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ABSTRACT

TCM internal medication is usually beneficial after muscle injury or pulling, among which Gynostemma
pentaphyllum (Thunb.) Makino (Gyp) has shown good activity; however, an explanation and evaluation
of its therapeutic effect is needed. The problem lies in the fact that the main regulatory pathway for
Gyp is unclear, lacking scientific and systematic mechanisms and standards. It was reported in our pre-
vious paper that components in Gyp regulate the expression of the PXR/IL-6/SERCA1a signaling pathway
to achieve such therapy, but there remains a lack of an accurate method and standard for evaluation. In
this study, based on our previous discovery, a relatively comprehensive and accurate investigation was
carried out to establish the metabolomic profile of Gyp’s therapeutic effect, Metabolomics studies
showed that a total of 49 different metabolites were found, of which 24 were related to PXR-IL-6-
SERCA1a, and they were mainly involved in skeletal muscle cell repair, material and energy metabolism,
and inflammatory response, which not only provides accurate standards for PXR/IL-6/SERCA1a regulation
but also explains its tonifying weakness and strengthening muscle effect in TCM theory in a scientific and
quantitative way.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

body, alleviating oxidative stress and pain, along with promoting
circulation; such effects improve amino acid, protein and energy

Gynostemma pentaphyllum (Thunb.) Makino (Gyp) is an herbal
TCM with Lingnan characteristics that is used by locals for muscle
injury, weakness, cough and hyperlipidemia (Alhasani et al., 2020;
Weng, et al., 2021; Shen, et al., 2019). In TCM theory, Gyp is defined
as “cold” and “bitter”, with effects such as strengthening Qi, moist-
ening the lung and lowering lipids. To be specific, “cold” and “bit-
ter” means lowering the inflammation and blood viscosity levels in
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generation and transportation, which is corresponding with invig-
orating qi. Our previous studies indicated that this herb shows
good activities for lowering blood lipids and muscle injury (Chen
et al., 2022a, 2022b, 2021). However, the articles mentioned above
mainly focused on active components in Gyp, and targets with
direct regulatory effects on skeletal muscle were not accordingly
evaluated (Yang et al., 2013). Furthermore, the comprehensive sig-
naling mechanism and changes in metabolites in the course of
skeletal muscle recovery still need investigation. In general, the
biological basis of Gyp’s activity is the key to strengthening Qi,
moistening lung and lowering lipid effects described in classic
TCM works, giving more scientific and medical meaning to Gyp
(Chen et al., 20223, 2022b; Liu et al., 2022b).

Regeneration of muscle is regulated by certain pathway(s) that
control energy (ATP) and protein (by affecting amino acid levels),
along with the concentration, transportation and emission of
inflammatory factors (Panci and Chazaud, 2021; Sikorska et al.,
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2021; Jiang et al., 2020). The mechanism for the abovementioned
change is components in the herb extract (Gyp, for instance) taken
by the body first affiliated with several core receptors, such as PXR
and NF-kB, followed by a series of changes caused by the
regulation of those receptors (Zhang, et al., 2020; Hassani-
Nezhad-Gashti, et al., 2018; Wu, et al., 2018). In particular, as the
literature indicates, PXR plays a more important role in the skeletal
muscle recovery process than other core receptors because PXR has
a stronger regulatory effect on energy, lipid metabolism and the
concentration of inflammatory factors (Hakkola, et al., 2016;
Bitman, et al, 2011). Variation in interleukins (ILs) is usually
observed when injury occurs, among which IL-6 is reported to have
an important role in skeletal muscle, and its concentration signifi-
cantly changes when injury occurs in the latter, making it a suit-
able indicator for evaluation of the injury degree and recovery.
Additionally, regulation of PXR influences the generation, concen-
tration and transportation of IL-6 by reducing its synthesis and
promoting its excretion at the same time. The inflammatory effect
in the injured part will be alleviated by changes in PXR expression
(Kaur, et al., 2020; Camejo et al., 2020; Pant, et al., 2016).

SERCA is widely distributed in skeletal, cardiovascular, and vis-
ceral smooth muscles and regulates calcium concentrations in and
outside the sarcoplasmic reticulum. Among several subtypes
(SERCA1-3), SERCA1a is mainly distributed in adult skeletal mus-
cle. Studies have shown that high expression of this target can
stimulate Ca2 + influx and ATP metabolism, increase skeletal mus-
cle energy consumption and accelerate muscle tissue growth
(Oliva et al., 2021; Tanihata, et al., 2018; Nelson, et al., 2016).
Therefore, the changes in SERCAla under the influence of drugs
are of great scientific significance for the study of the mechanism
by which Gyp promotes muscle injury repair. The relationship
between PXR and SERCA1la has been reported by several groups,
confirming the mechanism of these targets in skeletal muscle
recovery (Zhou, et al.,, 2021; Won et al., 2019). Therefore, the
PXR-SERCA1a pathway can be used to explain the biological basis
of Gyp’s TCM-based effect along with the PXR/IL-6 mechanism.

Studies have shown that some endogenous substances, such as
bile acids LCA and CDCA, CDA, and CA, can be combined with PXR
and show some regulatory effects, inducing activity changes,
adjusting interleukin, tumor necrosis factor, ceramide, and prosta-
glandin levels, as well as a series of messengers or ligands in the
body. These compounds associate with IL-6 metabolic regulatory
enzymes and play a role in changing its concentration, transport
and distribution in vivo (Biagioli and Fiorucci, 2021; Ticho et al.,
2019; Zhang, et al., 2018). Similarly, changes in the expression of
the latter can lead to changes in the synthesis, transport, and meta-
bolism of a series of transmitters (e.g., apolipoprotein SLN) and
ultimately affect the activity of regulatory proteins such as SER-
CAla that are widely distributed in muscle tissue (Liu et al.,
2020; Chen et al., 2020; Kumar and Muthu, 2015). Therefore, the
use of metabolomics methods and techniques to screen and mea-
sure endogenous components of the regulatory activity of various
relevant targets under Gyp intervention is helpful to clarify the sig-
nal transduction mechanism of drug action and to establish the
precise and quantifiable biological relationship between the macro
dialectic of TCM and the micro response/reaction of molecular biol-
ogy (Liu et al., 2021a; Ilaiwy, et al., 2019).

