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Abstract

Background Skeletal muscle atrophy is a severe condition that involves loss of muscle mass and quality. Drug intake
can also cause muscle atrophy. Biguanide metformin is the first-line and most widely prescribed anti-diabetic drug
for patients with type 2 diabetes. The molecular mechanism of metformin in muscle is unclear.
Methods Myostatin expression was investigated at the protein and transcript levels after metformin administration.
To investigate the pathways associated with myostatin signalling, we used real-time polymerase chain reaction, immu-
noblotting, luciferase assay, chromatin immunoprecipitation assay, co-immunoprecipitation, immunofluorescence, pri-
mary culture, and confocal microscopy. Serum analysis, physical performance, and immunohistochemistry were
performed using our in vivo model.
Results Metformin induced the expression of myostatin, a key molecule that regulates muscle volume and triggers the
phosphorylation of AMPK. AMPK alpha2 knockdown in the background of metformin treatment reduced the myostatin
expression of C2C12 myotubes (�49.86 ± 12.03%, P < 0.01) and resulted in increased myotube diameter compared
with metformin (+46.62 ± 0.88%, P < 0.001). Metformin induced the interaction between AMPK and FoxO3a, a
key transcription factor of myostatin. Metformin also altered the histone deacetylase activity in muscle cells (>3.12-
fold ± 0.13, P < 0.001). The interaction between HDAC6 and FoxO3a induced after metformin treatment. Confocal mi-
croscopy revealed that metformin increased the nuclear localization of FoxO3a (>3.3-fold, P < 0.001). Chromatin im-
munoprecipitation revealed that metformin induced the binding of FoxO3a to the myostatin promoter. The
transcript-level expression of myostatin was higher in the gastrocnemius (GC) muscles of metformin-treated wild-
type (WT) (+68.9 ± 10.01%, P < 0.001) and db/db mice (+55.84 ± 6.62%, P < 0.001) than that in the GC of
controls (n = 4 per group). Average fibre cross-sectional area data also showed that the metformin-treated
C57BL/6J (WT) (�31.74 ± 0.75%, P < 0.001) and C57BLKS/J-db/db (�18.11 ± 0.94%, P < 0.001) mice had de-
creased fibre size of GC compared to the controls. The serum myoglobin level was significantly decreased in
metformin-treated WT mice (�66.6 ± 9.03%, P < 0.01).
Conclusions Our results demonstrate that metformin treatment impairs muscle function through the regulation of
myostatin in skeletal muscle cells via AMPK-FoxO3a-HDAC6 axis. The muscle-wasting effect of metformin is more
evident in WT than in db/db mice, indicating that more complicated mechanisms may be involved in
metformin-mediated muscular dysfunction.
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Introduction

Skeletal muscle atrophy, a remarkable loss of muscle, is char-
acterized by a decrease in muscle fibre size and protein
content1 and occurs when protein degradation rates exceed
the rate of protein synthesis. Skeletal muscle atrophy is re-
portedly associated with inactivity, ageing, and various dis-
eases and can occur as a side effect of some drugs.2,3

One mechanism that regulates muscle mass and strength
is signalling by myostatin, one of the master regulators of
skeletal muscle growth. Myostatin plays a central role in
the development and maintenance of skeletal muscle by
acting as a negative regulator of muscle mass.4–6 It predomi-
nantly produced in the skeletal muscle, and a decrease in the
gene expression or activity of myostatin results in increased
muscle mass and hypertrophy.7,8 Increased myostatin expres-
sion has been observed in different disease states, including
type 2 diabetes mellitus (T2DM) and cancer. In particular, pa-
tients with T2DM experience a loss of muscle mass and qual-
ity. Insulin resistance and high blood glucose levels accelerate
this condition, and patients with these conditions exhibit in-
creased serum myostatin levels.9–11

Metformin is an AMPK agonist that is commonly adminis-
tered therapeutically to patients with T2DM to decrease he-
patic glucose production and intestinal absorption of
glucose. Metformin also improves insulin sensitivity by in-
creasing peripheral glucose uptake and utilization. AMPK in-
hibits anabolic processes such as protein synthesis,
enhances protein degradation and autophagy, and12,13 de-
creases serum glucose levels.14,15 Metformin administration
ameliorates diabetes by affecting glucose absorption, but
long-term metformin administration is associated with side
effects, such as muscle atrophy. Metformin administration
might induce muscle atrophy.16–18 The mechanisms of action
of metformin are unknown, but metformin up-regulates the
expression of atrophy-related genes, MuRF1 and MAFbx32,
and enhance the activity of ubiquitin proteasome system.19

However, the specific mechanisms underlying these phenom-
ena are poorly understood. In this study, we report that met-
formin might induce muscle atrophy by inducing the nuclear
import of FoxO3a and that this phenomenon is regulated in
an AMPK-dependent manner. Our results reveal a novel
AMPK-FoxO3a-HDAC6 axis that underlies muscle atrophy.

Materials and methods

Cell culture

C2C12 myoblasts were maintained in the proliferation me-
dium comprising Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% foetal bovine serum (Gibco)
and 1% penicillin and streptomycin (WELGENE) at 37°C in a

humidified incubator with an atmosphere of 5% CO2. Human
skeletal myoblasts were maintained in the proliferation me-
dium comprising DMEM supplemented with 2% horse serum
(Gibco) and 1% penicillin and streptomycin (WELGENE) at
37°C in a humidified incubator with an atmosphere of 5% CO2.

Animals

Animal experiments were approved by the Korea University
Institutional Animal Care and Use Committee and were per-
formed in accordance with the relevant guidelines and regu-
lations. Male C57BLKS/J-db/db and C57BL/6J mice were
obtained from Japan SLC (Hamamatsu, Japan) at 6 weeks of
age and housed in a highly controlled environment (temper-
ature, 21–23°C; relative moisture, 50–60%; 12 h light:12 h
dark cycle). The mice had ad libitum access to water and a
standard chow diet. The animals were randomly divided into
four groups (n = 10 per group), and the experiments were
conducted when the mice were 7 weeks old (after acclima-
tion). The mice received either an IP injection of metformin
(250 mg/kg) or saline (vehicle) three times a week for
4 weeks. Blood was collected, and the hindlimb muscles were
excised for analysis under isoflurane anaesthesia. Hindlimb
muscle tissues were resected widely and washed with
phosphate-buffered saline (PBS).

