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Abstract
Background Aging-related strength decline contributes to physiological deterioration and is a good predictor 
of poor prognosis. However, the mechanisms underlying neuromuscular junction disorders affecting contraction 
in aging are not well described. We hypothesized that the autocrine effect of interleukin (IL)-6 secreted by skeletal 
muscle inhibits acetylcholine receptor (AChR) expression, potentially causing aging-related strength decline. 
Therefore, we investigated IL-6 and AChR β-subunit (AChR-β) expression in the muscles and sera of aging C57BL/6J 
mice and verified the effect of IL-6 on AChR-β expression.

Methods Animal experiments, in vitro studies, bioinformatics, gene manipulation, dual luciferase reporter gene 
assays, and chromatin immunoprecipitation experiments were used to explore the role of the transcription cofactor 
peroxisome proliferator-activated receptor gamma coactivator 1-α (PGC1α) and its interacting transcription factors in 
the IL-6-mediated regulation of AChR-β expression.

Results IL-6 expression gradually increased during aging, inhibiting AChR-β expression, which was reversed by 
tocilizumab. Both tocilizumab and the PGC1α agonist reversed the inhibiting effect of IL-6 expression on AChR-β. 
Compared to inhibition of signal transducer and activator of transcription 3, extracellular signal-regulated kinases 
1/2 (ERK1/2) inhibition suppressed the effects of IL-6 on AChR-β and PGC1α. In aging mouse muscles and myotubes, 
myocyte enhancer factor 2 C (MEF2C) was recruited by PGC1α, which directly binds to the AChR-β promoter to 
regulate its expression.

Conclusions This study verifies AChR-β regulation by the IL-6/IL-6R-ERK1/2-PGC1α/MEF2C pathway. Hence, 
evaluating muscle secretion, myokines, and AChRs at an earlier stage to determine pathological progression is 
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Background
Sarcopenia, characterized by an aging-related decline in 
skeletal muscle mass, muscle strength, and/or physical 
performance, is responsible for the physiological deterio-
ration associated with aging (Cruz-Jentoft et al. 2019a, b). 
Older people use different motor unit activation strate-
gies during knee extension to generate the same amount 
of force as younger people, thereby concealing muscle 
strength changes and preventing early detection of physi-
ological deterioration (Ling et al. 2009). At a single-fiber 
level, the decline in strength is larger than the decline in 
muscle mass and occurs earlier (Ling et al. 2009; Ferrucci 
et al. 2012). The muscle mass gain cannot prevent the 
age-related decline in strength (Goodpaster et al. 2006). 
In the definition of sarcopenia revised by the European 
Working Group on Sarcopenia in Older People in early 
2018, the decrease in muscle strength, rather than the 
decrease in muscle mass, is the primary factor determin-
ing parameters of sarcopenia (Cruz-Jentoft et al. 2019a, 
b).

The typical pathology of sarcopenia is muscle atro-
phy and muscle loss, characterized by denervation-like 
changes thought to be due to motoneuron degeneration 
(Gustafsson and Ulfhake 2021). However, changes in 
the neuromuscular junction (NMJ), which mediates the 
excitation–contraction coupling between the nerve and 
muscle, emerge earlier during the disease (Larsson et al. 
2019; Ferraro et al. 2012). During the early aging stages, 
no notable atrophy of muscle fibers or changes in NMJ 
presynaptic and postsynaptic membranes emerge; how-
ever, the axoplasmic transport of motor nerves is altered. 
A decline in the expression of muscle-derived trophic 
signals, such as brain-derived neurotrophic factors and 
C-terminal agrin fragments, leads to disorders of axo-
plasmic transport and imbalances in denervation–rein-
nervation (Marzetti et al. 2014; Moreira-Pais et al. 2022). 
Hence, changes in the NMJ in early aging precede nerve 
degeneration and muscle atrophy (Alchin 2014). Ace-
tylcholine receptors (AChR) are indispensable for NMJ 
development, stabilization, and plasticity (Tintignac et 
al. 2015; Wang et al. 2018). Given that the postsynaptic 
domain appears to differentiate before innervation in the 
center of the muscle via pre-patterning (Darabid et al. 
2014), AChR-NMJ alterations are believed to be patho-
logically intrinsic to aging rather than a consequence of 
motoneuron degeneration (Blasco et al. 2020).

Chronic low-grade inflammation (LGI) is a low-grade 
and sterile inflammatory state that occurs with aging 

and is a major contributing factor to the pathogenesis of 
sarcopenia and other aging-related diseases (Fulop et al. 
2018). Skeletal muscle cells, as endocrine cells, secrete 
pro-inflammatory factors (called myokines), such as 
interleukin (IL)-6 and myostatin, to affect their func-
tion and that of multiple organs (Severinsen and Ped-
ersen 2020; Fu et al. 2020). Under LGI conditions, IL-6 
influences the synthesis and degradation of contraction-
related proteins through signal transducer and activator 
of transcription 3 (STAT3) and extracellular signal-regu-
lated kinases 1/2 (ERK1/2) pathways in skeletal muscles 
(Forcina et al. 2022). However, the effects and potential 
mechanisms of IL-6 on AChRs remain unclear.