Generally, active compounds in the herb such as Gyp was first
affiliated with PXR. As a nuclear receptor with obvious energy
and lipid regulation activities, PXR is widely distributed in kidney,
spleen, liver and other organs, and its expression changes can also
accurately characterize the function and operation of these organs.
According to TCM theory, kidney and spleen is the “regulator” of
bone and muscle conditions, and Gyp can be categorized to lung,
spleen and kidney channels. The selection of PXR can better
explain the molecular biological basis of the therapeutic efficacy
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of Gyp, and clarify the molecular mechanism of the holistic and
related treatment of TCM (Cao, et al., 2022; Ihunnah, et al.,
2011). As an important factor regulating inflammation in the body,
IL-6 is significantly affected by changes in PXR activity (Bautista-
Olivier, et al., 2022; Yue, et al., 2021). In addition to affecting the
regeneration of skeletal muscle cells by regulating the level of
inflammation at the injured site, IL-6 can also play a direct and
indirect regulatory role on SERCAla and other related receptors
and physiological factors. SERCA1a is widely distributed in adult
skeletal muscle and is an important regulatory site for skeletal
muscle movement, repair and metabolism. Studies have shown
that this target may be regulated by upstream genes such as
PXR. By studying the process of PXR regulating SERCAla activity
through IL-6 under the intervention of Gyp (Panci and Chazaud,
2021; Qaisar, et al., 2019), we can better understand the mecha-
nism of gynostaphyllus promoting skeletal muscle cell regenera-
tion, establish the correlation between PXR/IL-6/SERCA1a
expression and muscle strain repair, and finally clarify the pharma-
codynamic mechanism to provide scientific and accurate explana-
tion for the efficacy of traditional Chinese medicine.

At the same time, Gyp can tonify deficiencies in the spleen and
kidney and promote repair of muscle strain, which involves energy
and a variety of nutrients and raw materials required for cell differ-
entiation and regeneration. The changes in these endogenous sub-
stances and their tissue distribution can provide a scientific basis
for the study of the metabolic mechanism of the body under drug
intervention and quantitative standards for the evaluation of dis-
ease course. Therefore, in addition to messenger and transmitter
components, metabolomics studies can also screen out “raw mate-
rials” related to the abovementioned benefits and repair. By com-
paring the differences in the abovementioned components in
different animal experimental groups (control, model and adminis-
tration), we can further clarify not only the mechanism by which
Gyp regulates the expression of PXR/IL-6/SERCA1a and promotes
the repair of muscle strain but also its relationship with tonifying
and strengthening muscle.

In summary, this manuscript reports our investigation of the
biological and scientific link between Gyp’s skeletal muscle recov-
ery effect, which is based on the TCM theory that described the for-
mer as tonifying weakness and strengthening muscle activities,
and our previous study of components with PXR/IL-6 regulatory
effects. Changes in the target expression of the PXR/IL-6/SERCA1a
pathway accompanied by the discovery of related metabolites
and their variation in the course of Gyp therapy provided solid
ground for explanation of its mechanism, which provides insight
into understanding the inherent law of TCM.

2. Instruments, materials, and methods
2.1. Instruments

Metabolite identification and acquisition of the metabolomic
profile were carried out by AB SCIEX Triple TOF 5600 + UHPLC-
TOF-MS (AB SCIEX, Framingham, MA, USA). Subsequent determina-
tion of the abovementioned components in vivo was performed in
a Thermo-TSQ quantum mass spectrometer (Thermo-Fisher, San
Jose, USA) fitted with a Phenomenex C18 column (2.1 x 50 mm,
5 pum, Torrance, CA, USA). For biochemical investigation, PCR anal-
ysis for PXR expression in different experimental groups was per-
formed using an IQTM5 fluorescence quantitative PCR instrument
(Bio-Rad, Hercules, CA, USA). ELISA determination of IL-6 expres-
sion was performed in a Varioskan Flash Fluorescence microplate
reader with the help of the SimpleStep™ tool kid purchased from
Abcam (Waltham, MA, USA). SERCA 1a expression was detected by
western blot with a Varioskan Flash Fluorescence microplate
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reader. For details of the primers, antibodies and other materials
and reagents, see the corresponding sections describing those
experiments. Sample pretreatment used the following instrument:
MD 200 sample concentrator (Aosheng Instruments, Hangzhou,
China), Thermo Legend Micro 17R low temperature high speed
centrifuge, and a Thermo 88,880,018 Vortex (Thermo-Fisher, San
Jose, USA). The deionized water was prepared by using a Milli-Q
system (Millipore, MA, USA), and all weighing was done using an
XS205DU scale (METTLER TOLEDO, Zurich, Switzerland).

2.2. Materials and reagents

RIPA protein lysis solution (Solebo Technology Co., LTD, Beijing,
China), Multi Imaging System (Tanon, Shanghai, China), predyed
Rainbow protein Ma (Thermo-Fisher, San Jose, USA), Bicinchoninic
Acid protein Kit (Thermo-Fisher, San Jose, USA), mouse monoclonal
B -actin antibody (Dingguochangsheng Biotechnology Co., LTD. Bei-
jing, China), Goat Anti-mouse antibody (Proteintech, Hamburg,
USA), PXR antibody (Proteintech, Hamburg, USA), SERCA antibody
(abcam, Cambridge, Britain), TRIzol RNA lysate (Ding Guochang-
sheng Biotechnology Co. LTD, Beijing, China); PerfectStart Green
qPCR SuperMix (TransGen Biotech Co., LTD, Beijing, China), Evo
M-MLV RT Premix for qPCR (Ecorui Bioengineering Co., LTD,
Hunan, China). The reagents used in the biochemical experiment
and mass analysis, including acetonitrile, formic acid, methanol,
ethanol, and DMSO, all of HPLC grade, were purchased from Merck
(Darmstadt, Germany). Celecoxib capsules (200 mg/capsule) were
purchased from Pfizer (New York, United States); Gynostemma
pentaphyllum decoction pieces were purchased from Zhixin Phar-
maceutical. Co. Ltd. (Guangzhou, China).