Culturing of primary myoblasts

Three-month-old and 23-month-old mice were euthanized to
obtain the tibialis anterior (TA) muscle tissue. Tissue was
minced to a slurry in a tissue culture plate using razor blades
for ~3 min and collagenase and dispase solution, following
which 3 mL PBS was added. After triturating by gently pipet-
ting with a 10 ml pipette, the mixture was incubated at 37°C
until it became a fine slurry. We then filtered the slurry
through a nylon mesh (Cell Strainer, REF352360, BD Falcon).
Cells were obtained by centrifuging the slurry at 172 g for
5 min and removing the supernatant. The cell pellet was re-
suspended in 10 mL of F-10-based primary myoblast growth
medium and then transferred to a normal culture dish for
pre-plating. Then, the suspension was transferred to a
collagen-coated dish and incubated. The medium was re-
placed every 1 or 2 days with fresh F-10-based growth me-
dium. To differentiate myoblasts, the medium was replaced
with one containing 2% horse serum in a test plate containing
50–70% confluent cells.

Real-time PCR

Total RNA was extracted from freeze-dried gastrocnemius
(GC) muscles and C2C12 myotubes using QIAzol (Qiagen).
Thereafter, the RNA concentration was measured using a
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Nanodrop spectrophotometer (Thermo Fisher Scientific).
cDNA was synthesized using the reverse transcription system
(Promega). mRNA expression was assessed by real-time PCR
(qRT-PCR) (QuantStudio 3 Real-Time PCR, Thermo Fisher
Scientific) using a SYBR Green system (TOPreal™ qPCR 2X Pre-
MIX, Enzynomics). The following primers were used:
Myostatin forward (50-GCA CTG GTA TTT GGC AGA GT-30),
Myostatin reverse (50-TTC AGC CCA TCT TCT CCT GG-30),
GAPDH forward (50-GTG TTC CTA CCC CCA ATG TG-30),
GAPDH reverse (50- CCT GCT TCA CCA CCT TCT TG-30), MuRF1
forward (50-GTC CAT GTC TGG AGG TCG TT-30), MuRF1 re-
verse (50-AGG AGC AAG TAG GCA CCT CA-30), MAFbx forward
(50-ATG CAC ACT GGT GCA AAG AG-30), MAFbx reverse (50-
TGT AAG CAC ACA GGC AGG TC-30), FoxO3a forward (50-
AGC CGT GTA CTG TGG AGC TT-30), FoxO3a reverse (50-TCT
TGG CGG TAT ATG GGA AG-30), HDAC6 forward (50-AAG
TGG AAG AAG CCG TGC TA-30), and HDAC6 reverse (50-CTC
CAG GTG ACA CAT GAT GC-30). Data were normalized using
GAPDH for each sample, and fold change values were calcu-
lated using the ΔΔCt method.

Western blotting

C2C12 myotubes were lysed in a lysis buffer containing prote-
ase and phosphatase inhibitors (GenDEPOT). The lysates were
loaded onto 10% SDS-PAGE gels and transferred onto 0.45μm
nitrocellulose membranes (GE Healthcare). The membranes
were blocked in Tris-buffered saline with Triton X-100 (TBST)
containing 0.1% Tween 20 and 5% dry milk (w/v) for 1 h and
then washed with TBST. Membranes were incubated over-
night with the following primary antibodies: anti-myostatin
(GENETEX; GTX32624), anti-p-AMPK(T172) (Cell Signaling;
#2535), anti-AMPK α2 (Abcam; ab97275), anti-AMPK α (Cell
Signaling; #2532), anti-p-Akt (S473) (Cell Signaling; #4060),
anti-Akt (Cell Signaling; #9272), anti-FoxO3a (Cell Signaling;
#12829), and anti-HDAC6 (Abcam; ab1440) and then probed
with appropriate HRP-conjugated secondary antibodies (Enzo
Life Sciences) for 1 h. Chemiluminescence on the blots was
visualized using the Amersham Biosciences ECL Detection
System (GE Healthcare).

Creatine kinase and lactate dehydrogenase assay

Creatine kinase (CK) activity was determined by the Enzy-
matic method (Hexokinase) and lactate dehydrogenase
(LDH) was determined by the IFCC (International Federation
of Clinical Chemistry) standard method using AU480 Chemis-
try Analyser (Beckman coulter). Both assays were calculated
after correction for total protein.

Generation of luciferase reporter plasmids and
performance of the luciferase reporter assay

Luciferase reporters for evaluating the activity of the MSTN
promoter (1 kb) were constructed using a pGL4.15 vector.
The following primers were used: forward (50-CGG TAC
CTG AGC TCG CTA GCC CTG GAA GCC TGA GTC AAA C-30)
and reverse (50-CTT GAT ATC CTC GAG GCT AGC CAG CAA
TCA GCA CAA ACA GG-30). PCR products were cloned into
the pGL4.15 vectors at Nhe I sites, and the clones were ver-
ified by DNA sequencing. C2C12 cells were transiently
co-transfected with the myostatin promoter constructs and
β-galactosidase reporter plasmids using Lipofectamine 2000
(Invitrogen). The culture medium was replaced with
complete medium. After metformin treatment for 12 h,
the lysates were analysed for luciferase activity using the
Luciferase Assay Reagent (Promega), and luminescence was
measured using an EnSpire multimode reader (PerkinElmer).
Luciferase activity was normalized to that of β-galactosidase
activity.

siRNA transfection

Transfection was performed using Lipofectamine RNAiMax
(Invitrogen). For knockdown, siAMPK α2 (Dhamacon,
L-040809-00-0010), siFoxO3a (Dhamacon, L-040728-00-
0005), siHDAC6 (Dhamacon, L-043456-02-0005), and control
siRNA (Santa Cruz, sc-37007) were used. For each experiment,
Lipofectamine RNAiMax was diluted with reduced-serum me-
dium (Opti-MEM; Invitrogen) and then mixed with siRNA.

Generation of AMPK α knockout C2C12 cells

To establish AMPK α knockout C2C12 cells, the GeneArt
CRISPR Nuclease Vector (Thermo Fisher Scientific) was used
according to the manufacturer’s instructions, with some
modifications. AMPK α knockout was confirmed based on
an orange fluorescent protein reporter, which enables the
fluorescence-based tracking of the transfection efficiency.
C2C12 cells were transfected with the GeneArt CRISPR Nucle-
ase Vector targeting AMPK α using Lipofectamine 2000
(Invitrogen), according to the manufacturer’s protocol. Two
days post-transfection, AMPK α knockout was confirmed by
WB with an anti-AMPK α antibody.