The AChR β-subunit (AChR-β) plays a crucial role in 
agrin-induced cytoskeleton anchoring, aggregation, and 
stable clustering of AChRs (Rudell and Ferns 2013), mak-
ing it an indispensable component and a rate-limiting 
factor for maturation of the NMJ (Joassard et al. 2015). In 
contrast to increasing of AChR-ɑ and -γ mRNA expres-
sion in older women compared with young women, 
AChR-β mRNA decreases with aging (Soendenbroe et al. 
2020). In this study, we focused specifically on AChR-β 
and explored the effects of IL-6 on AChR-β expression 
in skeletal muscles during aging to elucidate the possible 
mechanisms involved in the decline in muscle strength.

Methods
Unless otherwise stated, all reagents were purchased 
from Sinopharm Chemical Reagents (Shanghai, China).

Preparation of animal models and acquisition of specimens
Skeletal muscle strength (as assessed by grip strength) 
of C57BL/6J mice increased continuously until the mice 
were 10 months old, and muscle strength began declin-
ing from 13 months old (Xie et al. 2021; Dijk et al. 2011, 
2017). In contrast, muscle mass did not decrease until 16 
months old. Therefore, 15-month-old early-aging mice 
were used in this study to avoid muscle atrophy (Dijk et 
al. 2017). Eight-week-old (adult), 15-month-old (early 
aging), and 20-month-old (aging) C57BL/6J mice were 
purchased from the Laboratory Animal Resources, Chi-
nese Academy of Sciences (Shanghai, China). The mice 
were housed in a well-controlled environment (55 ± 5% 
humidity, 12-h day/12-h night cycles, and 25 ± 2  °C) at 
the Laboratory Animal Research Center of the Tenth 
People’s Hospital (Shanghai, China). All experimental 
procedures and protocols were reviewed and approved 
by the Animal Experimentation Ethics Committee of the 

important. Moreover, developing intervention strategies for monitoring, maintaining, and improving muscle structure 
and function is necessary.
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Tenth People’s Hospital affiliated with Tongji University 
(SHDSYY-2020-2458).

The animals were divided into the following groups: 
adult, early aging, treatment control (early aging + phos-
phate-buffered saline [PBS]) group, treatment (early 
aging + drug treatment) group, and aging group. Each 
group comprised three males and three females (n = 6). 
The drug treatment group intraperitoneally received the 
IL-6 receptor antibody tocilizumab (HY-P9917, 100  µg/
mL in PBS; MedChemExpress, South Brunswick Town-
ship, NJ, USA). For each mouse, 100 µL of drug solu-
tion was administered once every 48 h for 20 days. The 
control group was administered the same volume of PBS 
intraperitoneally.

After treatment (20 days of drug administration), the 
mice were euthanized by an intraperitoneal injection of 
10% chloral hydrate (0.35 mL/100  g weight). The blood 
collected from the heart was centrifuged at 1500 ×g for 
10 min at 4 °C to harvest the serum. Simultaneously, the 
extensor digitorum longus (EDL), soleus (SOL), and tibi-
alis anterior (TA) muscles were harvested. Serum and 
muscles specimens were stored at − 80 °C.

Cell culture and differentiation induction
The mouse myoblast cell line C2C12 was maintained in 
Dulbecco’s modified Eagle medium (DMEM) containing 
10% fetal bovine serum (Gibco, Thermo Fisher Scien-
tific, Waltham, MA, USA) and differentiated in DMEM 
supplemented with 2% horse serum (Gibco) after reach-
ing a confluence of approximately 70–80%, as previously 
described (Huang et al. 2019). After six days, the dif-
ferentiated C2C12 myotubes were used for subsequent 
experiments.

Plasmid construction
The full-length complementary DNA (cDNA) of myo-
cyte enhancer factor 2  C (MEF2C; synthesized by San-
gon Biotech, Shanghai, China) was cloned into plasmid 
cloning DNA (pcDNA)3.1(+) myc-His A between EcoRI 
and XhoI sites to obtain pcDNA3.1-MEF2C plasmid. The 
plasmid was used to measure MEF2C overexpression. 
For the luciferase reporter assay, the AChR promotor 
sequence (from − 2000  bp to + 50  bp of the transcrip-
tion initiation site), synthesized by General Biosystems, 
was cloned into pGL3 plasmid (Promega, Madison, WI, 
USA) between the MluI and SmaI sites. According to the 
manufacturer’s instructions, pGL3-AChR mutant lucif-
erase reporter plasmids with mutations in the predicted 
binding region were constructed with QuikChange™ Site-
Directed Mutagenesis Kit from Stratagene. The mutant 
sequences of the pGL3-AChR mutant reporter plasmids 
were as follows: pGL3-AChR mut1, 5′- C T G T T G T T A 
T A-3′ to 5′- A A A A A A A A A A A-3′; pGL3-AChR mut2, 
5′- T A T A G A C A C A T-3′ to 5′- A A A A A A A A A A A-3′; 

pGL3-AChR mut3, 5′- T A T A G T G A C G A-3′ to 5′- A A A A 
A A A A A A A-3′.

Cell transfection
For transfection of the overexpression plasmid, C2C12 
myotubes in 12-well plates were transfected with the 
pcDNA3.1-MEF2C plasmid at a final concentration of 
1 µg in 1 mL of the culture medium per well using Lipo-
fectamine 3000 reagent (Invitrogen, Carlsbad, CA, USA).