2.3. Animal experiments

Thirty-six healthy male SD rats weighing 300 + 20 g, SPF grade
(Certificate: SCXK (Xiang) 2019-0014, purchased from Changsha
Tianqgin Biotechnology Company), were used for pharmacological
experiments. The rats were fed under laboratory conditions (room
temperature 22 ~ 225 °C, relative humidity 55 ~ 70%), and all
experiments and animal welfare were supervised by the ethical
committee of the Fifth Clinical College of Guangzhou University
of Chinese Medicine. Preparation of blunt injury of rat skeletal
muscle followed the procedure below: The modeling was per-
formed in a blunt contusion model impact device. Twenty-four
hours before modeling, the hair of both lower limbs of the rats
was shaved with an electric shaving knife, and the rats were anes-
thetized with ether. Then, the rats were fixed on the rat plate in a
prone position, with knee extension and ankle flexion of the right
lower limb at approximately 90° to fully expose the gastrocnemius
muscle, and the hind limbs were padded with gauze pads to avoid
fracture during modeling. The head of the blow device was pressed
close to the middle abdominal segment of the gastrocnemius mus-
cle, and finally, the muscle abdomen was hit once with the free fall
motion of heavy objects, resulting in closed blunt contusion of the
gastrocnemius muscle in rats. The criteria for successful modeling
were as follows: (D There was no open damage of the skin at the
strike site of the right hind limb, subcutaneous bleeding and ecchy-
mosis, induration mass at the strike site, or notable swelling com-
pared with the left hind limb. @ After modeling, the rats could
walk, but their gait was slightly lame, and the right hind limb
was weak in grasping the bar when climbing the bar. The model
animals were divided into the following groups (6 for each): D
sham group, no further treatment was performed in the rats; @
positive control group, the animals were given 72 mg/kg celecoxib;
@ Gyp low dose, the rats were given the Gyp extract (Gynostema
pentaphyllum extracted by ethanol using heat reflex, made into
dried extract) equivalent to 437.5 mg/kg of the crude drug; @
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Gyp medium dose, the rats were given the Gyp extract equivalent
to 875 mg/kg of the crude drug; & Gyp high dose, the rats were
given the Gyp extract equivalent to 1750 mg/kg of the crude drug;
and another 10 normal rats were selected as the blank group. The
rats in each administration group were given the corresponding
drugs by intragastric administration at a weight of 10 mL per ani-
mal, while the blank and model control groups were given the
same volume of purified water. The drug was administered by gav-
age once a day for 30 days. During the administration, all rats took
food and water normally. One hour after the last administration,
the animals in each group were humanely killed after anesthesia,
and whole blood was collected for serum separation and frozen
at —80 °C for future use. The skeletal muscle, liver, kidney, and
spleen of the injured side of the thigh were taken. Part of the tis-
sues were used for pathological examination, and the remaining
tissues were frozen at —80 °C for future use.

2.4. Detection and analysis of PXR/IL-6/SERCA1a expression

For PXR and SERCA1a expression, RT-PCR methods were devel-
oped and optimized. The procedures were similar overall with dif-
ferences in primers: 50 mg of homogenate tissue (spleen, kidney,
liver and skeletal muscle) was taken from rats of different groups
into a grinding tube, and then 0.5 mL of TRIzol reagent was added
for grinding. Centrifugation was performed at 12,000 RPM at 4 °C
for 10 min. The resulting supernatant was transferred to a 1.5 mL
centrifuge tube, followed by the addition of 100 pL of chloroform,
and then the mixture was shaken vigorously for 2 min. Then, it was
centrifuged at 12,000 RPM at 4 °C for 10 min. The resulting super-
natant was transferred to a new 1.5 mL centrifuge tube, and iso-
propyl alcohol was added in equal volume. The mixture was
placed in the refrigerator at —40 °C overnight and subsequently
centrifuged at 12,000 RPM at 4 °C for 10 min. The supernatant
was discarded, and the precipitate was kept and washed twice
with 0.5 mL of 75% ethanol and then dried for 20 min at room tem-
perature. The obtained matrix was added to 50 pL of ddH,0, and
5 pL of the solution was mixed with 195 pL of sterilized water.
The mixture was measured for the 0D260/0D280 ratio by a nucleic
acid protein analyzer. The concentration and purity of RNA were
calculated according to the analysis results. For gene expression,
first strand cDNA was synthesized by reverse transcription. Using
cDNA as a template, specific primers were designed according to
the gene sequence, and the expression of each gene was detected
by PCR.

Determination of IL-6 concentration was carried out by the
method used in our previous experiment: samples obtained in
the “Animal experiment” section were extracted for total RNA by
TRIzol reagent, and reverse transcription was performed by a
SuperScript™ VILO™ cDNA Synthesis Kit, followed by qPCR (detect-
ing PXR expression) using TagMan gene expression assays (Applied
Biosystems, Carlsbad, CA, USA) guided by the instructions. For IL-6
determination, ELISA was carried out according to the manufac-
turer’s instructions.

The obtained data of the abovementioned experiments were
statistically compared between groups (blank vs. model, model
vs. prescription groups), and the results will help understand the
activity mechanism of GYP, as well as the metabolites responsible
for it.

