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Polydatin inhibited TNF-a-induced apoptosis of skeletal muscle cells

through AKT-mediated p38 MAPK and NF-kB pathways
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Abstract. Skeletal muscle atrophy severely impacts one’s quality of life. The effects and mechanism of
polydatin on skeletal muscle atrophy are unclear. This study investigated the effects and mechanism
of polydatin on TNF-a-induced skeletal muscle cells. The skeletal muscle cell atrophy model was
established by inducing C2C12 cells with TNF-a. Cell viability, IL-1p levels and cell apoptosis were
assessed. The mRNA and protein expression levels of apoptosis-related proteins were measured.
Meanwhile, the binding of polydatin to AKT was analyzed by molecular docking. TNF-a reduced
cell fusion and viability while up-regulated IL-1p level and promoted cell apoptosis. TNF-a activated
AKT, NF-«B, and p38 MAPK signaling pathways. Polydatin reversed these effects induced by TNF-q,
with a low concentration being more effective. Polydatin was predicted to bind to GLY162, PHE161,
GLU198, THR195 and GLU191 sites of AKT protein through van der Waals force and conventional
hydrogen bonds. Overexpression of AKT led to increased phosphorylation levels of AKT, p38, and
p65 proteins, as well as IL-1 levels and cell apoptosis. Polydatin inhibited TNF-a-induced apoptosis
of C2C12 cells by regulating NF-kB and p38 MAPK signaling pathways through AKT. This suggests
that polydatin shows promise as a new drug for the treatment of skeletal muscle atrophy.
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Introduction aging, diabetes, and heart failure (Wyart et al. 2022; Chiappa-

lupi et al. 2020). Despite it is characterized by clear clinical
Skeletal muscle atrophy is a symptom of cachexia, whichis  signs, its underlying etiology remains complex and poorly
associated with several chronic conditions including cancer,  understood. The elevated levels of pro-inflammatory, which
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are prevalent in cachexia, suggest that the immune system
has vital function in its genesis and progression (Webster et
al. 2020). Among these cytokines, tumor necrosis factor-a
(TNF-a) is particularly pertinent to this process (Patel and
Patel 2017).

TNF-a is a pleiotropic cytokine that is released by acti-
vated macrophages and exerts different effects depending on
the tissue it influences. It can impact cell proliferation and
differentiation, inflammation, apoptosis and necrosis (Kal-
liolias and Ivashkiv 2016; Jang et al. 2021). In skeletal muscle,
TNF-a induces apoptosis by triggering various signaling
pathways, which eventually leads to skeletal muscle atrophy
(Schakman et al. 2012; Gallo et al. 2015). This phenomenon
has been observed in patients with chronic heart failure and
low body mass index, as well as those with chronic obstruc-
tive pulmonary disease in their skeletal muscles (Adams et
al. 1999; Agusti et al. 2002).

Various intracellular signaling pathways, including the
AKT pathway, are involved in regulating skeletal muscle
physiology and metabolism. Serine/threonine protein kinase
known as AKT controls cell metabolism, proliferation, ap-
optosis and survival (Zhang X et al. 2011). When activated
by various stimuli, AKT is phosphorylated and promotes cell
survival by resisting the apoptotic pathway (Sun et al. 2018;
Chen et al. 2021). Several studies have demonstrated the close
association between AKT and the development of musculo-
skeletal disorders (Matheny et al. 2018; Jaiswal et al. 2019).

Polydatin, a polyphenolic monomer compound found
in polygonum cuspidatum, a traditional Chinese medicine,
modulates key signaling pathways in inflammation, oxidative
stress and apoptosis (Fakhri et al. 2021; Karami et al. 2022).
It has a wide range of therapeutic effects on cancer (Mele et
al. 2019), cardiovascular disease (Ming et al. 2017), diabetes
(Gong et al. 2017), neurodegenerative diseases (Lv et al.
2019), rheumatoid diseases (Masodsai et al. 2019), and skel-
etal diseases (Kang et al. 2020). However, little information is
available regarding the pharmacological effects and regula-
tory mechanisms of polydatin on skeletal muscle atrophy.