For transfection of small interfering RNA (siRNA), 
C2C12 myotubes in 12-well plates were transfected with 
MEF2C siRNAs at a final concentration of 50 nM in 1 mL 
of the culture medium per well using Lipofectamine 3000 
reagent. The siRNA sequences of MEF2C with a mixture 
of two oligos (synthesized by General Biosystems, Shang-
hai, China) were as follows: siMEF2C-1, 5′- U G G A U A A G 
G U G U U G C U C A A-3′ (dTdT) and 5′- U U G A G C A A C A C 
C U U A U C C A-3′ (dTdT); siMEF2C-2, 5′- G G A A A U U U G 
G A U U G A U G A A-3′ (dTdT) and 5′- U U C A U C A A U C C A 
A A U U U C C-3′ (dTdT); siMEF2C-3, 5′- C A A G A A U A U A 
C A A G C C A A A-3′ (dTdT) and 5′- U U U G G C U U G U A U A 
U U C U U G-3′ (dTdT). The siMEF2C-2 was used in sub-
sequent studies based on the observed effect of different 
siRNAs on MEF2C expression.

After plasmid or siRNA transfection for 48  h, the 
cells were harvested to extract total RNA or for western 
blotting.

Enzyme-linked immunosorbent assay
Following the manufacturer’s instructions, IL-6 lev-
els were quantified using a commercial enzyme-linked 
immunosorbent assay kit (PI326, Beyotime Biotechnol-
ogy, Shanghai, China). The absorbance value was mea-
sured at 450 nm using a microplate reader.

Protein extraction and quantification
Mouse muscle tissues were cut and placed in a crush-
ing tube with 4–6 magnetic beads; pre-chilled RIPA buf-
fer was added to the tube, immediately placed into the 
crusher, and crushed at 60  Hz for 10  min. The homog-
enate was centrifuged at 10,000 ×g and 4  °C for 20 min, 
and the supernatant was collected.

C2C12 myotubes were homogenized with a lysis buf-
fer containing RIPA buffer and protease inhibitor cock-
tails (1:1000; Sigma-Aldrich, St. Louis, MO, USA) on 
ice before centrifugation (10 000 ×g, 10 min) to remove 
insoluble material. The protein concentration was deter-
mined using the Bradford assay with bovine serum albu-
min as the standard.

Western blotting
Protein samples were analyzed with antibodies against 
IL-6 (1:1000, ab259341, Abcam, Cambridge, UK), 
AChR-β (1:500, sc-65813; Santa Cruz Biotechnology, 
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Dallas, TX, USA), peroxisome proliferator-activated 
receptor gamma coactivator 1-α (PGC1ɑ; 1:2000, 
ab313559; Abcam, Cambridge, UK), and MEF2C (1:1000, 
ab211493; Abcam, Cambridge, UK). Each blot shown in 
the figures is representative of at least three experiments. 
Protein expression was detected via enhanced chemilu-
minescence (Merck KGaA, Darmstadt, Germany) and 
normalized against tubulin.

Reverse transcription-polymerase chain reaction
Total RNA from muscles or C2C12 from myotubes was 
extracted using TRIzol reagent (19C30; Thermo Fisher 
Scientific) following the manufacturer’s instructions. 
RNA (1 µg) was used to perform first-strand cDNA syn-
thesis and reverse transcription using a PrimeScript 
reagent kit (RR037A; TakaraBio, Shiga, Japan). Real-time 
polymerase chain reaction (PCR) analyses were per-
formed using ABI 7900 (Roche, Basel, Switzerland) with 
FastStart Universal SYBR Green Master (Roche). Follow-
ing initial denaturation at 95 °C for 2 min, the PCR condi-
tions comprised 40 cycles at 95 °C for 10 s and 60 °C for 
60  s. Relative gene expression was calculated using the 
2–ΔΔCt method and normalized against the housekeeping 

gene β-actin to compensate for variations in input cDNA. 
The PCR primers used in this study are listed in Table 1.

Luciferase reporter assay
The HEK-293 cells were plated in 24-well plates and 
co-transfected with 0.5  µg pcDNA3.1-MEF2C plasmid, 
0.2  µg reporter plasmid, and 0.02  µg pRL-TK plasmid. 
After transfection for 48 h, the cell lysates were prepared, 
and reporter activities were evaluated using the Dual-
Luciferase Reporter Assay System (Promega) according 
to the manufacturer’s instructions.

Chromatin immunoprecipitation (ChIP) assays
For immunoprecipitation, 20 µL of protein A/G mag-
netic beads slurry (88802; Thermo Fisher Scientific) was 
washed with lysis buffer and incubated with 2 µg anti-
MEF2C antibody (ab211493; Abcam, Cambridge, UK) or 
normal rabbit IgG antibody (CST) in 200 µL lysis buffer 
for 4  h at 4°C. The antibody-bound beads were washed 
three times with lysis buffer, and incubated with the 
supernatant of cell lysates overnight at 4°C. For DNA 
extraction, the beads were resuspended in 400 µL 100 
mM Tris-HCl pH 7.5, 50 mM NaCl, 10 mM ethylene-
diaminetetraacetic acid containing 10  mg/mL protease 
K (Millipore) and incubated for 30 min at 37°C. Finally, 
the MEF2C-binding DNA was obtained using phenol-
chloroform extraction. Extracted DNA sample (the input 
sample and ChIP DNA sample) was used for quantitative 
PCR amplification using AChR-β primers (forward, 5’- T 
A C A G T C C T G A A C C A C T T G C C-3’; reverse, 5’- G C T A G 
G T G A T A T T G A A G A G C-3’).