2.5. Identification and analysis of related metabolites

Biological samples such as serum, skeletal muscle, liver, kidney
and spleen were taken from the “animal experiment” part and
transferred to a 1.5 mL EP tube according to 100 pL of serum or
homogenate tissue sample, and 400 pL precooled methanol was
added. The acetonitrile mixture (1:1) was vortexed for 30 s, placed
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in a —20°C refrigerator for 1 h, and centrifuged at 12,000 RPM for
15 min at 4°C, and 400 pL supernatant was taken and placed into
a 1.5 mL EP tube. The extracted supernatant was dried by nitrogen,
100 pL of precooled acetonitrile:water mixture (1:1) was added to
the residue, and the mixture was vortexed for 30 s. Finally, the
sample solution was centrifuged (4 °C, 12,000 RPM) for 15 min,
and 80 pL of the supernatant was taken for UPLC-TOF-MS analysis.
The UPLC-TOF-MS analysis used the following chromatographic
conditions: a Waters HSS T3 column (100 x 3.0 mm, 1.8 pm)
was used with a mobile phase consisting of 0.05% formic acid (A)
and acetonitrile (B). The gradient elution procedure was 0 ~ 1.0
min, 3% B; 1.0 ~ 10 min, 3 ~ 30% B; 10 ~ 20 min, 30 ~ 99% B;
20 ~ 26 min, 99% B; and 26 to 26.1 min, 99 ~ 3% B. The column
temperature was 40 °C, and the flow rate was 0.4 mL/min. The fol-
lowing mass conditions were used: positive and negative ions were
simultaneously scanned, and the mass charge ratio was in the
range of 50-1000 Da. The spray voltage was 5000 V, and the vapor-
ization temperature was 550 °C. The collision was 35 eV, the disso-
ciation voltage was 60 V, the atomized gas (Gas1) was 379.23 kPa,
the auxiliary gas (Gas2) was 379.23 kPa, and the curtain gas (CUR)
was 341.33 kPa. The remaining settings were instrument presets.
After analysis, the acquired atlas and data were imported into AB
Sciex Analyst Software 1.6 for analysis, and its standard procedure
was used to identify the peaks to provide metabolites information
(ion pair and retention time).

2.6. Explaining Gyp’s therapeutic effect based on metabolomics

The obtained results mentioned in the “Identification and anal-
ysis of related metabolites” section were first sorted and trans-
formed into a format suitable for the SIMCA software package
(version 14.1, Umetrics, Sweden). The following statistical analysis
was performed: the first matrices step Pareto scaling (par transfor-
mation); then, multivariable statistics, such as principal compo-
nent analysis (PCA), partial least-squares discrimination analysis
(PLS-DA), and orthogonal projections of latent structures discrimi-
nant analysis (OPLS-DA), by which the relationship among experi-
mental groups, as well as differences in the forms of the type and
content of the metabolites, was determined.

The permutation test was used to validate and evaluate the
established OPLS-DA model, and the significance of each variable
was evaluated using Student’s t test, followed by categorizing of
the processed values using criteria described below: metabolites
with variable importance in projection (VIP) values > 1.0 in the

Table 1
Optimum conditions of Mass conditions for metabolites.

Arabian Journal of Chemistry 16 (2023) 105293

OPLS-DA model and p < 0.05 in the t test were selected as candi-
date biomarkers, while those without these values were excluded.
Furthermore, |P (corr)| > 0.5 in the S-plot was set as the standard
for the variables, and the values fulfilled were regarded as those
most correlated with OPLS-DA discriminant scores. By this step,
the possibility of selecting a false biomarker candidate was signif-
icantly reduced.

Peaks detected in UPLC-TOF-MS analysis were processed using
MS-Dial (version 3.7) to identify metabolites in the peaks of the
TIC chromatogram, and the given prediction was analyzed in com-
bination with related literature. Raw data acquired from MS were
converted using an ABF converter (https://www.reifycs.com/
AbfConverter/) before being imported into MS-Dial. Data analysis
parameters were as follows: RT, 0-30 min; mass range, 50-
1000 Da; MS1 tolerance, 0.01 Da; and MS2 tolerance, 0.05 Da.
The parameters for peak detection were as follows: smoothing
method, linear weighted moving average with smoothing level of
two scans; minimum peak width, five scans; minimum peak
height, 1000 amplitude; mass slice width, 0.1 Da; and exclusion
mass list, none. The parameters for metabolite identification were
RT tolerance, 2 min; MS1 accurate mass tolerance, 0.01 Da; MS2
accurate mass tolerance, 0.05 Da; and identification score cut off,
80%. Using the databases Human Metabolome Database (HMDB)
(https://www.hmdb.ca), Metlin (https://metlin.scripps.edu/), LIPID
MAPS (https://www.lipidmaps.org/) and Massbank (https://mass-
bank.eu/MassBank/), the MS and MS-MS spectra were accurately
compared to identify metabolites in the process of MS Dial analy-
sis. Metabonomics information was obtained through Metaboana-
lyst 5.0 (https://www.metaboanalyst.ca/faces/home.xhtml) to
determine the potential mechanism and dynamics. The threshold
of pathway impact (calculated from topology analysis) was set as
0.1, and values above that were selected as potential signaling
pathways.