In this work, we created a skeletal muscle atrophy cell
model by treating C2C12 cells with TNF-a and investigated
the impact of polydatin intervention on TNF-a-induced
apoptosis, along with exploring the underlying mechanism.
Ultimately, the study aimed to provide a theoretical basis
for the clinical use of polydatin in the treatment of skeletal
muscle atrophy.

Materials and Methods

Cell culture and treatment

C2CI12 cells were originated from the Chinese Academy of
Sciences (Shanghai, China) and cultured in DMEM (D5796,

Sigma, USA) containing 10% FBS (10099141, Gibco, USA),
1% penicillin and 100 U/ml streptomycin (Beyotime,
SV30010, China) in the condition of 37°C and 5% CO,.
Polydatin (P816149, 295%) was purchased from Shanghai
Macklin Biochemical Technology Co., Ltd. Based on the
previous research in Chinese, we treated C2C12 cells with
different doses of polydatin (10, 25 and 50 mg/1) for 24 h, and
the CCK8 method was used to test the cytotoxicity of poly-
datin on cells. In vitro skeletal muscle atrophy was simulated
by treating C2C12 cells with TNF-a (10 ng/ml, Sigma, USA)
for 24 h (Dun et al. 2015). Cells were grouped as follows: (1)
Control group (PBS), (2) Model group (cells were treated
with TNF-a for 24 h), (3) Polydatin-L group (cells were
co-treated with TNF-a and 10 mg/1 polydatin for 24 h), (4)
Polydatin-M group (cells were co-treated with TNF-a and
25 mg/l polydatin for 24 h), (5) Polydatin-H group (cells were
co-treated with TNF-a and 50 mg/1 polydatin for 24 h). The
viability and confluence of C2C12 cells were analysed and
10 mg/1 was selected as the optimal concentration group of
polydatin for subsequent experiments. C2C12 cells in loga-
rithmic growth phase were then divided into four groups:
(1) Model group (cells were treated with TNF-a for 24 h),
(2) Polydatin group (cells were co-treated with TNF-a and
10 mg/l polydatin for 24 h), (3) Polydatin+oe-NC group
(cells were transfected with empty plasmid for 48 h, then
co-treated with TNF-a and 10 mg/1 polydatin for 24 h), (4)
Polydatin+oe-AKT group (cells were transfected with AKT
overexpression plasmid for 48 h, then co-treated with TNF-a
and 10 mg/1 polydatin for 24 h).

Cell transfection

According to the manufacturer’s instructions, cells were
transfected with oe-AKT (HG-MO009652, HonorGene,
China) using Lipofectamine 2000 (11668019, Invitrogen,
USA) after they had achieved 70% confluence. The transfec-
tion process lasted for 48 h, with oe-NC serving as a control.
After transfection, the cells were treated with TNF-a and
polydatin.

Morphological observation

The cells in each treatment group were observed under an
inverted biological microscopy (x100; DSZ2000X, Cnmicro,
China) to assess their morphology, confluence, and number
of viable cells.

Cell Counting Kit 8 (CCK8) assay

Trypsin digestion and counting of C2C12 cells were per-
formed. Cells were seeded in 96-well plates at a concentration
of 1x10* cells per well in a volume of 100 ul. Each group had
three replicates. After the cells adhered to the plate surface,
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they were treated as described above. Upon completion of
the assigned incubation time, the culture medium was aspi-
rated from each well, and 10 pl of CCK-8 solution (NU679,
DOJINDO), 10 pl of CCK-8 solution (NU679, DOJINDO,
Japan) was introduced to each well. Thereafter, the samples
were incubated for 2 h at 37°C. Finally, the absorbance
(450 nm) was determined using a Bio-Tek microplate reader
(MB-530, Heales, China).

Enzyme-Linked Immunosorbent Assay (ELISA)

IL-1p level in C2C12 cells supernatants was evaluated by
IL-1P kit (CSB-E08054m, CUSABIO, China). A Bio-Tek
microplate reader was used to evaluate the optical density
(OD) at 450 nm.

