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A B S T R A C T

Objective: Few studies have addressed the effects of visfatin on skeletal muscle remodeling. The aim of the study
was to investigate the effects of visfatin on the expressions of myosin heavy chain (MHC) and its isoforms, the
major indicator of fiber types and contractile properties of skeletal muscle.
Materials and methods: Levels of MHC, MHC I, MHC IIa, MHC IIb, adenosine 5′-monophosphate (AMP)-activated
protein kinase (AMPK), p-AMPK and forkhead box protein O1 (FOXO1) were tested in visfatin-treated C2C12
myotubes. C2C12 myotubes were treated with visfatin combined with AMPK inhibitor or AMPK activator to
investigate the role of AMPK in visfatin-mediated MHC expression. FOXO1 was overexpressed or knocked down
in C2C12 myotubes to explore the role of FOXO1 in visfatin-mediated MHC expression.
Results: Compared with the vehicle group, treatment with 5 μg/ml visfatin increased the levels of total MHC and
its isoforms, MHC I, MHC IIa and MHC IIb, by 1.93, 1.84, 1.80, and 1.92 folds, respectively (all p=0,001).
Visfatin suppressed AMPK phosphorylation and decreased FOXO1 expression in C2C12 myotubes. The effects of
visfatin on MHC I and MHC IIa expression were canceled by AMPK activator AICAR. FOXO1 overexpression
minimized the visfatin-induced upregulation of MHC I, MHC IIa and MHC IIb. The effect of AMPK activator
AICAR on MHC and its isoforms expression was minimized by knockdown of FOXO1.
Conclusions: The findings revealed that visfatin promoted expressions of MHC and its isoforms in C2C12 myo-
tubes via suppressing AMPK/FOXO1 signaling pathway.

1. Introduction

Adipose tissue has been identified as an active endocrine organ that
secretes a wide spectrum of cytokines, namely adipokines. Visfatin was
originally recognized as a cytokine-like molecule termed pre-B cell
enhancing factor [1], and was firstly reported by Fukuhara et al. in
2005 as a novel adipokine [2], which is abundantly expressed in visc-
eral fat and regulates glucose metabolism. Since then, studies on bio-
logical functions of visfatin have emerged. Plasma visfatin level is ele-
vated in patients with type 2 diabetes mellitus, polycystic ovary
syndrome, or cardiovascular diseases [3,4]. We previously showed that
plasma visfatin levels positively correlated with apnea-hyponea index
(AHI) in patients with obstructive sleep apnea (OSA) [5].

Given that obesity is a major public health problem and responsible
for many diseases, secretion of adipokines may be altered in

dysfunctional adipose tissues and account for some obesity-associated
diseases. It is well-established that obesity could induce skeletal muscle
remodeling and insulin resistance [6,7]. Obesity is related to the switch
from slow to fast muscle fiber type, which ultimately affects skeletal
muscle contraction and relaxation [8]. Adipokines, including leptin,
resistin, visfatin and adiponectin have been reported to affect skeletal
muscle insulin sensitivity [9]. Leptin and adiponectin could prevent
skeletal muscle wasting via anti-muscle inflammation and modulation
of skeletal muscle myogenesis, which indicate a key role of adipokine in
muscle remodeling [10,11].

However, the effects of visfatin on skeletal muscle remodeling are
still unknown. Thus, in this study, we aimed to elucidate the effects of
visfatin on expressions of myosin heavy chain (MHC), which is a major
indicator of skeletal muscle fiber types and functional property, and to
explore the potential mechanism.
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2. Method

2.1. Reagents

C2C12 cells were obtained from Cell Bank of the Chinese Academy
of Sciences (Shanghai, China). Antibodies against the following proteins
were used in the present study: β-tubulin, AMPKa2, phospho-AMPKa2
(Thr172), acetyl-CoA carboxylase (ACC), phospho-ACC (Ser79), FOXO1
(Cell Signaling Technology, USA); MyoG, MHC, MHC I, MHC IIa and
MHC IIb (Developmental Studies Hybridoma Bank, USA); β-actin
(Shanghai Harmonious One Biotechnology, China). Compound C and
AICAR were obtained from Selleck Chemicals (USA). Visfatin was
purchased from Biovision (USA). The DAPI, Alexa Fluor® 488 goat anti-
mouse IgG (H+L) and Alexa Fluor® 647 goat anti-rabbit IgG (H+L)
were obtained from Invitrogen (USA).