Metabolites with an obvious relationship with the PXR/IL-6/
SERCAla pathway were selected as indices for accurate content
determination using a Thermo-Fisher TSQ Quantum UHPLC-MS-
MS instrument (Thermo Fisher, San Jose, United States). The chro-
matographic conditions were: solid phase using a Phenomenex
C18 column (2.1 x 50 mm, 5 pm, Torrance, CA, USA); mobile phase
containing 0.1% formic acid (A) and acetonitrile (B), the elution
used gradient mode, program set as follows: 0-1 min, 5%-5%B;
1-1.5 min, 5%-90%B; 1.5-2.5 min, 90%-90%B; 2.5-3 min, 90%-5%
B. The mass detection was operated under ESI mode, collecting
both negative and positive ions. The spray voltage was 3500 V,

Compound Parent (m/z) Fragment Retention time (min)
DI-Glutamic acid 146.0454 102.0547,128.0342 0.8570
N-ACETYLNEURAMINATE 308.0984 307.0984 0.9740
Cytidine 244.0920 196.8839, 152.8945,130.8770 1.1750
Nicotinamide 123.0548 96.0449, 78.0345, 106.0280 1.2170
Hypoxanthine 137.0451 87.0076, 75.0088, 59.0164 1.2340
Xanthine 153.0402 152.0402 1.3110
L-Methionine 150.0581 1.6510
Uridine 245.077 110.0235, 82.0285, 200.0558 1.8130
Tyrosine 182.08093 163.0397, 136.0766, 119.0501 2.0090
L-Phenylalanine 166.0858 147.0442, 96.9589, 136.9311 4.8910
GUANIDINOACETATE 118.0648 117.6480 5.3230
L-Tryptophan 205.0965 116.0493, 74.0234, 142.0651 5.3290
Riboflavin 377.1456 376.1456 5.7320
Creatine 132.0759 90.0546 7.170
Taurocholate 516.3002 80.2000, 106.9000, 124.1000 7.9340
Glycocholic acid 466.3177 446.2900, 402.2300, 382.2730 8.3930
1-Oleoyl-sn-glycero-3-phosphocholine 546.34691 190.2172 11.6950
Arachidonic acid 303.2321 302.2321 15.7840
9-cis-Retinal 285.2426 285.2426 15.8380
Palmitic acid 255.2331 171.1025, 255.4360, 237.4040 17.0990
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the vaporization temperature was 350 °C, the capillary tempera-
ture was 300 °C, the sheath gas pressure was 30 psi, the auxiliary
gas pressure was 10 psi, and the skimmer offset was 1 V. Parame-
ters affecting the signal strength and specificity of each metabolite,
including ion pair, tube length offset and collision energy, were
optimized using TSQ maters software (Thermo-Fisher, San Jose,
USA), and the optimum conditions for their detection are listed
in Table 1, with a representative TIC chromatogram shown in
Fig. 1. And validation was carried out to test the accuracy, repro-
ducibility and stability of the analytical method, content and result
see Tables S1-S7.

The peak area of each metabolite and standard obtained in the
determination were calculated for their concentration in acquired
biological samples (serum, skeletal muscle, kidney and intestine)
of different groups. The differences between groups and their sig-
nificance were determined by SPSS software according to the
results of content determination, and the data revealed the regula-
tory mechanism of GYP on skeletal muscle recovery and the trans-
portation of related metabolites.

2.7. Statistics and data processing

Calculation of the obtained data, including the results of phar-
macodynamics, mRNA expression and metabolite contents, was
performed using SPSS 20.0 (Chicago, IL, USA), and the results are
presented as the mean + SD (n > 3). The statistical method used
was one-way ANOVA followed by Dunnett’s t test using SPSS.
Groups of values with significant differences are marked as
p < 0.05, while the opposite groups are marked as p > 0.05.

Negative ion
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3. Results and discussion
3.1. Gyp’s influence on skeletal muscle recovery

Judging from the evaluation criteria related to muscle strain and
its degree of recovery, the animal model established in this study
can successfully simulate the actual situation of muscle strain
(Fig. S1). The pathological sections of the model group showed
notable granulation tissue in sheets and edema, and partial muscle
tissue was fractured, dissolved, and atrophied, indicating that the
modeling was successful. After 30 days of administration, 83.33%
of animals (5 for each group) in the middle- and high-dose groups
of GYP met the relevant criteria for muscle recovery, which could
be classified as rehabilitation. The proportion of recovered animals
in the low-dose group was only 50% (3 animals); there was no sig-
nificant difference between the medium- and high-dose groups
and the positive drug group (5 animals recovered, accounting for
83. 33%) (p > 0.05), but the latter was significantly better than
the low-dose group (p < 0.05). At the same time, there were signif-
icant differences between the above experimental groups and the
sham operation group (2 rats recovered, accounting for 33.33%),
except for the low-dose GYP group, indicating that GYP could bet-
ter promote the repair of muscle strain. The above results can also
be confirmed by the pathological sections of each experimental
group (Figs. 2-5). Fig. 3 shows that there was still obvious granu-
lation and Henoch-purpura scar tissue, partial muscle cell rupture,
and nuclear hyperplasia in the GYP low-dose group, which was not
significantly different from that in the sham operation group; that
is, it cannot be demonstrated that the damage can be repaired by
administration at this dose. There was no abnormality in muscle
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Fig. 2. Histology image of liver (200x), groups: a. blank, b. serum, c. positive control, d. gyp low dose, e. gyp medium dose, f. gyp high dose.

tissue or only a few atrophic cells in the medium- and high-dose
groups of GYP and positive control, indicating that the repair of
muscle strain was accelerated under the above dose/drug. In addi-
tion, the pathological sections of spleen, kidney, and other tissues
also confirmed the discussion of the major muscles and bones of
spleen and kidney in traditional Chinese Medicine to a certain
extent (Fig. 4, Fig. 5). Figs. 4 and 5 show the presence of myofiber
cells in both organ tissues of the abovementioned model/sham-
operated groups, indicating fibrous tissue hyperplasia and
impaired function in both organs. Although the above conditions
were still observed in the medium- and high-dose GYP and positive
control groups, the proliferation of fibrous tissue was significantly
inhibited, indicating that organ function gradually returned to
normal.