Myogenic differentiation and determination of
myotube morphology

C2C12 myoblasts were placed in DMEM containing 2% horse
serum (Gibco) and 1% penicillin and streptomycin solution
(WELGENE) to induce differentiation. After differentiation,
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Lipofectamine (5 μL ) mixed with siRNA (100 nM) were
treated on C2C12 myotubes for 4 h and replaced with fresh
medium. After incubation for 24 h after transfection,
metformin was treated for 36 h. Myoblast differentiation
was determined by analysing the myotube diameter with
haematoxylin and eosin (H&E) staining. Images were cap-
tured and processed using a CKX53 microscope (Olympus).
All diameters were calculated in 10 random fields from each
section using ImageJ software (National Institute of Health).

Immunocytochemistry

For immunofluorescence, cover slips were coated with 0.1%
porcine gelatine. Cells were seeded on these cover slips and
grown to ~70% confluence. Myoblast differentiation was in-
duced using a differentiation medium. After treatment with
or without metformin, cells were fixed in 4% paraformalde-
hyde (15 min; room temperature) prepared in PBS (137 mM
NaCl, 2.68 mM KCl, 1.47 mM KH2PO4, and 4.29 mM Na2-
HPO4; pH 7.3). Thereafter, the fixation solution was
aspirated, and the cells were washed with PBS. After perme-
abilization with 0.1% Triton X-100 for 5 min and washing
with PBS, the cells were blocked using 1% bovine serum
albumin for 30 min. Then, the cells were probed overnight
with anti-FoxO3a antibody (#12829; Cell Signaling Technol-
ogy) or anti-MHC antibody (R&D; MAB4470-SP) prepared
in PBS containing 0.1% bovine serum albumin at 4°C. After
several washes with PBS containing 0.1% Tween 20, the
cells were incubated with Cy3 AffiniPure donkey anti-rabbit
IgG (H + L) (red), (Invitrogen; 711-165-152) or Alexa Fluor
488 donkey anti-mouse IgG (H + L) (green) (Invitrogen;
A21202) for 45 min at 25°C. Then, the cells were washed
with PBS and mounted onto slides using a mounting me-
dium (Biomeda) and observed microscopically using an
LSM700 confocal microscope (Carl Zeiss, Göttingen,
Germany). The following formula was used to calculate
corrected total cell fluorescence (CTCF): CTCF = integrated
density � (area of selected cells × mean fluorescence of
background readings).

Chromatin immunoprecipitation assay

Chromatin immunoprecipitation (ChIP) assays were per-
formed using an EpiQuik™ acetyl-histone H3 ChIP kit
(EPIGENTEK, #P-2010) in accordance with the manufacturer’s
protocol. Immunoprecipitants were analysed by PCR using
the following primer sets: forward (50-AAC AAA ACA GCA
CTC CAA GTC-30) and reverse (50-TCG AGG GCA AGC TGA
TTC AT-30) to amplify the FoxO3a-binding site in the MSTN
promoter.

Extraction of cytoplasmic and nuclear proteins

NE-PER™ nuclear and cytoplasmic extraction reagents
(Thermo Scientific 78833; Rockford, IL, USA) were used to ex-
tract cytoplasmic and nuclear proteins. Fractionation was
performed according to the manufacturer’s instructions.
C2C12 myotubes (1 × 106) were mixed with the cytoplasmic
extraction reagent I. The cell pellet was gently resuspended
and incubated for 10 min on ice. Next, ice-cold cytoplasmic
extraction reagent II was added. The tube was vortexed at
the highest setting, incubated on ice for 1 min, and then cen-
trifuged at 13 000 rpm for 15 min. The cell supernatant
contained the cytoplasmic proteins. To extract the nuclear
proteins, the pellet was suspended in NER, vortexed, placed
on ice for 40 min, and centrifuged at 13 000 rpm for
10 min. The supernatant (nuclear extract) was immediately
transferred into a tube.

Co-immunoprecipitation assay

Cellular proteins (1 mg) were incubated with anti-FoxO3a
(rabbit monoclonal antibody) or anti-IgG (normal rabbit anti-
body) at 4°C for 24 h. Immune complexes were captured with
protein A-Sepharose (Amersham, Uppsala, Sweden) after a
3 h incubation. The precipitated immune complexes were
washed three times with the wash buffer (25 mM HEPES,
5 mM EDTA, 1% Triton X-100, 50 mM NaF, 150 mM NaCl,
10 mM PMSF). The washed samples were denatured in SDS
sample buffer (125 mM Tris–HCl (pH 6.8), 20% (v/v) glycerol,
4% (w/v) SDS, 100 mM DTT, and 0.1% (w/v) bromophenol
blue) by boiling at 100°C for 5 min.

In vivo muscle grip strength test

A grip strength test was performed using a calibrated grip
strength tester (BIOSEB, BIO-GS3) to assess the grip strength
of the fore and hindlimbs (four paws of the mice). The results
of the grip strength analysis are represented as means of at
least three repetitions.

Histological analysis

Gastrocnemius muscles were fixed with formaldehyde (4%),
dehydrated in a graded ethanol series, and cleared in xylene
using a Leica AS300S tissue processor (Leica Microsystems).
Paraffin-embedded blocks were cut into 4 μm sections using
a Leica rotary microtome (RM2255, Leica Microsystems), and
the tissues were mounted on slides. Histological examination
was performed by H&E staining. The stained sections were
scanned using a slide scanner (Axio Scan Z1). To measure
the myofibre cross-sectional area, eight non-overlapping
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areas of each section were digitally captured, and >250
myofibres were calculated for each sample (n = 4). All muscle
fibre areas were calculated using ImageJ (National Institute of
Health).

Blood glucose test

The blood glucose test was performed after 12 h of fasting.
Blood glucose levels were evaluated via a tail incision in
Week 4 of the treatment schedule. Blood glucose was mea-
sured using glucose strips that were inserted into an
Accu-Check Performa II glucometer (Roche, São Paulo,
Brazil). Glycaemic levels were also measured.

Enzyme-linked immunosorbent assay

Enzyme-linked immunosorbent assays (ELISAs) were
conducted using a general sandwich-type procedure. Serum
myoglobin levels were measured using a sandwich ELISA
kit (MBS 564082) in accordance with the manufacturer’s
protocol.

Statistical analysis

Data are expressed as mean ± standard error of mean. Stu-
dent’s t-test was used to determine the differences between
the groups were significant. All statistical analyses were con-
ducted using GraphPad Prism 7 (GraphPad), and significance
levels were defined as *P < 0.05, **P < 0.01, and
***P < 0.001.