TUNEL staining

The TUNEL apoptosis detection kit (40306ES50, YEASEN,
China) was utilized to measure cell apoptosis based on the
prescribed protocol. Paraffin sections were cleaned and
permeabilized before being exposed to 50 pul TUNEL reac-
tion mixtures in a moist box for 60 min at 37°C in the dark.
After 30 min at 37°C in the presence of 50 ul of peroxidase,
sections were cleaned with PBS to convert the signal. Sub-
sequently, the sections were coated with 50 pl diaminoben-
zidine substrate solution and incubated there for 10 min at
25°C. Eventually, using a fluorescent microscope (BA410T,
MOTIC, Singapore), apoptotic cells were observed.

Flow cytometry

To assess cell apoptosis, the FITC apoptosis kit (KGA1030,
KeyGen, China) was served. Following treatment, trypsin-
digested cells were gathered and then resuspended in
500 yl binding bufter, following a 5-min centrifugation
at 2000 rpm. Subsequently, cells were then stained with
5 ul Annexin V-FITC and 5 ul Propidium Iodide in the
absence of light for 15 min. It was conducted using a flow
cytometer (A00-1-1102, Beckman, USA) to analyze the
apoptotic cells.

Reverse transcription-quantitative polymerase chain reac-
tion (RT-qPCR)

The manufacturer’s instructions were followed while
using the Trizol reagent (15596026, Thermo Fisher Sci-
entific, USA) to extract the total RNA. Using the mRNA
reverse transcription kit (CW2569, CWBIO, China),
the extracted total RNA served as a template to reverse
the cDNA. An UltraSYBR Mixture (CW2601, CWBIO,
China), cDNA, and primer RT-qPCR system were used
in the RT-qPCR (QuantStudiol, Thermo Fisher Scientific,

USA). RT-qPCR was done three times as the following
protocol: 2 min at 94°C, followed by 32 cycles (94°C for
30 s and 55°C for 45 s). GenePharma is where the primers
were produced. 2724¢T was implemented to quantify the
data. B-actin was applied for normalization. P38: forward,
5-GACTTTGCCTCTACCTAGTGAACCC-3’ and reverse
5-TTTATTTCCCCTCGCAAGTCCT-3". p65: forward,
5-GATTCCCGATCTATCCAGTGAACCC-3’ and reverse
5-ATCCTTTUUUUTAGACAGTCCT-3". AKT: forward,
5-AGGGAGGTGTCATCTCAACTGA-3’ and reverse
5-CTCAACTGGTGTCGTGGAGTC-3’. B-actin: forward,
5-ACCCTGAAGTACCCCATCGAG-3’ and reverse 5-AG-
CACAGCCTGGATAGCAAC-3.

Western blotting

To extract the whole protein, RIPA buffer (P0013B, Beyo-
time, China) was performed. For protein quantification,
a BCA kit was used. The protein (40 g per lane) was sepa-
rated via 10% SDS-PAGE. The membranes were incubated
overnight with primary antibodies. After then, proteins
were introduced to PVDF membranes (Invitrogen, USA).
Primary antibodies were added to the membranes and
incubated with them overnight. The membranes were then
blocked for 1 h with 5% skim milk. The primary antibod-
ies used in this experiment include: anti-P38 (Proteintech;
14064-1-AP, 1:1000, USA), anti-p-P38 (Abcam; ab195049,
1:1000, UK), anti-Bcl-2 (Proteintech; 26593-1-AP, 1:500),
anti-Bax (Proteintech; 50599-2-Ig, 1:5000), anti-caspase-3
(CST; #9661, 1:1000, USA), anti-p-p65 (Proteintech;
10088-1-AP, 1:500), anti-p65 (Proteintech; 18725-1-AP,
1:500), anti-AKT (Proteintech; 11306-1-AP, 1:5000), anti-
p-AKT (Proteintech; 11306-1-AP, 1:5000) and anti-p-actin
(Proteintech; 66009-1-Ig, 1:5000). The membranes were
then coated with secondary antibodies (HRP-conjugated,
Proteintech; SA00001-1, 1:5000) and incubated for 1 h.
For the examination of protein bands, enhanced chemilu-
minescence (ECL) (Invitrogen, USA) was used. For data
quantification, f-actin was adopted.