2.2. Cell culture

C2C12 mouse myoblasts were cultured in Dulbecco's modified eagle
medium (DMEM) supplemented with 10% fetal bovine serum (FBS)
(growth medium, GM) (37 °C, 5% CO2). For differentiation, when
myoblasts were> 70–80% confluence, the medium was switched to
DMEM with 2% horse serum (HS) (differentiation medium, DM) treated
with visfatin, compound C, or AICAR.

2.3. Western blot analysis

C2C12 cells were differentiated in 6-well plates in the presence of
indicated treatments. Myotubes were washed twice with ice-cold PBS
and lysed with 110 μl per well of SDS lysis buffer [1M Tris–HCl
(pH 7.5), 10% SDS]. The samples were incubated at 100 °C for 10min,
and the resulting supernatants were collected for western blot analysis.
The protein concentrations of lysates were measured using Byotime
Protein Assay Reagent (Beyotime Institute of Biotechnology, China).

Fig. 1. Visfatin promotes expressions of MHC and its three isoforms.
(A) Visfatin upregulated the protein level of MHC in a dose-dependent manner in C2C12 myotubes. Representative Western blots are shown with densitometry of
MHC/β-tubulin (n=3).
(B) Upregulation of MHC protein level by visfatin was observed for 72 h. Representative Western blots are shown.
(C) Immunofluorescence staining with antibody against actin and MHC showed that visfatin (control, 5 μg/ml) increased MHC level in C2C12 myotubes.
Representative images in the left panels are shown the ratio of MHC-positive cells to DAPI-positive cells in the right panel;
(D) Visfatin increased MHC I, MHC IIa and MHC IIb protein levels in C2C12 myotubes. Representative Western blots are shown with densitometry of MHC I/β-
tubulin, MHC IIa/β-tubulin, MHC IIb/β-tubulin (n=3).
Mean and SEM are plotted. *P < 0.05 and **P < 0.01 by ANOVA or Student's t-test.
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The supernatants were separated by 8% SDS–PAGE gels and then
transferred onto PVDF membranes. The membranes were incubated
with primary antibodies overnight at 4 °C. Membranes were washed
with TBS/0.1% Tween-20 three times and incubated with secondary
antibodies for 1 h at room temperature. Proteins were visualized with
chemiluminescence using the LAS-4000 Western Blotting Detection
System (FUJIFILM, Japan). Densitometric analysis was performed with
ImageJ Software (National Institutes of Health, Bethesda, MD, USA).

2.4. Immunofluorescence analysis

Myotubes were fixed in 4% paraformaldehyde for 30min, washed
with PBS for 3 times, and incubated with 0.2% TritonX for 30min at
room temperature. Then the cells were incubated with anti-MHC anti-
body at 4 °C overnight. After washing with PBS and following incuba-
tion with Alexa Fluor® 488 goat anti-mouse IgG (H+L) and Alexa
Fluor® 647 goat anti-rabbit IgG (H+ L), cells were incubated with DAPI
for 10min and then observed under confocal laser scanning fluores-
cence microscope. Fusion index was determined by calculating the ratio
of MHC-positive cells to DAPI-positive cells [12].

2.5. Construction of retrovirus vectors and viral packaging

Mouse FOXO1 cloned in MigR1 vector (MigR1-FOXO1 vector) was
provided from Shanghai Institution of Hematology. To produce retro-
viral particles, MigR1-FOXO1 vector or empty MigR1 vector (as con-
trol) with ECOR1 packaging plasmid were co-transfected into 293T
cells using Lipofectamine® (Thermo Fisher Scientific, USA) according to
the manufacturer's instructions. The minimum infection dose (MID) of
the purified virus was determined in 293T cells using serial dilution
method. Viral concentrate was added to C2C12 myoblast in 6-well
plates for 24 h. Then the culture medium was changed to DM for sub-
sequent experiments.

2.6. Construction of shRNA lentivirus vectors and viral packaging

Recombinant lentivirus expressing short hairpin RNA (shRNA) were
constructed using pLVX-shRNA2 cloning vector. The expression of
shRNA is controlled by the human U6 promoter. To produce viral
particles, FOXO1 shRNA vector or scramble shRNA vector (as control)
with psPAX2 packaging plasmid and pMD2.G envelope expressing
vector were co-transfected into 293T cells using Lipofectamine®
(Thermo Fisher Scientific, USA) according to the manufacturer's in-
structions. After minimum infection dose (MID) of the purified virus
was determined in 293T cells using serial dilution method, viral con-
centrate was added to C2C12 myoblast in 6-well plates for 24 h. Then
the culture medium was changed to DM for subsequent experiments.