Results

Metformin up-regulates the expression of
myostatin in C2C12 myotubes

To examine the effect of metformin on muscle atrophy,
C2C12 myotubes were treated with metformin. Metformin
(2 mM) increased the level of mRNA of myostatin, a
negative regulator of muscle volume (Figure 1A). Metformin
increased the transcript-level expression of myostatin in a
time-dependent manner (Figure 1B). Metformin (0.01–
2 mM) increased the level of myostatin protein in a
dose-dependent and time-dependent manner (Figure 1C
and 1D). These results indicate that metformin may induce
muscle atrophy in physiological low dose ranges of metfor-
min, as well as high doses of metformin. Metformin is a
biguanide. Other biguanides, such as buformin and
phenformin, have also been found to increase the level of
myostatin protein, suggesting that biguanides might have

similar effects on muscle cells (Figure 1E). C2C12 myoblasts
were incubated with a differentiation medium until cell fu-
sion and multinucleated myotube formation were achieved.
H&E staining and the muscle diameter calculations revealed
that metformin (2 mM) significantly reduced the myotube di-
ameter (Figure 1F and 1G). Subsequently, the effect of met-
formin on primary myotubes was confirmed by culturing
primary myoblasts. After differentiation, primary myoblasts
from 3-month-old TA muscle and 23-month-old TA muscle
were treated with 2 mM metformin using established
protocols.20,21 Metformin was found to increase the expres-
sion of myostatin in both young and old primary myotubes
(Figure 1H and 1I). For morphological analysis, C2C12
myoblasts were incubated in a differentiation medium for
5 days. siRNA-mediated myostatin knockdown in the back-
ground of metformin treatment reduced the atrophy of
C2C12 myotubes (Figure 1J). Myotube diameter was
calculated (Figure 1K). qRT-PCR was performed to confirm
metformin-induced atrophy of C2C12 myotubes. Metformin
up-regulates the expression of atrophy-related genes MuRF1
and MAFbx32 (Figure 1L and 1M). To gain insight into the
physiological relevance, we used human muscle cells. We in-
vestigated the effect of metformin on the mRNA expression
of myostatin. Metformin (0.1 and 2 mM) increased the
expression of the myostatin dose-dependently (Figure 1N).
We investigated the effect of metformin on CK and LDH,
indicators of muscle damage. Metformin (0.1 and 2 mM) in-
creased the activity of CK and LDH (Figure 1O and 1P). These
results suggest that biguanide drugs, such as metformin, may
induce muscle atrophy.

Metformin increased myostatin expression via
AMPK

We tested whether the myostatin-upregulating effect of met-
formin depended on the activation of AMPK, a well-known
molecular target of metformin. Evaluation of the AMPK path-
way has revealed that several molecules are related to mus-
cle atrophy.22 Metformin increased the phosphorylation of
AMPK at the Thr-172 residue in a dose-dependent and
time-dependent manner (Figure 2A and 2B). To elucidate
the function of AMPK and the relationship between AMPK
and myostatin, we used an AMPK inhibitor (Compound C),
siAMPK alpha2, and the CRISPR system. Compound C was
able to decrease the expression of myostatin in the back-
ground of metformin treatment in C2C12 (Figure 2C). To val-
idate the mechanism underlying metformin-induced muscle
atrophy, we performed qRT-PCR and WB using siAMPK al-
pha2. Similar to Compound C, siAMPK alpha2 decreased
myostatin expression in the background of metformin treat-
ment (Figure 2D and 2E). For morphological analysis, C2C12
myoblasts were induced to differentiate by incubating them
with the differentiation medium for 5 days. siRNA-mediated
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Figure 1 Metformin up-regulates myostatin expression. (A) Comparison of the relative mRNA expression of myostatin using real-time PCR (qRT-PCR).
C2C12 myotubes were stimulated with metformin (2 mM) for 12 h. (B) C2C12 myotubes were stimulated with metformin (2 mM) for the indicated
times. PCR was normalized using GAPDH expression. Bars represent the mean ± SEM. (C) The expression of myostatin was examined by western blot-
ting (WB). C2C12 myotubes were stimulated for 36 h with indicated concentrations of metformin (0.01–2 mM). Cell lysates were analysed using
anti-myostatin and anti-β-actin antibodies. (D) C2C12 myotubes were incubated with metformin (2 mM) for the indicated times. Cell lysates were
analysed using anti-myostatin and anti-β-actin antibodies. (E) The expression of myostatin was evaluated by WB. C2C12 myotubes were stimulated
with the biguanides, metformin (2 mM), buformin (50 μM), and phenformin (50 μM) for 24 h. Cell lysates were analysed using anti-myostatin and
anti-β-actin antibodies. (F) Myotube morphology was examined via haematoxylin and eosin (H&E) staining after metformin treatment (0–2 mM).
(G) Analysis of the diameter of cultured myotubes. Myotube diameter was calculated using ImageJ. Bars represent the mean ± SEM. (H, I) Primary
TA myotubes were stimulated with metformin (2 mM) for 24 h. (J) C2C12 myotubes were pre-treated with Myostatin siRNA (100 nM) and incubated
with metformin (2 mM). Myotube morphology was examined via haematoxylin and eosin (H&E) staining. (K) Analysis of the diameter of cultured
myotubes. Myotube diameter was calculated using ImageJ. (L, M) Comparison of the relative mRNA expression of MuRF1 and MAFbx32 using
real-time PCR (qRT-PCR). C2C12 myotubes were stimulated with metformin (2 mM) for the indicated times. PCR was normalized using GAPDH expres-
sion. (N) Comparison of the relative mRNA expression of myostatin using real-time PCR (qRT-PCR). Human skeletal myoblasts were stimulated with
metformin (0.1 and 2 mM) for 12 h. Gene expression was normalized using GAPDH. (O, P) Creatine kinase (CK) and lactate dehydrogenase (LDH) ac-
tivity of human skeletal muscle cells. CK and LDH activity was measured in cytoplasmic extracts and normalized using total protein. Results are
expressed as the mean ± SEM. Scale bar, 100 μm. *P < 0.05, **P < 0.01, ***P < 0.001 compared to the control.
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Figure 2 Metformin increases myostatin expression via AMPK. (A) The level of p-AMPK was evaluated by western blotting (WB). C2C12 myotubes
were stimulated for 36 h with indicated concentrations of metformin (0.01–2 mM). Cell lysates were analysed using anti-phospho-AMPK (Thr172)
and anti-AMPK antibodies. (B) C2C12 myotubes were incubated with metformin (2 mM) for the indicated times. Cell lysates were analysed using
anti-phospho-AMPK (Thr172), and anti-AMPK antibodies. (C) The expression of myostatin was evaluated by WB. C2C12 myotubes were pre-treated with
the AMPK inhibitor, Compound C (30 μM), and incubated with metformin (2 mM). Cell lysates were analysed using anti-myostatin and anti-β-actin
antibodies. (D) Comparison of the relative mRNA expression of myostatin using real-time PCR (qRT-PCR). C2C12 myotubes were pre-treated with
AMPK α2 siRNA (100 nM) and incubated with metformin for 24. PCR was normalized using GAPDH. Bars represent the mean ± SEM. (E) The expression
of myostatin was evaluated by WB analysis. C2C12 myotubes were pre-treated with AMPK α2 siRNA (100 nM) and incubated with metformin (2 mM)
for 24 h. Cell lysates were analysed using anti-myostatin, anti-AMPK α2 and anti-β-actin antibodies. (F) C2C12 myotubes were pre-treated with AMPK
α2 siRNA (100 nM) and incubated with metformin (2 mM). Myotube morphology was examined via haematoxylin and eosin (H&E) staining. (G) Anal-
ysis of the diameter of cultured myotubes. Myotube diameter was calculated with ImageJ. Bars represent the mean ± SEM. (H) Primary TA myotubes
were pre-treated with AMPK α2 siRNA and incubated with metformin (2 mM). Myotube morphology was examined via H&E staining. (I) Analysis of the
diameter of cultured primary myotubes. Primary myotube diameter was calculated with ImageJ. Bars represent the mean ± SEM. (J) The expression of
AMPK α was evaluated by WB analysis. CRISPR/AMPK α (2 μg) was transfected for 24 h. Cell lysates were analysed using anti-AMPK α, and anti-β-actin
antibodies. (K) The expression of myostatin was evaluated by WB analysis. C2C12 myotubes were pre-treated with CRISPR/AMPK α and incubated with
metformin (2 mM) for 24 h. Cell lysates were analysed using anti-myostatin and anti-β-actin antibodies. (L) C2C12 myotubes were pre-treated with
CRISPR/AMPK α (2 μg) and incubated with metformin (2 mM). Myotube morphology was examined via haematoxylin and eosin (H&E) staining.
(M) Analysis of the diameter of cultured myotubes. Myotube diameter was calculated with ImageJ. Results are expressed as the mean ± SEM. Scale
bar, 100 μm. **P < 0.01, ***P < 0.001 compared to the control.
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knockdown of AMPK alpha2 reduced the metformin-induced
atrophy of C2C12 myotubes (Figure 2F). Myotube diameter
was calculated (Figure 2G). To achieve ex vivo conditions, pri-
mary myoblasts from mouse TA muscles were induced to dif-
ferentiate by incubating them with the differentiation
medium. The results obtained upon using primary myotubes
were similar to those obtained with C2C12 myotubes after
siRNA-mediated AMPK knockdown (Figure 2H and 2I). Fur-
ther, CRISPR AMPK alpha was found to decrease myostatin
expression following treatment with metformin. Under basal
conditions, the levels of total AMPK alpha decreased signifi-
cantly after AMPK alpha knockdown (Figure 2J). Furthermore,
CRISPR AMPK alpha in the background of metformin treat-
ment reduced myostatin expression in C2C12 myotubes
(Figure 2K). For morphological analysis, C2C12 myoblasts
were induced to differentiate by incubating them with the
differentiation medium for 5 days. Knockdown of AMPK
alpha in the background of metformin treatment resulted in
reduced atrophy of C2C12 myotubes (Figure 2L). Myotube di-
ameter was calculated (Figure 2M). Thus, inhibition of AMPK
activity might reduce metformin-induced up-regulation of
myostatin expression in C2C12 myotubes. These results
indicate that metformin impacts the muscle volume via
AMPK-dependent myostatin up-regulation.