Molecular docking

The binding between polydatin and AKT was analysed using
PubChem and PDB (https://www.rcsb.org/). In brief, the
crystal compound formula of AKT with a resolution of less
than 2.5 A was obtained. The Autodock Vina software was
used for molecular docking, and Hydrogen atoms that were
added to the water molecules in AKT were deleted. Subse-
quently, the pro-protein ligands were extracted to generate
a docking cavity. PyMol 2.4.0 was performed to visualize
molecular docking results, and the stability of intermolecu-
lar binding between polydatin and AKT was reflected by
observing the docking affinity score.
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Statistical analysis

Each group underwent three separate experiments. Graph-
Pad Prism 9.0 software was used to evaluate all data results,
and the data were displayed as mean + SD. Using Student’s
t-tests, the two groups were compared, and one-way analysis
of variance (ANOVA) was performed to compare data from
various sets. p < 0.05 suggested an obvious difference.

Results

Polydatin improved TNF-a-induced C2CI12 cell injury

Firstly, we treated C2C12 cells with different concentra-
tions (10, 25, and 50 mg/I) of polydatin to study its impact
of polydatin on C2C12 cells. CCK8 data demonstrated that
polydatin at concentrations of 10-50 mg/l increased the
viability of C2C12 cells, with the most significant effect
observed at a concentration of 10 mg/ml (Fig. 1B). Next,
C2C12 cells were induced by 10 ng/ml TNF-a to establish
a skeletal muscle atrophy model in vitro. As shown in Figure
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1B, treatment with TNF-a resulted in a significant decrease in
cell confluence and number, but co-treatment with polydatin
partially eliminated these TNF-a-induced effects. Addition-
ally, we found that TNF-a treatment decreased cell viability,
and up-regulated the IL-1p level, both of which were reversed
by polydatin, with the most significant effect observed at
a concentration of 10 mg/1 (Fig. 1C,D). Therefore, we chose
to use 10 mg/l of polydatin for subsequent experiments.
Taken together, our data indicated that polydatin might
have a protective effect against TNF-a-induced damage in
C2C12 cells.

Polydatin inhibited TNF-a-induced apoptosis of C2C12
cells

Then, we investigated the effects of polydatin on TNF-a-
induced apoptosis of C2C12 cells. Flow cytometry analysis
revealed that TNF-a treatment induced the apoptosis of
C2C12 cells, while co-treatment with polydatin markedly
reduced TNF-a-induced apoptosis (Fig. 2A). In addition,
TNEF-a treatment greatly upregulated the expression of Bax
and cleaved caspase-3 and downregulated the expression of
Bcl-2 in C2C12 cells, while these phenomena were abolished

Figure 1. Polydatin im-
proved TNF-a-induced
C2C12 cell injury. C2C12
cells were exposed to poly-
datin for 24 or 48 h. A.
CCK8 assay was conducted
to determine the impact of
varying concentrations (10,
25, and 50 mg/l) of poly-
datin on C2C12 cell viability.
B.Microscopy was utilized to
investigate the morphology
of C2C12 cells when exposed
to 10 ng/ml TNF-a and/or
different concentrations (10,
25, and 50 mg/l) polydatin.
Scale bar = 100 um. C. The
viability of C2C12 cells in
different treatment groups
was assessed by CCK8 assay.
D. The contents of IL-1p in
supernatants of C2C12 cells
were examined by ELISA.
* p <0.05 compared to Con-
trol. * p < 0.05 compared to
Model. Model, cells treated
with TNF-a for 24 h; Poly-
datin-L, cells co-treated with

I Polydatin-M
Polydatin-H

TNF-a and 10 mg/1 polydatin for 24 h; Polydatin-M, cells co-treated with TNF-a and 25 mg/l polydatin for 24 h; Polydatin-H, cells

co-treated with TNF-a and 50 mg/l polydatin for 24 h.
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Figure 2. Polydatin in-
hibited TNF-a-induced
apoptosis of C2C12
cells. A. Flow cytometry
was used to detect the
apoptosis of C2C12 cells
exposed to 10 ng/ml
TNF-a and/or 10 mg/l
polydatin. B. The pro-
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by polydatin (Fig. 2B). Overall, our findings revealed that
polydatin inhibited TNF-a-induced apoptosis of C2C12
cells.