2.7. Statistical analysis

All results were derived from at least three independent experi-
ments. The data were expressed as the mean ± SEM and were ana-
lyzed using analysis of variance (ANOVA), or a standard two-tailed
Student's t-test. P-values < 0.05 were considered significant.

3. Results

3.1. Visfatin promotes the expressions of MHC and its isoforms

We treated C2C12 skeletal muscle cells with visfatin at different
concentrations of 0, 0.25 μg/ml, 0.5 μg/ml, 1 μg/ml, 2.5 μg/ml, 5 μg/
ml. Total MHC protein was significantly upregulated by visfatin at the
concentrations of 2.5 μg/ml and 5.0 μg/ml (Fig. 1A). We also observed a
time-dependent effect of visfatin on the upregulation of MHC protein
(Fig. 1B). After 72-hour treatment, MHC isoforms, MHC I, MHC IIa and
MHC IIb, were induced by visfatin in a dose-dependent manner
(Fig. 1C). The upregulation of MHC by visfatin in C2C12 myotubes was
further confirmed by immunofluorescence staining (Fig. 1D).

Fig. 2. The effect of visfatin on the expressions of total MHC and its isoforms in AMPK-inhibited C2C12 myotubes.
(A) Visfatin decreased the phosphorylation of AMPK and ACC in C2C12 myotubes. Representative Western blots are shown.
(B) Compound C (1 μM), which is an inhibitor for AMPK, suppressed the phosphorylation of AMPK and ACC, and addition of visfatin did not show additive effects in
C2C12 myotubes. Representative Western blots are shown.
(C) Compound C (1 μM) increased MHC expression, and visfatin did not show additive effects in C2C12 myotubes. Representative western blots are shown with
densitometry of MHC/β-tubulin (n=3).
(D) Combination of visfatin and compound C, compared to compound C alone, significantly upregulated protein level of MHC IIb but not that of MHC I and MHC IIa.
Representative western blots are shown with densitometry of MHC I/β-tubulin, MHC IIa/β-tubulin, MHC IIb/β-tubulin (n=3).
Mean and SEM are plotted. *P < 0.05 and **P < 0.01 by ANOVA.
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3.2. Visfatin increases MHC expressions via suppressing AMPK activity

AMP-activated protein kinase (AMPK) is reported to be involved in
the regulation of MHC expression. Upon glucose restriction, C2C12
myotubes failed to differentiate properly and expression of MHC was
repressed via AMPK activation [12]. Thus, we investigated whether
AMPK mediates the effect of visfatin on inducing MHC expression. We
observed that phosphorylation of AMPK and acetyl-CoA-carboxylase
(ACC) were suppressed by visfatin in C2C12 myotubes (Fig. 2A). We
then treated C2C12 myotubes with compound C, which is an inhibitor
of AMPK. Compound C inhibited the phosphorylation of AMPK and
ACC (Fig. 2B), but promoted the expressions of total MHC (Fig. 2C) and
its isoforms in C2C12 myotubes (Fig. 2D). Addition of visfatin further
increased MHC IIb expression, but not MHC I and MHC IIa expressions
(Fig. 2C and D).

We further treated C2C12 myotubes with the AMP mimetic 5-

aminoimidazole-4-carboxamide-1-beta-D-ribofuranoside (AICAR),
which is a specific activator of AMPK. As expected, AICAR increased the
phosphorylation of AMPK and ACC (Fig. 3A), but decreased expressions
of total MHC (Fig. 3B) and its isoforms (Fig. 3C). In C2C12 myotubes co-
treated with AICAR and visfatin, the effect of visfatin on increasing the
expressions of MHC I and MHC IIa was minimized by AICAR (Fig. 3B
and C), but still existed on MHC IIb expression (Fig. 3C).