Statistical analysis
For pairwise comparison analysis, data are presented 
as mean ± standard error. Statistical significance was 
assessed using an unpaired Student’s t-test and a one- or 
two-way analysis of variance with Bonferroni post hoc 
comparisons using SPSS software (v.22.0; IBM Corp., 
Armonk, NY, USA). P < 0.05 was considered statistically 
significant.

Results
Increase in IL-6 levels during aging inhibited AChR-β 
expression in skeletal muscle
First, serum and skeletal muscle IL-6 expression lev-
els were analyzed in adult, early-aging, and aging mice. 
Compared with that of eight-week-old adult mice, plasma 
IL-6 levels of early-aging and aging mice were signifi-
cantly elevated (P < 0.01; see Additional file Fig. S1). IL-6 
gene and protein expression levels in all skeletal muscles 
increased significantly with aging (P < 0.01; Fig.  1A and 
B); EDL showed the most significant increase. Moreover, 
AChR-β gene expression and protein levels in all skele-
tal muscles of early-aging and aging mice were reduced 

Table 1 qPCR primers used in this study
Primer name Primer sequence (5ʹ → 3ʹ)
IL-6 Forward  T A C C A C T T C A C A A G T C G G A G G C
IL-6 Reverse  C T G C A A G T G C A T C A T C G T T G T T C
AChR-β Forward  A A G T C A A C C G C C A C C T T C A G A C
AChR-β Reverse  G T A G C C A A T C A C A G T G T A G A G G G
PGC1ɑ Forward  G A A T C A A G C C A C T A C A G A C A C C G
PGC1ɑ Reverse  C A T C C C T C T T G A G C C T T T C G T G
MEF2C Forward  G T G G T T T C C G T A G C A A C T C C T A C
MEF2C Reverse  G G C A G T G T T G A A G C C A G A C A G A
MEF2D Forward  G G T T T C C G T G G C A A C A C C A A G T
MEF2D Reverse  G C A G G T G A A C T G A A G G C T G G T A
ERR1 Forward  A C T A C G G T G T G G C A T C C T G T G A
ERR1 Reverse  G G T G A T C T C A C A C T C A T T G G A G G
PPAR-ɑ Forward  A C C A C T A C G G A G T T C A C G C A T G
PPAR-ɑ Reverse  G A A T C T T G C A G C T C C G A T C A C A C
PPAR-γ Forward  G T A C T G T C G G T T T C A G A A G T G C C
PPAR-γ Reverse  A T C T C C G C C A A C A G C T T C T C C T
Hnf4ɑ Forward  T G C G A A C T C C T T C T G G A T G A C C
Hnf4ɑ Reverse  C A G C A C G T C C T T A A A C A C C A T G G
GR Forward  T G G A G A G G A C A A C C T G A C T T C C
GR Reverse  A C G G A G G A G A A C T C A C A T C T G G
FOXO-1 Forward  C T A C G A G T G G A T G G T G A A G A G C
FOXO-1 Reverse  C C A G T T C C T T C A T T C T G C A C T C G
Actin Forward  C A T T G C T G A C A G G A T G C A G A A G G
Actin Reverse  T G C T G G A A G G T G G A C A G T G A G G
qPCR, quantitative polymerase chain reaction, AChR-β, Acetylcholine receptor 
β-subunit; IL, interleukin; MEF, myocyte enhancer factor; PGC1α, Peroxisome 
proliferator-activated receptor gamma coactivator 1-α; Hnf4ɑ; hepatocyte 
nuclear factor 4-α; GR, glucocorticoid receptor; FOXO-1, Forkhead box protein 
O1
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compared with those in adult mice; the EDL (P < 0.01) 
and TA (P < 0.05) showed the most significant reductions 
(Fig. 1C and D).

Next, tocilizumab, the IL-6 receptor antibody, was used 
to block the action of IL-6 (Tanaka et al. 2018). Following 
the intraperitoneal injection of tocilizumab, serum IL-6 
levels in early-aging mice remained unaffected (P = 0.08; 
see Additional file Fig. S1). AChR-β gene expression 
and protein levels in all skeletal muscles were signifi-
cantly elevated (mRNA expression, + 1.85-fold vs. early 

aging con, P = 0.0049 in EDL, + 1.39-fold vs. early aging 
con, P = 0.0316 in SOL, + 1.98-fold vs. early aging con, 
P < 0.0039 in TA; protein expression, + 1.86-fold vs. early 
aging con, P = 0.0019 in EDL, + 1.38-fold vs. early aging 
con, P = 0.0015 in SOL, + 1.39-fold vs. early aging con, 
P = 0.0053 in TA), especially in the EDL (Fig. 1E and F).

Fig. 1 Acetylcholine receptor β-subunit (AChR-β) expression in skeletal muscle is inhibited by interleukin (IL)-6 during aging. A and B: IL-6 gene and 
protein expression levels in the extensor digitorum longus (EDL), gastrocnemius soleus (SOL), and tibialis anterior (TA) muscles during aging. C and D: 
AChR-β gene and protein expression levels in EDL, SOL, and TA muscles during aging. E and F: AChR-β gene and protein expression levels in early-aging 
mice after tocilizumab treatment. *P < 0.05, **P < 0.01, ***P < 0.001. Each group comprised three males and three females, n = 6. The data are from three 
independent experiments
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PGC1α regulated the effects of IL-6 on AChR-β expression 
in skeletal muscles
Inhibition of IL-6 reversed the decrease in PGC1α expression 
in fast-twitch skeletal muscle during aging
The correlation between the decline in skeletal muscle 
contractile activity and mitochondrial function dur-
ing aging may be linked to the transcription cofactor 
PGC1α (Gill et al. 2018). In the comparative analysis of 
PGC1α expression in the skeletal muscle of adult, early-
aging, and aging mice, the gene and protein expression 
of PGC1α in the EDL and TA muscles decreased during 
aging, with EDL exhibiting the most significant decrease 
(P < 0.01; Fig. 2A and B). When tocilizumab was admin-
istered, the decrease in PGC1α expression in the EDL 
and TA muscles of the early-aging mice was reversed 
(P < 0.01; Fig. 2C and D).

