small and capital letters in the mean column indicate
significant and great significant differences at p < 0.05 and p <
0.01, respectively, based on ANOVA-Duncan multiple comparison
results.

proteins, which occurs when energy production from
sugar and fat metabolism is insufficient to support the
body [21]. Serum LDH is considered to be an accurate
indicator of muscle injury. The normal function of LDH
in cells is to catalyze the mutual conversion of pyruvate
and lactate, thereby reducing the accumulation of LA
in muscles [22]. The blood test index results showed
that the serum index test results were in good agree-
ment with the conclusion of swimming experiment.
The levels of these 3 indicators of the control group
(17.14 mmol/1, 12.87 U/ml, 7.66 mmol/1) were higher
than those of other groups (p < 0.01), except for the
LG group (16.17 mmol/1, 12.56 U/ml, 6.38 mmol/1).
But different from the weight-loaded experiment, with
the WCL dose increased, the blood indicators showed
a decreasing trend and did not increase with the in-
crease of the dose. There is no significant difference
between the MG group (11.38 mmol/l, 8.39 U/ml,
3.41 mmol/l) and the HG group (11.48 mmol/l,
8.96 U/ml, 4.35 mmol/l). Similar to the swimming
time, the levels of 3 blood indicators of the LG group
were all significantly higher than those of other exper-
imental groups (p < 0.01), which proved that the LG
group did not significantly change the blood indicators
of the mice. This is in agreement with the study result
of other anti-fatigue research, like hairtail (Trichiurus
lepturus) hydrolysate [9]. The result indicated that
intake of WCL could reduce the level of the above
3 indicators. According to the theory of accumulation

of metabolites of fatigue, fatigue is an accumulation
effect caused by the production of a large number of
metabolites in the body after a lot of exercise [23].
WCL reduces the levels of BUN, serum LDH, and
BLA accumulated during high-intensity exercise to a
certain extent to alleviate the fatigue effect. Moreover,
this effect has a significant dose-effect relationship.
The 1 g/kg/day dose was most effective, followed by
2 g/kg/day; the 0.5 g/kg/day dose had no significant
effect.

Effect of WCL on biochemical parameters of liver
samples

The effects of WCL on biochemical parameters of liver
samples are shown in Fig. 3. SOD is an important
antioxidant enzyme to clean superoxide anion free
radicals [24]. And SOD also plays an important role in
physiological process, which is localized immunohisto-
chemically in the human and rat tissues [25]. As shown
in Fig. 3A, the levels of SOD activity of WCL increased
with the increase of dose, and it was correlating with
the dose positively. This result is consistent with that
of in vitro antioxidant activity of WCL in our previous
study [11]. The PC group has the highest SOD activity,
the value was 268.80 U/g, which may be due to the
strong antioxidant activity of VC, which is a well-
known strong antioxidant. There is no significant
difference between the HG group (247.40 U/g) and
PC group, indicating that the antioxidant activity of
WCL at high doses can reach the level as high as that of
VG, this is also the same as in vitro antioxidant activity
of WCL. There were no significant differences among
LG group (47.37 U/g), MG group (112.30 U/g) and
NC group (79.19 U/g), (p < 0.01), indicating that
WCL has no obvious effect on SOD activity when the
gavage dose is low. MDA is one of the end-products
in the lipid peroxidation process, and its levels will
increase while fatigue occurs [25]. As shown in Fig. 3
(B), the MDA levels of the experimental groups were
significantly lower than that of the NC group. The
MDA levels of MG group (1.61 nmol/mgprot) and HG
group (2.10 nmol/mgprot) were significantly lower
than that of PC group (2.99 nmol/mgprot) (p <
0.01). And MG group was significantly lower than
HG group (p < 0.01); LG group (4.25 nmol/mgprot)
had higher MDA level than other experimental groups,
but still significantly lower than NC group (p < 0.01).
Therefore, WCL has a strong effect on reducing MDA.
The MG group has the most obvious reduction effect,
then was the HG group and the LG group. As the
degree of fatigue increases, the LGL decomposition
also increases, so the level of LGL can reflect the degree
of fatigue to a certain extent. From Fig. 3 (C), it can be
seen that the LGL level in the MG group (9.77 mg/g)
and the HG group (8.31 mg/g) were higher than other
groups (p < 0.01). PC group (7.72 mg/g) was higher
than NC group (5.34 mg/g) and LG group (p < 0.01).
There was no significant difference between LG group
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Fig. 2 The levels of BUN (A), LDH (B), and BLA (C) of the mice treated with different doses. BUN, blood urea nitrogen; LDH, lactate
dehydrogenase; BLA, blood lactic acid; NC, PC, LG, MG, HG, and letters above bar graph which indicate statistics are the same as