3.3. FOXO1 is required in AMPK-mediated regulation of MHC and its
isoforms expression

Transcriptional factor forkhead box protein O1 (FOXO1) plays a
pivotal role in controlling the activation of ubiquitin-proteasomal
system and autophagic/lysosomal pathways, which can decrease MHC
protein level and cause muscle atrophy [13,14]. We observed that
FOXO1 expression was significantly downregulated by visfatin

Fig. 3. The effect of visfatin on the expressions of total MHC and its isoforms in AMPK-activated C2C12 myotubes.
(A) AICAR (0.5 μM), which is an activator for AMPK, promoted the phosphorylation of AMPK and ACC in C2C12 myotubes. Representative Western blots are shown;
(B) AICAR (0.5 μM) downregulated the protein level of MHC in C2C12 myotubes and minimized the effect of visfatin on increasing MHC level. Representative
Western blots are shown with densitometry of MHC/β-tubulin (n=3);
(C) AICAR (0.5 μM) reduced the protein levels of MHC I, MHC IIa and MHC IIb in C2C12 myotubes. The effects of visfatin on MHC I and MHC IIa but not on MHC IIb
were canceled by addition of AICAR. Representative Western blots are shown with densitometry of MHC I/β-tubulin, MHC IIa/β-tubulin, MHC IIb/β-tubulin (n=3);
Mean and SEM are plotted. *P < 0.05 and **P < 0.01 by ANOVA.
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(Fig. 4A). We then overexpressed FOXO1 in C2C12 myotubes by ret-
rovirally transfecting C2C12 myotubes with MigR1-FOXO1 vector, and
the transfection efficiency of FOXO1 was confirmed by Western Blotting
(Fig. 4B). In FOXO1-overexpressed C2C12 myotubes, total MHC and its
isoforms expressions were reduced, which could not be reversed by
visfatin treatment (Fig. 4B and C). Then, we knocked down FOXO1 by a
lentivirus vector expressing a short hairpin RNA (shRNA) specifically
targeting the FOXO1 mRNA. We confirmed the knockdown efficiency of

FOXO1 and upregulation of MHC in FOXO1-knockdown myotubes
(Fig. 4D). Knockdown of FOXO1 increased MHC isoforms expressions,
and addition of visfatin treatment did not show an additive effect
(Fig. 4E). The results indicated that the effects of visfatin on MHC ex-
pression required FOXO1.

Given that AMPK and FOXO1 were both involved in visfatin-in-
duced expressions of MHC and its isoforms, and FOXO1 could be a
downstream target of AMPK, we then investigated whether AMPK

Fig. 4. Visfatin increases MHC expressions via decreasing FOXO1 level.
(A) Visfatin decreased FOXO1 protein level in C2C12 myotubes. Representative Western blots are shown with densitometry of FOXO1/β-tubulin (n=3);
(B) Overexpression of FOXO1 downregulated the protein level of MHC in C2C12 myotubes and abolished the effects of visfatin on increasing MHC level.
Representative Western blots are shown with densitometry of MHC/β-tubulin (n=3);
(C) Visfatin could not further increase protein expressions of MHC I, MHC IIa and MHC IIb in FOXO1-overexpressed C2C12 myotubes. Representative Western blots
are shown with densitometry of MHC I/β-tubulin, MHC IIa/β-tubulin, MHC IIb/β-tubulin (n=3);
(D) Knockdown of FOXO1 upregulated the protein level of MHC in C2C12 myotubes, and addition of visfatin did not show additive effects in C2C12 myotubes.
Representative Western blots are shown with densitometry of MHC/β-tubulin (n=3);
(E) Visfatin failed to promote protein expressions of MHC I, MHC IIa and MHC IIb in FOXO1-knockdown C2C12 myotubes. Representative Western blots are shown
with densitometry of MHC I/β-tubulin, MHC IIa/β-tubulin, MHC IIb/β-tubulin (n=3);
Mean and SEM are plotted. *P < 0.05 and **P < 0.01 by ANOVA.
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works together with FOXO1 in regulation of MHC expression. We
treated FOXO1-knockdown C2C12 myotubes with AICAR (Fig. 5A), and
observed that the effects of AICAR on downregulation of MHC and its
isoforms were dampened by knockdown of FOXO1 (Fig. 5B, C). The
results indicated that FOXO1 was required in AMPK-mediated regula-
tion of MHC and its isoforms expression.

4. Discussion

In this study, we identified the role of visfatin in promoting the
expressions of MHC and its isoforms. Repressed AMPK activity was
involved in visfatin-mediated upregulation of MHC I and MHC IIa,
whereas visfatin increased MHC IIb expression partially independent of
AMPK activity. FOXO1 was also required in the effects of visfatin on
MHC isoforms expressions. Furthermore, FOXO1 participated in AMPK-
mediated regulation of MHC expression. To the best of our knowledge,
we reported for the first time the roles of visfatin and AMPK/FOXO1
signaling pathway in the regulation of MHC expression in C2C12
myotubes.