PGC1α regulated the effects of IL-6 on AChR-β expression
IL-6 (5, 25, and 100 ng/mL) was applied to C2C12 myo-
tubes [see Additional file Fig. S2], for 24  h to model 

long-term IL-6 treatment (Muñoz-Cánoves et al. 2013). 
The results showed that IL-6 inhibited AChR-β and 
PGC1α gene expressions in a dose-dependent man-
ner (Fig.  3A). Simultaneously, cytoplasmic AChR-β 
and PGC1α protein levels gradually decreased with the 
increase in IL-6 concentration (Fig. 3B). Pretreatment of 
skeletal muscle cells with tocilizumab (5 µg/mL) reversed 
the inhibitory effect of IL-6 (100 ng/mL) on AChR-β 
and PGC1α gene (P < 0.05; Fig. 3C) and protein (P < 0.01; 
Fig. 3D) expression levels.

Additionally, the administration of ZLN005 (10 µM, a 
PGC1α agonist) promoted baseline AChR-β expression 
in skeletal muscle cells (P < 0.001); in contrast, 10 µM of 
SR18292, a PGC1α inhibitor, significantly inhibited the 
AChR-β expression (P < 0.01) [see Additional file Fig. S3]. 
In C2C12 myotubes treated with 100 ng/mL of IL-6, the 
addition of ZLN005 reversed the IL-6-mediated inhi-
bition of AChR-β gene expression (+ 2.17-fold vs. IL-6, 
P = 0.0029) and protein expression (+ 2.65-fold vs. IL-6, 
P = 0.0001) (Fig.  3E and F). These results suggest that 

Fig. 2 Interleukin (IL)-6-meditated peroxisome proliferator-activated receptor gamma coactivator 1-α (PGC1α) inhibition in skeletal muscle during aging. 
A and B: PGC1α gene and protein expression levels in EDL, SOL, and TA muscles during aging. C and D: PGC1α gene and protein expression levels in 
early-aging mice after treatment with tocilizumab. EDL, extensor digitorum longus; SOL, gastrocnemius soleus; TA, tibialis anterior. *P < 0.05, **P < 0.01, 
***P < 0.001. Each group comprised three males and three females. n = 6. The data are from three independent experiments
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PGC1α regulates the inhibition of AChR-β expression by 
IL-6.

ERK1/2 was the key cytoplasmic factor involved in the 
regulation of AChR-β expression by IL-6
The cytoplasmic IL-6/IL-6R signaling pathway involved 
in the regulation of AChR-β was investigated by admin-
istering STAT3 inhibitor C188-9 (HY-112288, MCE; 10 
µM) (Silva et al. 2015) and ERK1/2 inhibitor pd98059 
(HY-12028, MCE; 20 µM) in C2C12 myotubes (Paola et 
al. 2010). C188-9 did not reverse the inhibitory effect of 

IL-6 on PGC1α and AChR-β (P > 0.05), whereas pd98059 
significantly enhanced PGC1α (mRNA expression, vs. 
IL-6, P < 0.01; protein expression, vs. IL-6, P < 0.05,) and 
AChR-β (mRNA expression, vs. IL-6, P < 0.01; protein 
expression, vs. IL-6, P < 0.01) expression in C2C12 myo-
tubes following treatment with IL-6, thereby restoring 
the expression to baseline levels (Fig. 4A and B).

Fig. 3 PGC1α regulates the inhibition of AChR-β expression by IL-6. A: PGC1α and AChR-β gene expression in C2C12 myotubes following treatment with 
5, 25, and 100 ng/mL of IL-6. B: PGC1α and AChR-β protein expression levels in C2C12 myotubes after treatment with IL-6. C: PGC1α and AChR-β gene 
expression in IL-6-treated C2C12 myotubes after treatment with 5 µg/mL tocilizumab. D: PGC1α and AChR-β protein expression levels in IL-6-treated (100 
ng/mL) C2C12 myotubes after treatment with tocilizumab. E and F: AChR-β gene and protein expression levels in IL-6-treated C2C12 myotubes after 
treatment with ZLN005. PGC1α, peroxisome proliferator-activated receptor gamma coactivator 1-α; AChR-β, acetylcholine receptor β-subunit; IL, interleu-
kin. n = 3. *P < 0.05, **P < 0.01, ***P < 0.001, #P < 0.05, ##P < 0.01, ###P < 0.001. The data are from three independent experiments
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Transcription factor MEF2C was the key transcription factor 
recruited by PGC1α to regulate AChR-β expression
Combination of PGC1α and MEF2C mediated the regulation 
of AChR-β expression in skeletal muscles
PGC1α has been theorized to recruit other transcription 
factors and form a complex to regulate the transcription 
of target genes (Chen et al. 2022). Eight transcription 
factors, MEF2C/delta8 [T01769], MEF2DAB [T02505], 
estrogen-related receptor 1 [T04849], peroxisome pro-
liferator-activated receptor (PPAR)-gamma: RXR-alpha 
[T05236], PPARα [T00694], glucocorticoid receptor 
[T00335], hepatocyte nuclear factor 4-α [T05287], and 

forkhead box protein O1 [T04203], were selected based 
on the bioinformatics analysis using the PROMO data-
base, which predicted binding sites with the AChR-β pro-
moter and also interacting with PGC1α.