3.2. PXR/IL-6/SERCA1a assay results

For serum, the measurement results of PXR expression (Fig. 6)
showed that the value in the sham operation group was signifi-

cantly lower than that in the blank group (p < 0.05), indicating that
the expression of PXR decreased after modeling. The corresponding
drug treatment can better inhibit the expression of PXR and pro-
mote the body to return to a normal state. Compared with the
sham operation group, the results of the medium- and high-dose
groups of GYP and the positive drug group were significantly dif-
ferent (p < 0.05), but compared with the blank group, there was
no significant difference (p > 0.05). However, the above results
were not observed in the low-dose GYP group, which had no signif-
icant difference from the sham operation group (p > 0.05) but did
have a significant difference from the blank group (p < 0.05). From
the observation of different matrices (blood/tissue samples), it can
be seen that PXR expression in the sham group of the skeletal mus-
cle was slightly lower than that in the blank group, while with no
significant difference (p > 0.05). All medication groups (except GYP
high) showed no obvious difference in the expression values but
had a dose-dependent trend in the GYP groups. The changes in
the liver in each experimental group were basically the same as
those in the serum, but the kidney and spleen were irregular.
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Fig. 3. Histology image of skeletal muscle (200x), groups: a. blank, b. serum, c. positive control, d. gyp low dose, e. gyp medium dose, f. gyp high dose.

Among the last two groups, the expression value of the medium-
dose group of GYP was significantly lower than that of the low-
and high-dose groups (p < 0.05), and there was no significant dif-
ference between the blank and sham operation groups (p > 0.05).

The results of the IL-6 assay were similar to those of PXR. The
level of IL-6 in the organs (not in the serum, see Fig. 7) of the sham
operation group was significantly increased, indicating that the
high expression of PXR promoted the increase and enrichment of
inflammatory factors. The medication can reduce the IL-6 level to
different degrees. Fig. 7 shows that the measured values of the
medium- and high-dose groups of GYP were significantly different
from those of the sham operation group (p < 0.05). Although the
relative expression value of GYP in the low-dose group in almost
all matrices was lower than that in the sham operation group, it
was not statistically significant compared with the latter (p > 0.05).

In terms of SERCA1la expression, the receptor had discernable
tissue distribution specificity; except for skeletal muscle, the
expression in other organs was irregular (Fig. 8), and there was
no dose correlation among the GYP administration groups. The
expression of SERCA1la in skeletal muscle was significantly dam-
aged and regulated by drugs: the value of the sham operation
group was significantly lower than that of the blank group

(P < 0.05), while the GYP medium- and high-dose groups and the
positive control could better restore the function of the receptor,
and its expression value was significantly higher than that of the
sham operation group (P < 0.05), which was similar to the level
of the blank group. The expression of SERCA1la in the low-dose
group was not significantly different from that in the sham-
operated group (P > 0.05) and was still significantly higher than
that in the blank group (P < 0.05).

3.3. Results of relevant metabolomic studies

Based on the abovementioned pharmacodynamic and molecu-
lar biological findings, it is concluded that GYP exerts its beneficial
effects on muscle strain repair by modulating the PXR/IL-6/
SERCA1la pathway. To better establish the biological basis of GYP
for tonifying spleen and kidney deficiency according to this mech-
anism, we comprehensively analyzed the endogenous metabolites
of animals in each experimental group, tried to determine the
metabolites closely related to the expression changes of PXR/IL-
6/SERCA1a key targets and established accurate determination
methods for the contents of these metabolites in vivo (Fig. 1).
The results were statistically analyzed to screen out the key meta-
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Fig. 4. Histology image of spleen (200x), groups: a. blank, b. serum, c. positive control, d. gyp low dose, e. gyp medium dose, f. gyp high dose.

bolic markers and endow the TCM theoretical basis of GYP with the
appropriate biological connotation.

The results of UPLC-TOF-MS and UPLC-MS were selected, and
the corresponding variables with Fc < 0.8 or Fc > 1.2 were used
as the main differential metabolites. At the same time, through
the primary and secondary mass spectrometry information, com-
bined with the online database HMDB (https://www.hmdb.ca),
Metlin (https://metlin.scripps.edu/), LIPID MAPS and Massbank
(https://www.lipidmaps.org/)  (https://massbank.eu/MassBank/)
and related literature reports identified, 73 different metabolites
were eventually identified in the liver, including 24 upregulated
and 49 downregulated metabolites. A total of 147 differential
metabolites were found in all matrixes. Through pathway enrich-
ment and topological analysis, the MetaboAnalyst 5.0 database
identified the possible metabolic pathways affected by biological
perturbation and then analyzed the metabolic pathways of
metabolites. The screened differential metabolites were imported
into MetaboAnalyst 5.0 database to analyze the related metabolic
pathways of the differential metabolites, and the impact of the
pathways was obtained by path topology analysis. Combined with

the P of the hypergeometric distribution test, the enrichment
results of metabolites were drawn to screen the main metabolic
pathways. Pathways with impact values > 0.1 were considered
pathways with the largest contribution values. Six common meta-
bolic pathways were screened by serum and organs, including argi-
nine biosynthesis; alanine, aspartic acid and glutamic acid
metabolism; D-glutamine and D-glutamic acid metabolism; tryp-
tophan metabolism; ether lipid metabolism; arginine and proline
metabolism; and niacin and niacinamide metabolism, as shown
in Fig. 9, Fig. S2, Fig. S3.