those described under Table 2.
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Fig. 3 The levels of SOD (A), MDA (B), and LGL (C) of the mice treated with different doses. SOD, superoxide dismutase; MDA,
malonaldehyde; LGL, liver glycogen; NC, PC, LG, MG, HG, and letters above bar graph which indicate statistics are the same as those

described under Table 2.

(5.21 mg/g) and NC group. From the above results,
WCL can significantly increase liver SOD enzyme activ-
ity, and the activity increases with the increase of dose.
There is no significant difference in enzyme activity
between HG group and VC group. WCL also reduced
liver MDA content significantly. The consumption of
LGL level was lower in WCL treated groups. The theory
of fatigue caused by free radicals believes that active
oxygen free radicals produced by exercise can induce
protein oxidation and lipid peroxidation to destroy
cell membranes and organelles, resulting in muscle
fatigue [23]. Therefore, WCL increases the antioxidant
enzyme activity of fatigued mice and reduces oxidized
lipid metabolites, this is an important mechanism for
its anti-fatigue activity.

Effect of WCL on anti-fatigue related mRNA
expression

The AMPK signaling pathway is crucial for en-
ergy metabolism, phosphorylating PGC-1a to activate
downstream factors, promoting mitochondrial biosyn-
thesis, and enhancing energy supply [26]. Upregula-
tion of the AMPK/PGC-1a pathway correlates with ex-
ercise endurance and fatigue regulation. PPARa, a nu-
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clear hormone receptor, collaborates with PGC-1a to
balance energy metabolism [27]. Endurance training
increases MHC-1 expression in muscle fibers, as seen
in mice gavaged with Rhodiola rosea [28]. To explore
WCL’s anti-fatigue mechanism, PGC-1a, PPARa, and
MHC-1 expressions were measured. RT-PCR showed
WCL upregulated PGC-1a dose-dependently (Fig. 4A).
While the HG group had the highest PGC-1a expres-
sion, its swimming time was shorter than the MG
group, indicating other genes influence the mecha-
nism. The MG group significantly upregulated PPARa
compared to NC and HG (Fig. 4B), with the PC group
showing the highest expression. WCL treatment up-
regulated MHC-1, with MG having the strongest effect
(1.39-fold vs. blank, p < 0.01; Fig. 4C). In summary,
WCL upregulated PGC-1a and MHC-1 in all treated
groups, with MG specifically enhancing PPARa. The
MG group showed the longest swimming time and
highest MHC-1/PPARa expression, while HG’s high
PGC-1a did not correlate with endurance. This sug-
gests the anti-fatigue mechanism involves synergistic
regulation of PGC-1a,, PPARa, and MHC-1 in the AMPK
pathway, balancing energy production and improving
exercise endurance.
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Fig. 4 Expression levels of PGC-1a (A), PPARa (B), and MHC-1 (C) genes measured by RT-PCR. NC, PC, LG, MG, HG, and letters
above bar graph which indicate statistics are the same as those described under Table 2.

Table 4 Metabolites detected in C. pilosula leaves.