Metformin-induced up-regulation of myostatin
expression in C2C12 myotubes involves FoxO3a

Because AMPK can promote FoxO3a activity by inducing the
expression of autophagy-related genes,23 and the
fasting-induction of FoxO3a and MuRF1 requires AMPK,24

we hypothesized that FoxO3a impacts metformin-induced
muscle atrophy by up-regulating myostatin through AMPK.
We found that metformin increased FoxO3a expression at
mRNA (Figure 3A and 3B) and protein levels in a
dose-dependent and time-dependent manner (Figure 3C
and 3D). To confirm the relationship between p-AMPK and
FoxO3a, we performed a co-immunoprecipitation assay and
found that p-AMPK co-immunoprecipitated with FoxO3A in
C2C12 myotubes after 36 h of metformin treatment (Figure
3E). To verify the role of FoxO3a in myostatin expression in
C2C12 myotubes, we performed qRT-PCR on cells transfected
with siFoxO3a. Myostatin expression decreased significantly
after siRNA-mediated FoxO3a knockdown (Figure 3F). For
morphological analysis, the differentiation of C2C12 myo-
blasts was induced by incubating them with the differentia-
tion medium for 5 days. Knockdown of FoxO3a resulted in
the background of metformin treatment reduced the atrophy
of C2C12 myotubes (Figure 3G). Myotube diameter was cal-
culated (Figure 3H). These findings indicate that p-AMPK
and FoxO3a are upstream molecules that regulate myostatin
expression.

Histone deacetylase 6 is involved in the
metformin-mediated regulation of myostatin
expression

Previous studies have found that Class IIa HDACs (HDAC4, 5,
and 7) recruit HDAC3, thereby causing transcriptional
induction via the deacetylation and activation of FOXO family
transcription factors25,26 and that HDAC6 (Class IIb) activates
FoxO3a under conditions of denervation muscle atrophy.27

Based on these results, we hypothesized that metformin
might regulate HDAC6 expression, a phenomenon that might
result in the activation of FoxO3a. We found that metformin
regulates HDAC6 expression in a dose-dependent and
time-dependent manner (Figure 4A and 4B) and, at a concen-
tration of 2 mM, metformin increases HDAC6 expression at
the protein level (Figure 4C). Subsequently, we examined
whether HDAC6 regulates FoxO3a activity through direct bind-
ing. A co-immunoprecipitation assay revealed that HDAC6
binds to FoxO3a after metformin treatment (Figure 4D). To
confirm that HDAC6 is associated with AMPK, we transfected
cells with siAMPK alpha2 and measured the transcript-level
expression of HDAC6, which increased after metformin treat-
ment and decreased after treatment with siAMPK alpha2
(Figure 4E). Protein levels were correlated with the
mRNA levels (Figure 4F). Consistent with the results of
siRNA-mediated AMPK alpha2 knockdown, transfection with
CRISPR AMPK alpha resulted in decreased expression
of HDAC6 (Figure 4G). After inhibiting HDAC6 from
metformin-treated C2C12 myotubes, myostatin expression
level also decreased (Figure 4H and 4I). For morphological
analysis, the differentiation of C2C12 myoblasts was induced
by incubating themwith the differentiationmedium for 5 days.
siRNA-mediated knockdown of HDAC6 in the background of
metformin treatment reduced the atrophy of C2C12myotubes
(Figure 4J). Myotube diameter was calculated (Figure 4K).
These findings suggest that HDAC6 is a key molecule for the
regulation of myostatin expression and that AMPK is a key
upstream molecule of HDAC6.