The relationship between the above metabolites and the PXR/
IL-6/SERCA1a pathway can be analyzed by in-depth analysis of
metabolic pathways and combined with literature reports to ana-
lyze the influence of each metabolite by relevant expression
changes. The results showed that a total of 22 endogenous metabo-
lites were closely related to the pathway; the names, m/z, and
other information of these metabolites are shown in Table 1. These
metabolites were determined by UPLC-MS-MS, and the results
showed that the content of the above metabolites in different
experimental groups (blank group vs. model/sham operation
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Fig. 5. Histology image of kidney (200x), groups: a. blank, b. serum, c. positive control, d. gyp low dose, e. gyp medium dose, f. gyp high dose.

group, model/sham operation group vs. each treatment group)
were significantly different (p < 0.05), but the specific differences
of each metabolites among the groups were distinct (Fig. 10,
Fig. S4, Fig. S5). In the positive control and GYP low-dose groups,
there were no significant differences in sphinganine 1-phosphate
compared with the sham operation group (p > 0.05). However,
the above metabolites in the GYP medium- and high-dose groups
were significantly different from those in the sham operation
group (p < 0.05). Additionally, some metabolites in all groups, such
as 9-cis-retinal, riboflavin, taurocholate, tyrosine, uridine, and xan-
thine, had no obvious responses in all matrices except the kidney
(the value in this organ was low), and some others, such as palmitic
acid, had much higher concentrations in skeletal muscle. In gen-
eral, compared with the blank group, the values of metabolites in
each administration group, except the GYP low-dose group,
showed a trend of approaching the blank group to different
degrees, and more metabolites in the GYP medium- and high-
dose groups returned to normal levels than those in the positive
drug group.

3.4. Scientific significance of GYP in promoting skeletal muscle strain
repair

According to the results obtained in the section “GYP’s influence
on skeletal muscle recovery”, GYP’s promoting effect on the recov-
ery of skeletal muscle strain is basically the same as that of the
positive control drug. However, the literature reports that
researchers have not found strong anti-inflammatory or immune-
enhancing effects for GYP (at least not comparable to nonsteroidal
anti-inflammatory drugs); that is, the effect of GYP on the repair of
injured muscle is mainly attributed to its effects on related path-
ways such as skeletal muscle regeneration, protein synthesis, sub-
stance transport, and energy metabolism. Supplemented by a
certain degree of anti-inflammatory activity improves the body’s
immune activity (Chen C, et al.,, 2022; Wang, et al., 2022; Shen,
et al., 2019). Through the combined action of the above mecha-
nisms, GYP can accelerate the regeneration of injured skeletal mus-
cle cells, as well as the synthesis of key products such as muscle
fibers and muscle lipoproteins, and ultimately promote injury
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repair. In contrast, the traditional internal medicine regimen for
skeletal muscle injury recovery mainly uses nonsteroidal anti-
inflammatory drugs to reduce the inflammatory response and tis-
sue adhesion at the injury site. Although it can also achieve good
results (Fig. S2), the side effects of large and long-term use of such
drugs are more apparent, and the therapeutic effect of a single
mechanism is limited to the recovery ability of the body’s overall
health level and constitution; it is not as stable, durable, and com-
prehensive as GYP and other natural products.

3.5. Biological significance of GYP in regulating the PXR/IL-6/SERCAla
pathway

According to the results of the “PXR/IL-6/SERCA1a assay results”
section, the expression of PXR in serum and liver tissue of the
model group was significantly lower than that of the blank group.
Combined with the observation of pathological sections, it can be
inferred that the above results may be due to the serious liver
injury caused by muscle strain in the model, and PXR is widely dis-
tributed in the liver. Functional impairment or impairment of the
former can lead to decreased PXR activity (Ge et al., 2022; Liu
et al,, 2022c). Compared with the model group, PXR expression
was increased and restored to different degrees in the GYP treat-
ment groups. At the same time, obvious signs of injury repair could
be observed in liver sections, suggesting that GYP plays an overall
and comprehensive role in the recovery of the body by regulating
physiological function and promoting the repair of metabolic
organs such as the liver. The expression of PXR in the skeletal

10

muscle of each group did not significantly change, which may be
related to the lower distribution of the PXR receptor in skeletal
muscle and more influencing factors. Therefore, it is difficult to
deduce the regulatory mechanism of GYP on PXR simply based
on the changes in each group. In addition, PXR, as a nuclear recep-
tor, has a comprehensive regulatory effect on protein, lipid, energy
metabolism, and inflammatory factor levels. Combined with our
previous results of screening the active components of GYP in pro-
moting skeletal muscle repair, we can conclude that GYP regulates
the expression of the PXR receptor through its active components
binding to the latter and regulates related physiological functions
through changes in expression. Ultimately, the goal is to treat the
disease (in this case, to promote repair of strained muscles). In
addition, the expression of PXR in various organs was measured
in this study (the results are omitted), but the preliminary results
showed that there was no obvious pattern of PXR expression in
organs such as the kidney and spleen except the liver. The above
results are consistent with literature reports that the distribution
of PXR is organ specific (Thibaut and Bindels, 2022; Xie et al,,
2021), as well as SERCA1a, which is mainly distributed in skeletal
muscle and focuses on regulating the latter’s function and metabo-
lism. This specificity also influences the IL-6 content. Acting as an
indicator of injury and inflammation, this factor varies along with
changes in its regulatory receptors. Therefore, the trend of IL-6
variation was relatively correlated with PXR/SERCA1a, with similar
organ specificity, which demonstrates its role as an indicator of
disease. Moreover, PXR/IL-6/SERCA1la is an important organ of
energy and substance metabolism in the body, and PXR/IL-6/
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SERCA1a expression and its function can better reflect the situation
in which this pathway is affected by GYP to regulate the disease
course.

3.6. Regulatory mechanisms of GYP on key metabolites in muscle
strain repair

PXR has a significant effect on the level, transport and distribu-
tion of inflammatory factors in vivo. It has been found that this
receptor can interact with NF-xB, and change the concentration
of downstream physiological factors such as IL-6, IL-1p, IL-10 and
TNF-a by affecting the activity of the latter, so as to reduce inflam-
mation and pain response at the injured site (Bautista-Olivier,
et al.,, 2022). At the same time, IL-6 can also affect the activity of
SERCA1a, which is mainly distributed in skeletal muscle, and its
functions are mainly involved in energy metabolism, motor func-
tion and apoptosis inhibition, etc. PXR has direct and indirect
effects on this site, and the former is mediated by inflammatory
factors such as IL-6. The latter indirectly regulates the concentra-
tion and activity of SERCA1a ligand by changing the activities of
heat production, energy metabolism and material transport organs
such as liver, kidney, spleen and small intestine (Nelson, et al.,
2016; Pant, et al., 2016).