Polydatin reversed TNF-a-induced activation of AKT, NF-xB
and p38 MAPK signalings in C2C12 cells

To further study the mechanism of polydatin on TNF-a-
induced C2C12 cells, we performed RT-qPCR and Western
blot experiments. Our findings demonstrate that the mRNA
expression of AKT, p38 and p65 were notably elevated in
C2C12 cells following TNF-a treatment. However, treat-
ment with polydatin nullified this TNF-a-induced effect,
as illustrated in Figure 3A. Consistently, as demonstrated

>
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compared to Control.
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in Figure 3B, polydatin reversed the elevation in p38, p65
and AKT protein phosphorylation in C2C12 cells induced
by TNF-a. To sum up, these results indicated that polydatin
inhibited the TNF-a-induced activation of AKT, NF-«B and
p38 MAPK signaling pathways in C2C12 cells.

Polydatin could bind to AKT

Subsequently, we utilized molecular docking to forecast the
binding capacity of polydatin to AKT. As depicted in Figure
4A and B, polydatin might stably bind to GLY162, PHE161,
GLU198, THR195 and GLU191 sites of AKT protein, which
was mainly achieved by van der Waals force and conventional
hydrogen bonds.
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N
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T RN
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Figure 3. Polydatin reversed TNF-a-induced activation of AKT, NF-kB and MAPK/p38 signaling in C2C12 cells. A. The mRNA expres-
sion levels of AKT, p65 and p38 in C2C12 cells were detected by RT-qPCR. B. The phosphorylation levels of AKT, p38, and p65 proteins
in C2C12 cells were examined by Western blot. * p < 0.05 compared to Control. * p < 0.05 compared to Model.
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Figure 4. Polydatin could bind with AKT. Investigating the binding sites (A) and forces of interaction (B) between polydatin and AKT

through molecular docking.

Overexpression of AKT reversed the effect of polydatin on
TNF-a-treated C2C12 cells

Finally, AKT was overexpressed in C2C12 cells. As dem-
onstrated in Figure 5A-C, polydatin downregulated the
phosphorylation levels of AKT, p38, and p65 proteins and
IL-1p levels in TNF-a-induced cells, and also suppressed
apoptosis. However, these effects were countered by further
overexpression of AKT. Taken together, overexpression of
AKT reversed the effect of polydatin on TNF-a-treated
C2C12 cells.

Discussion

Skeletal muscle atrophy can result from various factors,
such as withdrawal (denervation, muscle unloading and
fixation), hunger, aging, and multiple disease states (dia-
betes, cancer, AIDS) (Chiappalupi et al. 2020; Wyart et al.
2022). TNF-a induced apoptosis is a potential mechanism
that leads to skeletal muscle atrophy (Schakman et al. 2012;
Gallo et al. 2015). This study investigated the potential of
polydatin in protecting skeletal muscle cells in a TNF-a-
induced muscle atrophy model. The primary finding sug-
gested that polydatin, through AKT-mediated p38 MAPK
and NF-«B pathways, inhibited apoptosis in TNF-a-treated
C2C12 cells, thereby preventing TNF-a-induced skeletal
muscle atrophy.

TNF-ais a versatile cytokine with various effects, and its
aberrant function is associated with several human diseases,
such as cancer (Cruceriu et al. 2020) and Alzheimer’s disease
(Decourt et al. 2017). Polydatin, a polyphenolic monomer
compound, has demonstrated therapeutic effects on various
diseases. However, the pharmacological effects and regula-
tory mechanisms of polydatin on skeletal muscle atrophy