FoxO3a regulates myostatin expression by binding
to its promoter region

To determine whether metformin regulates myostatin
through transcriptional regulation, we used luciferase
reporter constructs containing the myostatin promoter. We
found that metformin induced the activity of the myostatin
promoter reporter, which contained fragments from �400 to
+200 bp. Luciferase activity was normalized against a
β-galactosidase reporter plasmid, and the results are
presented relative to the activity of the empty pGL4.15. After
transfection, C2C12 myotubes were treated with metformin
for 12 h. Metformin treatment enhanced the activity of the
myostatin promoter (Figure 5A). We hypothesized that
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Figure 3 Metformin regulates myostatin, via FoxO3a. (A) Comparison of the relative FoxO3a mRNA expression using real-time PCR (qRT-PCR). C2C12
myotubes were stimulated with metformin (2 mM) for 12 h. (B) C2C12 myotubes were stimulated with metformin (2 mM) for the indicated times. PCR
was normalized using GAPDH. The bars represent the mean ± SEM. (C) The expression of FoxO3a was evaluated by western blotting (WB). C2C12
myotubes were stimulated for 36 h with indicated concentrations of metformin (0.01–2 mM). Cell lysates were analysed using anti-FoxO3a and
anti-β-actin antibodies. (D) The expression of FoxO3a was evaluated by WB. C2C12 myotubes were stimulated with metformin (2 mM) for the indi-
cated times. Cell lysates were analysed using anti-FoxO3a and anti-β-actin antibodies. (E) A co-immunoprecipitation assay used lysate from metformin-
(2 mM, 36 h) treated C2C12 myotubes. Immunoprecipitations was performed with the anti-FoxO3a antibody. Cell lysates were analysed using anti-IgG,
anti-FoxO3a, anti-p-AMPK (Thr

172
), anti-AMPK, and anti-β-actin antibodies. IgG was used as the negative control. (F) Comparison of the relative mRNA

expression of myostatin using real-time PCR (qRT-PCR). C2C12 myotubes were pre-treated with FoxO3a siRNA (100 nM) and incubated with metformin
for 24 h. PCR was normalized using GAPDH. (G) C2C12 myotubes were pre-treated with FoxO3a siRNA (100 nM) and incubated with metformin
(2 mM). Myotube morphology was examined via haematoxylin and eosin (H&E) staining. (H) Analysis of the diameter of cultured myotubes. Myotube
diameter was calculated with ImageJ. Results are expressed as the mean ± SEM. Scale bar,100 μm. **P< 0.01, ***P< 0.001 compared to the control.
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Figure 4 HDAC6 is involved in the up-regulation of myostatin. (A) Comparison of the relative HDAC6 mRNA expression using real-time PCR (qRT-PCR).
C2C12 myotubes were stimulated with metformin (2 mM) for 12 h. (B) C2C12 myotubes were stimulated with metformin (2 mM) for the indicated
times. PCR was normalized using GAPDH expression. Bars represent the mean ± SEM. (C) HDAC6 expression was evaluated by western blotting
(WB). C2C12 myotubes were stimulated with metformin (2 mM) for 24 h. Cell lysates were immunoblotted using anti-HDAC6 and anti-β-actin antibod-
ies. (D) A co-immunoprecipitation assay used lysates from metformin-treated (2 mM, 36 h) C2C12 myotubes. Immunoprecipitation was performed
with the anti-FoxO3a antibody. Cell lysates were immunoblotted using anti-IgG, anti-FoxO3a, anti HDAC6, and anti-β-actin antibodies. IgG was used
as a negative control. (E) Comparison of the relative HDAC6 mRNA expression using real-time PCR (qRT-PCR). C2C12 myotubes were pre-treated with
AMPK α2 siRNA (100 nM) and incubated with metformin for 24 h. PCR was normalized using GAPDH expression. Bars represent mean ± SEM. (F) The
expression of HDAC6 was evaluated by western blotting (WB). C2C12 myotubes were pre-treated with AMPK α2 siRNA (100 nM), incubated with met-
formin (2 mM) for 24 h, and analysed by WB analysis. Cell lysates were analysed using anti-HDAC6 and anti-β-actin antibodies. (G) C2C12 myotubes
were pre-treated with CRISPR/AMPK α sgRNA (2 μg), incubated with metformin (2 mM) for 24 h, and analysed by WB analysis. Cell lysates were
immunoblotted using anti-HDAC6 and anti-β-actin antibodies. (H) Comparison of the relative mRNA expression of myostatin using real-time PCR
(qRT-PCR). C2C12 myotubes were pre-treated with HDAC6 siRNA (100 nM) and incubated with metformin for 24 h. PCR was normalized using GAPDH
expression. Bars represent the mean ± SEM. (I) C2C12 myotubes were pre-treated with HDAC6 siRNA, incubated with metformin (2 mM) for 24 h, and
analysed by WB analysis. Cell lysates were immunoblotted using anti-myostatin, anti-HDAC6, and anti-β-actin antibodies. (J) C2C12 myotubes were
pre-treated with HDAC6 siRNA (100 nM) and incubated with metformin (2 mM). Myotube morphology was examined via haematoxylin and eosin
(H&E) staining. (K) Analysis of the diameter of cultured myotubes. Myotube diameter was calculated with ImageJ. Results are expressed as the
mean ± SEM. Scale bar, 100 μm. Results are expressed as the mean ± SEM. **P < 0.01, ***P < 0.001 compared to the control.
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Figure 5 FoxO3a regulates myostatin by binding to its promotor region via subcellular localization. (A) Cells were transfected with the p-myostatin-Luc
firefly luciferase reporter plasmid (1 μg) and β-galactosidase control reporter plasmid (100 ng). The next day, metformin was administered for 12 h. The
cell extracts were analysed using a Promega luciferase assay kit. The graphs display the mean ratios of the firefly reporter and β-galactosidase control.
Bars represent the mean ± SEM. (B) Framework of the mouse myostatin gene. The arrows indicate the location of putative FoxO3a binding site in the
myostatin promotor region. (C) ChIP experiments were performed using digested chromatin from C2C12 myotubes. Purified DNAs were analysed by
standard PCR methods using ChIP myostatin primers. (D) Subcellular localization of FoxO3. The C2C12 myotubes were fractionated into nuclear and
cytoplasmic fractions after metformin treatment for the indicated times. The fractions were immunoblotted to detect anti-FoxO3a, cytosolic protein
anti-GAPDH, nuclear proteins, anti-lamin B antibodies. (E) C2C12 myoblasts treated with metformin were subjected to immunofluorescence (IF) anal-
ysis with anti-MHC (green), anti-FoxO3a (red), and confocal microscopy. (F) Results of immunofluorescence (IF) nuclear intensity quantification,
expressed as the mean ± SEM. Scale bar, 20 μm. *P < 0.05, ***P < 0.001 compared to the control.
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metformin directly regulates myostatin via FoxO3a. Forkhead
transcription factor families contain similar DNA-binding
domains.28,29 We predicted putative FoxO3a-binding sites
(�362 and�172) in the myostatin promoter (Figure 5B). ChIP
experiments revealed that FoxO3a binds to the putative bind-
ing site in the myostatin promoter in C2C12 cells (Figure 5C).
To determine whether metformin promoted the subcellular
localization of FoxO3a, we performed cytoplasmic-nuclear
fractionation. Interestingly, metformin treatment induced
the nuclear localization of FoxO3a (Figure 5D). Confocal
microscopy revealed that the expression of FoxO3a increased
in the nucleus after metformin treatment (Figure 5E). FoxO3a
significantly increased the nuclear intensity of FoxO3a after
metformin treatment (Figure 5F). These results indicate that
metformin induces the direct binding between FoxO3a and
the myostatin promoter.