Through the analysis of metabolomics results (Figs. 1, 9,
Figs. S2-S5), database signal pathway analysis results and
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Fig. 9. Overview of the metabolomic pathway.

literature reports, the changes in related metabolites under GYP
intervention were mainly involved in the synthesis and transfor-
mation of multiple amino acids in vivo (Gandhi et al., 2020;
Zhang et al., 2013). Among them, the D-glutamine pathway regu-
lates the activities of various proteins and enzymes in the body
and can be involved in gluconeogenesis. At the same time, the
metabolic pathway of SERCA1a can regulate the production of glu-
tamate, which is an important energy provider for cell growth and
differentiation, regulating calcium ion concentration inside and
outside the sarcoplasmic reticulum, stimulating Ca?* influx and
ATP metabolism, accelerating muscle tissue growth, and promot-
ing muscle recovery. According to the above content, the D-
glutamine metabolism pathway is closely related to SERCAla
activity (Junaidi, et al., 2022; Sawant, et al., 2020; Qaisar et al.,

12

2019). In addition to energy supply, alanine, aspartate, glutamate,
and other amino acid metabolic pathways, in which glutamate
can also generate glutathione, remove oxygen free radicals infil-
trated by cells, eliminate inflammation, protect cells, and promote
muscle repair (Devignes, et al.,, 2022; Suzuki and Iwata, 2021).
Studies have shown that activated PXR can affect the levels of
inflammatory factors by regulating IL-6. In this study, it can be
reflected in the effect on the tryptophan metabolism pathway.
The bio-transformation of this metabolite can regulate liver lipid
metabolism, inhibit the activity of fat synthetase, reduce intrahep-
atic triglyceride and lipid synthesis, increase liver fatty acid oxida-
tion and cellular uptake of glucose, avoid fat accumulation in
hepatocytes, reduce the level of inflammatory factors and inhibit
the inflammatory response. At the same time, tryptophan is also
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the raw material for protein synthesis. Tryptophan regulates lipid
metabolism in the body and can stimulate the release of insulin
and increase the synthesis of protein in muscle and liver, which
can promote the synthesis of protein in muscle and restore dam-
aged muscle (Zhang, et al., 2020; Wang and Li, 2019; Hassani-
Nezhad-Gashti, et al.,, 2018; Wu, et al., 2018; lhunnah, et al,,
2011). In addition, the PXR/IL-6 pathway can also reduce the
expression of genes related to fat and glycogen synthesis by regu-
lating arginine metabolism, change the expression of genes related
to the oxidation and decomposition of fatty acids to water and CO,,
accelerate fat metabolism, promote lipolysis (Hong, et al., 2022;
Javrushyan, et al., 2022), and provide energy for muscle injury
repair. In conclusion, the effects of GYP on PXR/IL-6/SERCA1la
exerted both enhanced and accelerated metabolic effects, which
could increase lipid metabolism and energy supply, accelerate
muscle cell regeneration and protein synthesis during muscle
injury/strain repair, and provide more energy for these processes.

The biological relationship between GYP regulating the changes
in PXR/IL-6/SERCA1a and related metabolites and the effect of Ton-
ing deficiency in both the spleen and kidney.

Based on the results of animal experiments, molecular biology,
and metabolomic studies; GYP can regulate the metabolism of cells
and tissues related to skeletal muscle cells and muscle fibrin and
provide sufficient energy for this process. According to the classical
theory of traditional Chinese medicine, the kidney is dominated by

bone, and the spleen is dominated by muscle (Jiang and Zou, 2013).
The pathological section observation showed that the above two
organs were significantly recovered under the action of GYP com-
pared with the model group. The observation results at the micro-
scopic level were also consistent with the above macro results: the
expression of IL-6 in the spleen in the medium-dose GYP and high-
dose GYP groups was significantly lower than that in the model
group, and the level of related endogenous metabolites basically
recovered to normal. In addition, the morphology and metabolic
function of the liver showed a recovery trend after GYP interven-
tion, both at the macro and micro levels. The latter regulates the
energy supply and substance metabolism of the former, especially
the proteins and amino acids related to damage repair, which cor-
responds to the effects of toning deficiency, invigorating the spleen
(called warming middle Jiao TCM theory), and toning the kidney in
traditional Chinese medicine theory (Yang and Pei, 2023; Zhang,
et al,, 2022; Huang, et al., 2020). At the skeletal muscle level, mus-
cle tissue recovery, SERCAla expression and related metabolite
level increases under GYP intervention can be associated with
the muscle strengthening effect of GYP. At the same time, since
the metabolic markers determined in this study are closely related
to the PXR/IL-6/SERCA1a signaling pathway, the precise determi-
nation method of metabolites established in this paper provides
a quantifiable standard for evaluating the abovementioned efficacy
of GYP in traditional Chinese medicine.
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4. Conclusion

In this paper, the mechanism of PXR/IL-6/SERCA1a-mediated
muscle injury repair under GYP intervention was studied deeply
and comprehensively, the efficacy mechanism of GYP in toning
spleen and liver deficiency was clarified, and a number of endoge-
nous metabolic markers related to the disease course and drug
treatment were found. At the same time, by integrating the above
experimental and analytical data, we offer a biological basis for the
TCM efficacy of GYP. In summary, these results provide a basis for
scientific and systematic interpretation of the therapeutic basis of
GYP and contribute to the subsequent development of this medi-
cine and deeper mechanistic research.
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