MEF2C was selected as the candidate transcription 
factor recruited by PGC1α [Fig. 5] based on the coordi-
native increase in PGC1α and MEF2C levels in C2C12 
myotubes induced by increased intramyocellular calcium 
levels following treatment with ionomycin (HY-13434, 
MCE; 0.5 µM) (Huang et al. 2019). Further, the MEF2C-
RNAi was constructed [see Additional file Fig. S4], 
which significantly reduced ionomycin-induced AChR-β 
expression (P < 0.05; Fig. 6A and B). MEF2C overexpres-
sion [see Additional file Fig. S4] significantly promoted 
AChRβ expression in myotubes and reversed the inhibi-
tion of AChR-β expression by IL-6 (P < 0.01; Fig. 6C and 
D).

Interactions between MEF2C and the AChR-β promoter
Three binding sites, − 442 to − 452; − 954 to − 964; and 
− 1445 to − 1455, were predicted through bioinformat-
ics analysis using the PROMO database for investigating 
the interactions between MEF2C and the AChR-β pro-
moter [see Additional file Fig. S5]. A full-length lucifer-
ase reporter gene plasmid encoding the wild-type (WT) 
AChR-β promoter region, three mutant plasmids, and 
transcription factor plasmids were constructed (Fig. 6E). 
The luciferase reporter gene WT plasmid, mutant plas-
mid, and transcription factor plasmid were co-trans-
fected into HEK-293 cells, and the resulting fluorescence 
intensity was examined. Fluorescence ratio values were 

Fig. 5 MEF2C was selected as the candidate transcription factor recruited 
by PGC1α. The expression of PGC1α and the eight candidate transcription 
factors in C2C12 myotubes induced by ionomycin was determined based 
on the bioinformatics analysis using the PROMO database. n = 3. *P < 0.05. 
**P < 0.01. ***P < 0.001

 

Fig. 4 ERK1/2 activates PGC1α-mediated regulation of AChR-β expression following IL-6 treatment. A: PGC1α and AChR-β gene expression in IL-6-treated 
C2C12 myotubes following administration of STAT3 and ERK1/2 inhibitors, C188-9 (10 µM) and pd98059 (20 µM), respectively. B: PGC1α and AChR-β 
protein expression levels in IL-6-treated C2C12 myotubes following administration of STAT3 and ERK1/2 inhibitors. ERK 1/2, extracellular signal-regulated 
kinase; PGC1α, peroxisome proliferator-activated receptor gamma coactivator 1-α; AChR-β, acetylcholine receptor β-subunit; IL, interleukin; STAT3, signal 
transducer and activator of transcription 3. n = 3. *P < 0.05, **P < 0.01, ***P < 0.001, #P < 0.05, ##P < 0.01. The data are from three independent experiments
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significantly higher than those in other sites (P < 0.01; 
Fig.  6E), indicating that this site constitutes the binding 
site for MEF2C in the AChR-β promoter region. Further-
more, the MEF2C binding of the − 1445 to − 1455 region 
was verified using qPCR-ChIP analyses following iono-
mycin stimulation of C2C12 cells (P < 0.001; Fig. 6F).

MEF2C decreased during aging and was affected by IL-6
MEF2C expression in the EDL, SOL, and TA in early-
aging and aging mice was significantly lower than that in 
eight-week-old adult mice (Fig. 7A and B), and this trend 
intensified with aging. When tocilizumab was adminis-
tered, the decrease in MEF2C expression in skeletal mus-
cles of early-aging mice was reversed in the TA (P < 0.05), 
whereas no significant changes were observed in the EDL 
and SOL (P > 0.05; Fig. 7C and D).

Further, the administration of different concentrations 
of IL-6 (5, 25, and 100 ng/mL) in C2C12 myotubes for 
24 h resulted in a gradual decrease in MEF2C expression, 
indicated by an increase in IL-6 concentration (Fig.  7E 
and F). In addition, the inhibitory action of IL-6 (100 
ng/mL) on MEF2C gene (P < 0.05; Fig.  7G) and protein 

(P < 0.05; Fig.  7H) expression was reversed by pretreat-
ment with tocilizumab. Therefore, both in vitro and in 
vivo studies show that IL-6 inhibited MEF2C expression.

Discussion
LGI is a major causal factor that promotes aging. Consid-
ering that myokines are secreted by skeletal muscle, it is 
plausible that there is an autocrine effect on the muscle 
itself. To our knowledge, the present study is the first 
to report that IL-6 expression is gradually increased in 
mouse skeletal muscle during aging. Moreover, the study 
is the first to report that IL-6 binds to IL-6R on the skel-
etal muscle surface to inhibit AChR-β expression through 
the ERK1/2-PGC1/MEF2C signaling pathway, resulting 
in NMJ dysfunction and a decline in muscle contrac-
tion. Thus, skeletal muscle may actively change its con-
traction to adapt to aging through the autocrine effect of 
myokines.