Previous studies showed that leptin and adiponectin increased MHC
expression [15,16]. In the study, we observed the upregulation of total
MHC by visfatin. MHC isoforms are vital indicators of muscle fiber
types. MHC I is related to slow-twitch (type I) muscle fibers, while MHC
IIa and MHC IIb are mainly expressed in fast-twitch ones (type IIa and
type IIb) [17]. The switch of MHC isoforms is observed in obesity. In
aged obese male rats, sternohyoid muscle tended to be fiber hyper-
trophy and had increased fast-twitch fiber density [18]. Clinically, the
upper airway muscle fiber types were concerned mostly in the ob-
structive sleep apnea patients. It was reported that MHC IIa was pre-
dominated in uvula and genioglossus muscles of OSA patients [19,20].
We also observed an increase in plasma visfatin levels in severe OSA

patients compared with the control and mild OSA group [5]. Herein, we
found that visfatin upregulated the expressions of MHC I, MHC IIa and
MHC IIb protein in C2C12 myotubes, which implied that visfatin may
contribute to the dysfunction of upper airway muscles in OSA patients
via alteration of contractile properties of skeleton muscles.

Then, we tried to find out the potential mechanisms of visfatin-
mediated upregulation of MHC and its isoforms. AMPK is an essential
energy sensor. AMPK activity is repressed in obesity and is associated
with fiber type transition [21–23]. AMPK has also been reported to
regulate MHC expression. MHC expression is repressed via AMPK ac-
tivation upon glucose restriction in C2C12 myotubes [12]. Consistently,
we found that inhibition of AMPK by compound C promoted MHC ex-
pression, and activation of AMPK by AICAR suppressed MHC expres-
sion. Moreover, this was the first time to find that visfatin repressed
AMPK activity and AMPK was involved in visfatin-induced upregula-
tion of MHC and its isoforms. We also observed that visfatin increased
MHC IIb expression partially independent of AMPK, which implied that
other unknown mechanisms were involved. Specific pathways re-
sponsible for MHC IIb expression have not yet been reported. Pathway
including Ras/mitogen-activated protein kinase (MAPK), calcium/cal-
modulin-dependent protein kinase IV, and the peroxisome proliferator γ
coactivator 1 are reported to regulate MHC expression [24–26]. Whe-
ther these pathways mediate the effect of visfatin on MHC IIb expres-
sion will need further investigation.

It is well-stablished that FOXO1 regulates skeletal muscle mass, but
few studies investigated the role of FOXO1 in skeletal muscle fiber type
expression. Kamei et al. [13] showed that mice with FOXO1 over-ex-
pression in skeletal muscle had less expression of MHC I fiber type. We
firstly found that FOXO1 was repressed by visfatin. Visfatin-mediated
upregulation of MHC I, MHC IIa, and MHC IIb was disrupted by FOXO1
overexpression. More importantly, we found reduced FOXO1 activity

Fig. 5. FOXO1 is required in AMPK-mediated regulation of MHC and its isoforms expression.
(A) The knockdown efficiency of FOXO1 were confirmed by Western blotting. Representative Western blots are shown.
(B, C) In FOXO1-knockdown C2C12 myotubes, the downregulation of MHC, MHC I, MHC IIa and MHC IIb expression in response to AICAR, was weaker compared to
C2C12 myotubes transfected with control shRNA. Representative Western blots are shown in (B). Densitometry of MHC/β-tubulin, MHC I/β-tubulin, MHC IIa/β-
tubulin, MHC IIb/β-tubulin (n=3) were calculated and used to analysis the extent that AICAR vs vehicle downregulates MHC, MHC I, MHC IIa and MHC IIb in
control shRNA group or in FOXO1 shRNA group in (C);
Mean and SEM are plotted. *P < 0.05 by two-tailed Student's t-test.
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was required in AMPK-mediated expressions of MHC in skeletal muscle
cells, which is accordance to the results of previous studies. AMPK in-
creased FOXO1 activity to inhibit MHC protein expression in cardio-
myocytes [27]. In animal models, AMPK activation increased the ac-
tivity of FOXO1 and MuRF1, a downstream atrogene which stimulated
skeletal myofibrillar protein degradation [14]. All those finding showed
that AMPK/FOXO1 signaling pathway was involved in the effects of
visfatin on MHC expression.

5. Conclusion

In summary, we found that visfatin, an adipokine, promoted MHC
expression, and showed that depressed AMPK/FOXO1 signaling
pathway was involved in the effect of visfatin on MHC expression. Our
study may provide new insight into the role of visfatin on skeletal
muscle myogenesis and possible mechanisms of obesity-related skeletal
muscle diseases.
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