have not been extensively explored. Our research discovered
that polydatin at concentrations of 10-50 mg/l enhanced
the viability of C2C12 cells, with the most significant im-
pact being observed at low concentrations. When C2C12
cells were exposed to 10 ng/ml of TNF-aq, the viability and
confluence of the cells were significantly reduced, and the
level of IL-1PB was up-regulated. Nevertheless, polydatin
was able to reverse the effects of TNF-a, with a significant
effect observed at 10 mg/1. This result could be attributed to
the activation of signaling pathways involved in cell growth
and proliferation by polydatin. At lower concentrations,
the drug may bind to target molecules, triggering cascade
reactions and releasing factors that promote cell growth and
proliferation, thereby enhancing cell viability. However, as
the drug concentration increases, it may trigger negative
feedback mechanisms or other antagonistic effects, inhib-
iting normal cell growth and proliferation. Furthermore,
at high concentrations, the drug may induce cytotoxic
effects leading to cell death. The specific mechanisms may
involve the affinity and selectivity of the drug towards
target molecules, as well as the modulation of relevant
signaling pathways. However, further research and valida-
tion are required to precisely elucidate these mechanisms.
Consequently, subsequent experiments utilized 10 mg/1 of
polydatin. Collectively, these results indicated that polydatin
could improve TNF-a-induced C2C12 cell injury.
Apoptosis is a highly regulated cell suicide program that
operates through finely controlled signaling pathways (Pist-
ritto et al. 2016). In skeletal muscle, apoptosis exhibits unique
characteristics due to the multinucleated nature of muscle
cells. Specifically, the apoptosis-induced decay of a muscle
nucleus does not result in “complete death” of muscle cells,
but rather leads to the loss of gene expression within the lo-
cal muscle nucleus domain, which can result in cell atrophy
(Marzetti etal. 2012). Gallo et al. (2015) reported that TNF-a
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treatment increased apoptosis and NF-kB in C2C12 cells, and
decreased AKT phosphorylation in C2C12 myotubes. Our
study found that TNF-a treatment promoted the apoptosis
of C2C12 cells, as evidenced by the increased expression of
cleaved caspase 3 and Bax, and the decreased expression of
Bcl-2. However, polydatin was seen to counteract these ef-
fects, indicating that polydatin could inhibit TNF-a-induced
apoptosis of C2C12 cells.

Many studies have shown that activation of inflamma-
tory cytokines and signaling pathways may be vital for
inducing muscle atrophy (Doyle et al. 2011; Zhang G et al.
2011). AKT, a serine/threonine protein kinase, has been
found to be closely related to the development of muscu-
loskeletal (Matheny et al. 2018; Jaiswal et al. 2019). NF-«xB
is the main transcription factor induced by TNF-a, and
its activation depends on the activity of AKT (Shang et al.

2019; Condorelli et al. 2002). Moreover, Lee et al. demon-
strated that Pyropia yezoensis protein could inhibit the NF-
kB pathway and antagonize the TNF-a-induced myotube
atrophy (Lee et al. 2021). p38 MAPK has been recognized
as a potential regulator of muscle catabolism, and targeting
p38 MAPK may promote myogenesis and treat muscular
dystrophy (Segalés et al. 2016; Brennan et al. 2021). Our
study found that TNF-a significantly increased the mRNA
and phosphorylation levels of AKT, p38 and p65 in C2C12
cells. However, treatment with polydatin inhibited these
TNF-a induced effects. Molecular docking data showed
that polydatin was predicted to bind to GLY162, PHE161,
GLU198, THR195 and GLU191 sites of AKT protein,
which was mainly achieved by van der Waals force and
conventional hydrogen bonds. Furthermore, overexpres-
sion of AKT led to upregulation of phosphorylation levels
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Figure 5. Overexpression of AKT reversed the inhibitory effect of polydatin on apoptosis of TNF-a-treated C2C12 cells. A. The
phosphorylation levels of AKT, p38, and p65 proteins in C2C12 cells were examined by Western blot. B. The contents of IL-1f in
supernatants of C2C12 cells were examined by ELISA. C. The apoptosis of C2C12 cells was assessed by TUNEL staining. Scale bar =
50 um. * p < 0.05 compared to Control. * p < 0.05 compared to Model. Polydatin, cells co-treated with TNF-a and 10 mg/l polydatin
for 24 h; Polydatin+oe-NC, cells were transfected with empty plasmid for 48 h, then co-treated with TNF-a and 10 mg/] polydatin for
24 h; Polydatin+oe-AKT, cells were transfected with AKT overexpression plasmid for 48 h, then co-treated with TNF-a and 10 mg/1

polydatin for 24 h.
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of AKT, p38, and p65 proteins, as well as IL-1P levels and
promoted cell apoptosis.

In summary, polydatin inhibited the activation of p38
MAPK and NF-«B pathways by binding to AKT, thereby
inhibiting TNF-a-induced apoptosis of C2C12 cells. Our
study suggested that polydatin could serve as a promis-
ing lead compound for developing therapeutic drugs for
TNF-a-induced skeletal muscle atrophy. However, in vivo
studies are critical for identifying the pharmacological effects
of polydatin in animal models.
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