Metformin’s effects on the muscles of db/db mice

Patients with T2DM exhibit a significant decline in muscle
mass, strength, and function.30 Accordingly, an imbalance in
the synthesis and degradation of contractile proteins can oc-
cur in these patients. Systemic inflammation initiated by obe-
sity and insulin resistance promotes muscle atrophy in
patients with T2DM.31 Therefore, before evaluating our find-
ings in an in vivo model of diabetes, we sought to determine
the muscle-wasting effects of metformin in an in vitro
model of insulin-resistant T2DM. We established an
insulin-resistant model in C2C12 cells in which insulin resis-
tance responses were exhibited after insulin treatment using
high concentration of insulin and TNF-α, in accordance with
established protocols.32 As expected, a decrease in the phos-
phorylation of Akt at serine 473 was observed (Figure 6A). To
confirm the myostatin-regulatory effects of metformin in
insulin-resistant conditions, we verified the transcript-level
expression of myostatin after metformin treatment. A greater
increase in myostatin mRNA was observed in groups treated
with insulin, TNF-α, and metformin than that in the group
treated with metformin alone (Figure 6B), indicating that
metformin could impair muscle function in an
insulin-resistant state. To confirm the blood
glucose-reducing effect of metformin, we measured the
blood glucose levels in animals. Metformin-treated db/db
mice showed lower blood glucose levels than control animals
(Figure 6C). To evaluate the effect of metformin on the
cross-sectional area of muscle fibres, we conducted H&E
staining of GC muscles and estimated the fibre size. Our data
showed the distribution of myofibre size in each group.
Metformin-treated db/db mice had a leftward shift in the dis-
tribution of fibre sizes compared with the controls (Figure
6D). The average fibre cross-sectional area in the GC muscles
was quantified by H&E staining (Figure 6E). Next, we con-
firmed the expression of myostatin mRNA in the hindlimb

muscles. Myostatin levels increased in metformin-treated
GC muscles (Figure 6F). However, other muscles such as the
TA, quadriceps (QC), and extensor digitorum longus (EDL)
did not exhibit any significant differences between the
metformin-treated group and the control group (Figure 6G,
6H, and 6I). The grip strength test also did not reveal any dif-
ferences between the control and metformin-treated db/db
mice (Figure 6J). ELISA did not reveal a significant difference
in the serum myoglobin levels in metformin-treated db/db
mice (compared to control mice) (Figure 6K). These results
demonstrate that metformin impairs muscle function but
has negligible effects in db/db mice. This suggests that met-
formin can affect the muscle via complicated mechanisms.

The effect of metformin in wild-type mice

Metformin does not provide benefits for muscle function, but
its negative effects on muscle are minimal in db/db mice. We
conducted the same experiments in wild-type mice to verify
the effects of metformin on muscle atrophy. Similar to the re-
sults in the db/db mice, the cross-sectional area of muscle fi-
bres in the GC muscle showed a leftward shift in the
distribution of myofibre sizes in metformin-treated wild-type
mice (compared with the controls) (Figure 7A). The average
fibre cross-sectional area in the GC muscles was quantified
by H&E staining (Figure 7B). Myostatin levels increased signif-
icantly in the GC muscles of metformin-treated wild-type
mice compared to those in the controls (Figure 7C). However,
as confirmed in the db/db mice, TA, QC, and EDL muscles did
not differ significantly between the metformin-treated mice
and the controls (Figure 7D, 7E, and 7F). In contrast to that
of the db/db mice, the grip strength of the wild-type mice
treated with metformin was significantly lower than that of
the control group (Figure 7G). Moreover, the serum myoglo-
bin level in metformin-treated wild-type mice was signifi-
cantly lower than that in the controls (Figure 7H). These
results indicate that metformin negatively affects muscle
function, and the effects are greater in wild-type mice than
those in the db/db mice.