Skeletal muscle atrophy and strength loss are typical 
features of sarcopenia. Patients with sarcopenia consis-
tently display a severe decline in motor function upon 
reaching a stage where effective clinical intervention is 

Fig. 6 MEF2C recruitment by PGC1α targeting AChR-β promoter sequences to regulate transcription in skeletal muscle. A and B: PGC1α and AChR-β 
gene and protein expression in ionomycin-treated (0.5 µM) C2C12 myotubes following treatment with MEF2C-RNAi. C and D: AChR-β gene and protein 
expression levels in IL-6-treated C2C12 myotubes following MEF2C overexpression. E: Three binding sites, − 442 to − 452, −954 to − 964, and − 1445 to 
− 1455, were predicted by bioinformatics analysis using the PROMO database. F: Accordingly, − 1445 to − 1455, was determined to have the highest dural 
luciferase activity compared to other regions and was, thus, set as possible binding sites. G: ChIP assays demonstrated that MEF2C bound at − 1445 to 
− 1455 in the promoter region. MEF2C, myocyte enhancer factor 2 C; PGC1α, peroxisome proliferator-activated receptor gamma coactivator 1-α; AChR-β, 
acetylcholine receptor β-subunit; IL, interleukin; ChIP, chromatin immunoprecipitation.*P < 0.05, **P < 0.01, ***P < 0.001, #P < 0.05, ##P < 0.01, ###P < 0.001. 
The data are from three independent experiments
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Fig. 7 Myocyte enhancer factor 2 C (MEF2C) expression in skeletal muscle was inhibited by interleukin (IL)-6. A and B: MEF2C expression in EDL, SOL, and 
TA muscles during aging. C and D: MEF2C expression in early-aging mice after treatment with tocilizumab. E and F: MEF2C gene and protein expression 
in C2C12 myotubes following treatment with 5, 25, and 100 ng/mL of IL-6. G and H: MEF2C gene and protein expression in IL-6-treated C2C12 myotubes 
with tocilizumab. EDL, extensor digitorum longus; SOL, gastrocnemius soleus; TA, tibialis anterior. *P < 0.05. **P < 0.01, ***P < 0.001. #P < 0.05. In vivo, n = 6; 
in vitro, n = 3. The data are from three independent experiments
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challenging (Correa-de-Araujo and Bhasin 2022). There-
fore, it is necessary to explore and identify the changes 
in skeletal muscle in the early stages of aging, i.e., the 
pre-sarcopenia stage. The stage is characterized by the 
decline in contraction without typical structural changes, 
such as muscle atrophy, and the decrease in new muscle 
fibers (Schaap et al. 2013, 2018). Muscle contractions are 
triggered by acetylcholine signal transduction at the NMJ. 
which relies on AChRs. The AChRs are heteromeric 
transmembrane proteins composed of four constitutive 
subunits (2α, 1β, and 1δ), and one variable γ subunit, 
which switches to ε during muscle development to form 
adult AChRs, on the postsynaptic membrane. After the 
development period, the NMJs of adult mice maintain 
stability for a long time; however, once mice reach 12–18 
months of age (early aging), a small proportion of their 
NMJs show a loss of motor terminal branches and AChRs 
(Jang and Remmen 2011). With advancing age, AChRs 
are further decreased, and increased endplate fragmenta-
tion and reduced overlapping between the nerve termi-
nal and AChRs contribute to NMJ dysfunction (Bao et 
al. 2020). This study demonstrates that AChR-β expres-
sion in the skeletal muscle decreases in early-aging mice. 
Considering the necessity of AChR-β for NMJ func-
tion (Papke and Lindstrom 2020), the decline in AChR 
expression, which represents muscle dysfunction, is pos-
sibly a salient manifestation of pre-sarcopenia. Therefore, 
future studies must focus on the changes in the AChRs-
NMJ in skeletal muscles and develop novel methods and 
standards to detect these pre-sarcopenia changes.

During aging, muscle atrophy, increased fiber hetero-
geneity, and decreased muscle fibers occur, especially for 
fast-twitch (type II) fibers (Nishikawa et al. 2021). As type 
II fibers can produce a higher maximal contractile force 
than that produced by slow-twitch fibers, selective loss of 
those fibers causes muscle strength loss in adults over 55 
years of age (Verdijk et al. 2010). Our study indicated that 
AChR-β expression in both fast-twitch and slow-twitch 
muscles decreased with aging, with the most significant 
decrease occurring in the fast EDL, representing the pos-
sible principal molecular mechanisms of pre-sarcopenia. 
Therefore, AChR imaging and quantitative analysis may 
be potential biomarkers to assess skeletal muscle func-
tion during aging (Hu et al. 2021).

Aging-related LGI is characterized by high levels of 
circulating pro-inflammatory markers, such as IL-6, 
primarily secreted by active skeletal muscle cells (Ped-
ersen and Fischer 2007). During aging, IL-6 contributes 
to decreased skeletal muscle strength, mass, function, 
and training-mediated adaptation (Grosicki et al. 2020; 
Visser et al. 2002). Population data have indicated 
that IL-6 and tumor necrosis factor α levels are signifi-
cantly increased in older adults with sarcopenia (Bian 
et al. 2017); the higher the levels of IL-6 and C-reactive 