m/z Q3 Formula  Ionization Compound name Compound class Peak area

(Da) mode ratio (%)
1 283.09 C,,H;;N.O; [M+H]+ 2-Hydroxyadenosine Nucleotides and derivatives 4.13+0.21
2 448.10 C,H,,0,; [M+H]+ Luteolin-7-O-glucoside (Cynaroside) Flavonoids 3.46+0.59
3 448.10 C,H,,0,; [M+H]+ Aureusidin-4-0-glucoside Flavonoids 3.21+0.12
4 286.05 C;gH(Oc [M+H]+ Luteolin (5,7,3',4’-Tetrahydroxyflavone) Flavonoids 1.89+0.56
5 35410 C; H;40, [M-H]- 1-Caffeoylquinic acid Phenolic acids 1.76£0.14
6 20222 C,yH,,N, [M+H]+ Spermine Alkaloids 1.69+0.54
7 44810 C,H,,0,; [M+H]+ Luteolin-3’-O-glucoside Flavonoids 1.59+0.15
8 286.05 CgH;,0, [M+H]+ Aureusidin Flavonoids 1.59+0.11
9 35410 C;(H;40, [M-H]-  Cryptochlorogenic acid (4-O-Caffeoylquinic acid) Phenolic acids 1.33+£0.23
10 35410 C, H,40, [M-H]- Neochlorogenic acid (5-O-Caffeoylquinic acid) Phenolic acids 1.14+0.14
11 280.24 C,4H;,0, [M-H]- Linoleic acid Lipids 1.03+0.14
12 300.06 C;(H;,0, [M+H]+ Diosmetin (5,7,3'-Trihydroxy-4'-methoxyflavone) Flavonoids 1.00£0.46

Chemical components analysis of the extract

The UPLC-MS/MS analysis was applied to analyze
the chemical substances in the extracts. The total
ion chromatogram and multi-peak graphs from UPLC-
MS/MS analysis are shown in Fig. S1(A,B). Screening
was conducted using primary and secondary mass
spectrometry in both positive and negative ion modes,
with removal of isotopic signals and redundant signals
from NH;, Na*, and K*. Compounds were identified
by database comparison based on molecular weight
and m/z. Components with a peak area ratio >0.01%
are listed in Table 4 and Table S1, classified as follows:
flavonoids (44 types) and phenolic acids (41 types)
were the most abundant, followed by lipid compounds
(37 types), nucleotides and derivatives (23 types),
amino acids and derivatives (16 types), as well as al-
kaloids, organic acids, lignans, and coumarins. These
substances align with our previous publication [11].
Among extract components, 2-hydroxyadenosine had
the highest peak area ratio, followed by luteolin-7-
O-glucoside (Cynaroside), with flavonoids comprising
a large proportion among the top 20 components.
Thus, active ingredients for anti-fatigue effects are
likely polyphenols, flavonoids, alkaloids, amino acids,
nucleotides, and derivatives. Amino acids enhance
physical strength and combat fatigue by supplying en-

ergy via deamination (producing NH, and CO,) when
carbohydrate/lipid catabolism is insufficient, and reg-
ulating the TCA cycle [26]. Exercise generates ROS
(e.g., hydroxyl and superoxide anion radicals), and
natural plants with antioxidant activity eliminate fa-
tigue by improving antioxidant defense system activity,
clearing ROS, reducing MDA content, balancing the
antioxidant system and ROS, inhibiting lipid perox-
idation, and protecting cell membranes [29]. This
aligns with the blood and enzyme activity indicators
in mice from this study. Flavonoids and phenolic
acids exhibit strong antioxidant activity, significantly
improving oxidative metabolic damage from fatigue.
Thus, the flavonoids, phenolic acids, and amino acids
in CL extracts may exert anti-fatigue effects in mice
through this mechanism.

CONCLUSION

C. pilosula leaves exhibit a significant anti-fatigue effect
with a dose-response relationship. The water extracts
notably prolonged swimming time, with the best effect
at 1 g/kg/d, while 0.5 g/kg/d showed no significant
effect. The anti-fatigue mechanism involves regu-
lating energy metabolism by reducing liver glycogen
consumption, enhancing antioxidant effects through
increased liver SOD activity, and lowering MDA levels.
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It also decreases blood metabolites like BUN, LDH,
and BLA during fatigue, and upregulates PGC-1a ex-
pression in the AMPK pathway. Flavonoids, phenolic
acids, and amino acids contribute to the anti-fatigue
effect. CL shows potential as a health-promoting ma-
terial, and the non-medicinal parts of C. pilosula offer
valuable bioactive properties for future development.

Appendix A. Supplementary data

Supplementary data associated with this article can be found
at https://dx.doi.org/10.2306/scienceasial513-1874.2026.
095.
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Appendix A. Supplementary data
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Fig. S1 Total ion current diagram of the extract by UPLC-MS/MS analysis. A, negative mode; B positive mode.
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