Discussion

Our findings reveal the role of metformin in the regulation of
muscle wasting at the transcriptional level. Although first-line
biguanide metformin is often administered to patients with
T2DM, its long-term administration can cause several side
effects, including those that affect muscle function. Currently,
the effect of metformin on the muscles is controversial.
Blood glucose levels and other conditions can also
induce muscle atrophy. Metformin is known to produce a
glucose-lowering effect that is accompanied by improve-
ments in insulin sensitivity; however, it is also known to in-
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Figure 6 Reduced muscle atrophy effects of metformin in db/db mice. (A) The expression of p-AKT (ser473) was determined via western blotting (WB)
analysis. C2C12 myotubes were pre-treated with insulin (100 nM) and TNF-α (2.5 nM) for 24 h, and then stimulated with insulin (100 nM) for 15 min.
Cell lysates were analysed using anti-phospho-AKT (ser473), and anti-AKT antibodies. (B) Comparison of the relative mRNA expression of myostatin
using real-time PCR (qRT-PCR). C2C12 myotubes were pre-treated with insulin (100 nM) and TNF-α (2.5 nM) for 24 h, and then incubated with met-
formin for 24 h. PCR was normalized using GAPDH. The bars represent the mean ± SEM. (C) Blood glucose level (mg/dL) in metformin-treated db/db
mice, measured after overnight fasting. Bars represent the mean ± SEM. (D) Muscle fibre cross-sectional area in the GC muscles of db/db mice. Data
show the fibre size distribution. (E) Average fibre cross-sectional area (CSA) of GC muscles. Bars represent the mean ± SEM. (F-I) Real-time PCR (qRT-
PCR) comparison of the relative mRNA expression of myostatin in GC, TA, QC, and EDL muscles obtained from control and metformin- (250 mg/kg)
treated db/db mice. Only the GC samples showed significantly increased myostatin expression. PCR was normalized using GAPDH. Bars represent
the mean ± SEM. (J) Grip strength test; fore and hindlimb (four paws) grip force measurements. Tests were performed weekly and averaged across
three trials. Data are expressed as the mean ± SEM. n = 10/group. (K) Enzyme-linked immunosorbent assay (ELISA). Data indicate the serum myoglobin
level (ng/mL). The serum myoglobin levels of the db/db mice showed no significant change from the controls. Results are expressed as the
mean ± SEM. **P < 0.01, ***P < 0.001 compared to the control.
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Figure 7 Metformin negatively affects muscle function in wild-type mice. (A) Data indicate the muscle fibre cross-sectional area of the GC muscle
wild-type mice. Data show the fibre size distribution. (B) Average fibre cross-sectional area (CSA) of GC muscles. Bars represent the mean ± SEM.
(C–F) Real-time PCR (qRT-PCR) comparison of the relative mRNA expression of myostatin in the GC, TA, QC and EDL muscles of control and
metformin-treated wild-type mice. Only the GC muscle showed significantly increased myostatin expression. PCR was normalized using GAPDH. The
bars represent the mean ± SEM. (G) Grip strength test; fore-/hindlimb (four paws) grip force measurements. Tests were performed weekly and aver-
aged across three trials. The metformin-treated wild-type mice showed decreased muscle grip strength. Data are expressed as the mean ± SEM. n = 10/
group. (H) Enzyme-linked immunosorbent assay (ELISA). Data indicate the serum myoglobin level (ng/mL). The serum myoglobin levels of the wild-type
mice decreased significantly compared with the controls. Results are expressed as the mean ± SEM. **P < 0.01, ***P < 0.001 compared to the
control.
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crease the levels of p-AMPK and myostatin, a muscle
atrophy-related molecule. Thus, three different arguments
arise. A recent study revealed that metformin negatively af-
fects the hypertrophic response to resistance training in
healthy older individuals. Because metformin reduces inflam-
mation, the researcher of the study hypothesized that met-
formin would augment the muscle response; however, the
placebo group had more gains in lean body and thigh muscle
mass than the metformin-treated group.33 Another study
suggested that leg lean mass and appendicular skeletal mus-
cle mass were significantly lower in older men with T2DM
than in controls. Notably, 87% of patients in the T2DM group
received metformin.30 However, previous investigations have
indicated that metformin-receiving diabetes mellitus group
showed an increase in appendicular lean mass. These data
suggest that the use of insulin sensitizers, particularly metfor-
min, could attenuate the loss of appendicular lean mass in
older men with diabetes. Another study found that 5-
aminoimidazole-4-carboxamide ribonucleotide (AICAR), met-
formin, and IFN/TNF treatments all activated AMPK, but only
AICAR prevented IFN/TNF-induced atrophy. These results
clearly demonstrate that both AICAR and metformin activate
AMPK, but co-treatment with AICAR, excluding metformin,
prevents the progression of cytokine-induced myotube
wasting.34 On the other hand, our results support the
negative effects of metformin on muscle hypertrophy. Fur-
thermore, our in vivo findings from GC muscles after metfor-
min treatment correlated with our in vitro findings. However,
other hindlimb muscles, TA, QC, and EDL did not show signif-
icant changes in myostatin expression in wild-type and db/db
mice. In addition, the effect of metformin on muscle mass
also differed depending on the muscle type. The weight of
QC and soleus decreased, but other muscles, such as EDL,
GC, and TA, showed no significant changes. These results sug-
gest that there might be a mechanism regulating muscle
mass other than myostatin. Importantly, our results showed
significant differences in the response to metformin in dia-
betic and non-diabetic conditions. First, db/db mice adminis-
tered metformin did not differ significantly from the control
group in the grip strength test, but the wild-type mice admin-
istered metformin had a significant decrease in muscle grip
strength. Second, the myoglobin level of metformin-treated
wild-type mice decreased in the serum analysis. Therefore,
metformin has a complicated effect on the muscle regulation
mechanisms. In db/db mice, the glucose-lowering effect of
metformin may partially offset its muscle-wasting effect.

Accordingly, whether metformin induces muscle wasting
in humans with T2DM remains unknown. Based on our
in vitro results, the up-regulation of myostatin in response
to metformin is controlled by activated p-AMPK, which regu-
lates subcellular localization and ultimately enables binding
between FoxO3a and myostatin. In the myostatin promoter
region, FoxO3a binds to the putative binding site of

myostatin by directly activating its expression. Therefore, it
can cause muscle wasting. Because HDAC6 also binds to
FoxO3a in this molecular process, we hypothesized that
HDAC6-mediated myostatin up-regulation might be related
to its deacetylation activity. In other words, HDAC6 might
regulate acetylated FoxO3a and increase FoxO3a expression.
HDAC6 may also regulate muscle atrophy. This study is the
first to provide a clear molecular mechanism for the effect
of metformin on muscle function. Moreover, we identified
the novel muscle atrophy effects of the AMPK- and HDAC6-
FoxO3a-myostatin axis at the transcriptional level. We also
identified that the transcriptional and epigenetic pathways
induced by metformin could cause muscle wasting and in-
duce negative effects in T2DM patients treated with metfor-
min. To date, a broad range of metformin has been used in
experiments.35 In vitro studies and in vivo used much higher
doses of metformin than those clinical studies.16,36,37 In the
present study, we used 2 mM in vitro and 250 mg/kg in vivo.
These doses are slightly higher than the therapeutic concen-
trations of metformin in patients, but within the ranges of
other studies used metformin. In the future, more studies
are necessary to define the relationship between
dose-dependent efficacy and the corresponding plasma con-
centration of metformin.
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