protein, the greater the risk of muscle loss (Schaap et 
al. 2006). In transgenic mice with IL-6 overexpression, 
muscle atrophy can be reversed entirely following treat-
ment with an IL-6 receptor antibody (Tsujinaka et al. 
1996). Long-term exposure to high IL-6 levels can result 
in muscle atrophy and muscle strength decline by pro-
moting muscle catabolism (Pelosi et al. 2021). In 2020, 
a randomized controlled trial concluded that the age-
related increase in circulating IL-6 levels was a key factor 
in the decline in skeletal muscle strength, mass, func-
tion, and training-mediated adaptations among 99 older 
adults (Grosicki et al. 2020). In this study, serum and 
skeletal muscle IL-6 levels in mice gradually increased 
with aging, whereas skeletal muscle AChR-β expression 
gradually declined; the AChR-β expression in skeletal 
muscle was significantly increased with the administra-
tion of IL-6R antibody. As demonstrated in aging C2C12 
myoblasts induced by C2-ceramide at a concentration 
of 50 mM for 8 h, the IL-6 gene and protein expression 
increased, whereas that of PGC1α, MEF2C, and AChR-β 
decreased (see Additional file Fig. S6). Thus, the chronic 
inflammation induced by IL-6 with aging may be a major 
reason for the changes in AChR-β in skeletal muscle. IL-6 
secretion is an active change in aging skeletal muscle and 
may be a promising target for improving skeletal muscle 
strength (Yano et al. 2019; Pototschnig et al. 2023).

PGC1α is a key factor in regulating mitochondrial 
function and skeletal muscle metabolism and plays a 
major role in the differentiation and maintenance of skel-
etal muscle fibers (Halling et al. 2019). Our study, in par-
allel with previous reports (Gill et al. 2018), found that 
PGC1α levels gradually declined with aging. Further-
more, the decline in PGC1α was inversely correlated with 
the increase in IL-6 secretion during aging, and the IL-6 
receptor antibody significantly increased both PGC1α 
and AChR-β expression. The activation of PGC1α 
reverses the inhibitory effect of IL-6 on AChR-β expres-
sion, consistent with a previous study reporting that the 
overexpression of PGC1α improves AChR expression 
(Handschin et al. 2007). Thus, activation of the PGC1α 
pathway promotes the upregulation of AChR-β expres-
sion and stabilizes the NMJ (Arnold et al. 2014).

PGC1α expression is regulated by the activation of 
reactive oxygen species through the ERK1/2-cyclic 
adenosine triphosphate response element-binding pro-
tein pathway (Espinoza et al. 2017). Consistent with this 
notion, our study revealed that the IL-6/IL-6R auto-
crine effect of skeletal muscles regulates the expression 
of PGC1α by the ERK1/2 pathway instead of the classic 
inflammatory STAT3 pathway, which further enters the 
nucleus to influence the expression of AChR-β. As a tran-
scription cofactor, PGC1α often forms complexes with 
other transcription factors to mediate the regulation 
of target gene expression. Based on the bioinformatics 
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prediction, as verified by dual-luciferase reporter gene 
technology, our results showed that MEF2C directly 
binds to the promoter of AChR-β. Consistent with the 
age-related changes in MEF2C reported previously (Tay-
lor and Hughes 2017), the MEF2C levels also decreased 
in early-aging mice in the present study, although IL-6 
receptor antibodies could not reverse this decline. Hence, 
activation of the ERK1/2-PGC1α signaling pathway 
recruits MEF2C to regulate AChR-β expression. As a 
member of the MEF2 family, MEF2C plays an essential 
role in skeletal muscle growth, proliferation, differentia-
tion, and the maintenance of fiber type (Dong et al. 2017; 
Potthoff et al. 2007). The results of this study demon-
strate that PGC1α/MEF2C may be significant in regulat-
ing AChR-β expression throughout the growth cycle of 
the body.

The present study is the first to describe the autocrine 
effect of IL-6 on skeletal muscle. The autocrine effects of 
IL-6, which differs from those of classic inflammatory 
effects, directly regulate AChR-β expression and skel-
etal muscle contraction by recruiting MEF2C through 
the ERK1/2-PGC1α pathway. As reported by Yang et 
al. (Yang et al. 2022), the function of PGC1α and the 

mitochondria of skeletal muscle can also be inhibited by 
IL-6. Therefore, our data are the first to verify the effect 
by which the IL-6-ERK1/2-PGC1α/MEF2C signaling 
pathway regulates AChR-β expression and NMJ function 
(Fig.  8). Furthermore, the study demonstrates a broad 
and complex interaction between chronic inflammation, 
exercise capacity, mitochondrial function, and energy 
metabolism in aging skeletal muscle (Fealy et al. 2021; 
Gill et al. 2019).

Conclusions
This study verified the key role of myokines, specifically 
IL-6, in skeletal muscle aging, thereby suggesting the 
necessity to reevaluate the role of skeletal muscles during 
aging beyond the passive changes following motoneuron 
degeneration. In the future, the regulation of AChR-β by 
the IL-6/IL-6R-ERK1/2-PGC1α/MEF2C pathway should 
be investigated in patients and animals with sarcopenia. 
This will enable exploration of the potential of myokine-
autocrine interactions in predicting and developing new 
strategies to monitor, maintain, and improve skeletal 
muscle structure and function.

Fig. 8 Schematic representation of the study results. IL-6, interleukin-6; IL-6R, IL-6 receptor; ERK 1/2, extracellular signal-regulated kinase; PGC1α, peroxi-
some proliferator-activated receptor gamma coactivator 1-α; MEF2C, myocyte enhancer factor 2 C; AChR-β, acetylcholine receptor β-subunit
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LGI  low-grade inflammation
MEF2C  myocyte enhancer factor 2C
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