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Metformin attenuates palmitic acid-induced insulin resistance
in L6 cells through the AMP-activated protein kinase/sterol
regulatory element-binding protein-1c pathway
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Abstract. AMP-activated protein kinase (AMPK) is an impor-
tant effector of metformin action on glucose uptake in skeletal
muscle cells. We recently reported that metformin improved
insulin receptor substrate-1 (IRS-1)-associated insulin signaling
by downregulating sterol regulatory element-binding protein-1c
(SREBP-I1c¢) expression. In this study, we investigated whether
AMPK activation and SREBP-I1c inhibition contribute to the
beneficial effects of metformin on IRS-1-associated insulin
signaling in L6 myotubes. L6 muscle cells were incubated with
palmitic acid (PA) to induce insulin resistance and then treated
with metformin and/or the AMPK inhibitor, compound C.
AMPK, SREBP-1c,IRS-1 and Akt protein expression levels were
determined by western blot analysis. The effects of metformin
on SREBP-1c gene transcription were determined by a lucif-
erase reporter assay. Glucose uptake was evaluated using the
2-NBDG method. In the PA-treated L6 cells, metformin treat-
ment enhanced AMPK phosphorylation, reduced SREBP-1c
expression and increased IRS-1 and Akt protein expression,
whereas treatment with compound C blocked the effects of
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metformin on SREBP-1c expression and the IRS-1 and Akt
levels. Moreover, metformin suppressed SREBP-1c promoter
activity and promoted glucose uptake through AMPK. The
results from this study demonstrate that metformin ameliorates
PA-induced insulin resistance through the activation of AMPK
and the suppression of SREBP-1c in skeletal muscle cells.

Introduction

Skeletal muscle insulin resistance plays a major role in the devel-
opment of postprandial hyperglycemia (1). It is well established
that excess lipid accumulation in muscle leads to insulin resis-
tance by impairing insulin signaling (2,3). As akey transcription
factor regulating de novo lipogenesis, the increased expression
of sterol regulatory element-binding protein-1c (SREBP-I1c)
can result in muscular insulin resistance by promoting lipid
accumulation (4-6). Nonetheless, in a recent study of ours, we
reported a new mechanism through which SREBP-1c directly
binds to the promoter region of insulin receptor substrate-1
(IRS-1), suppressing IRS-1 expression and, subsequently, the
activation of the insulin signaling pathway (7). AMP-activated
protein kinase (AMPK), a conserved serine/threonine protein
kinase, is composed of a catalytic subunit o and two regulatory
subunits B and y. The o subunit contains a threonine residue
(Thr172) that is necessary for AMPK activation. AMPK is an
intracellular energy sensor that plays a key role in regulating
cellular metabolism (8). In muscle, AMPK has been shown
to regulate insulin signaling and promote the translocation of
glucose transporter 4 (GLUT4), thereby stimulating glucose
uptake (9). Multiple evidence has indicated that the first-line
antihyperglycemic drug, metformin, increases glucose uptake
in skeletal muscle mainly through AMPK activation (10-12).

It is known that SREBP-1c is negatively regulated by
AMPK. Previous studies have indicated that AMPK suppresses
SREBP-I1c transcription (13,14) and inhibits SREBP-1c cleavage
and nuclear translocation by phosphorylating SREBP-1c (15) in
hepatoma cell lines and a fatty liver model, respectively. Studies
have demonstrated that metformin treatment reduces hepatic
lipogenesis through the the AMPK/SREBP-1c pathway (15,16).
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Furthermore, our recent study indicated that metformin
ameliorated IRS-1-associated insulin signaling through its
inhibitory effect on SREBP-1c in skeletal muscle cells (7).
Nonetheless, whether AMPK is the molecular link through
which metformin acts on SREBP-1c and the subsequent insulin
signaling requires clarification.

Therefore, the present study was designed to investigate the
involvement of the AMPK/SREBP-1c pathway in the benefi-
cial effects of metformin on the insulin signaling pathway
in skeletal muscle cells. We found that metformin inhibited
SREBP-Ic expression, which was coincident with AMPK acti-
vation in PA-treated L6 myotubes. Further experiments using
the AMPK inhibitor, compound C, demonstrated that AMPK
activation was required for the inhibitory effects of metformin
on SREBP-1c and subsequent insulin signaling. These findings
provide a more precise mechanism of metformin regulation of
insulin signaling in skeletal muscle cells.

Materials and methods

Materials. L6 muscle cells were obtained from the Chinese
Academy of Sciences. All cell culture media and sera were
purchased from Invitrogen (Carlsbad, CA, USA). Metformin
and palmitic acid (PA) were obtained from Sigma-Aldrich
(St. Louis, MO, USA). Compound C was obtained from
EMD Millipore (Billerica, MA, USA). 2-[N-(7-nitrobenz-2-
oxa-1,3-diazol-4-yl)-amino]-2-deoxy-D-glucose (2-NBDG)
was purchased from Cayman Chemical (Ann Arbor, MI,
USA). The anti-SREBP-1c antibody (sc-8984) was obtained
from Santa Cruz Biotechnology (Dallas, TX, USA).
Antibodies against IRS-1 (3407), phosphorylated-IRS-1
(p-IRS-1; Tyr608/612; 09-432) and glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH; MAB374) were obtained
from EMD Millipore. Antibodies against AMPKa (2603),
phosphorylated AMPKa (p-AMPKa; Thrl72; 2535), Akt
(9272) and phosphorylated Akt (p-Akt; Ser473; 4060) were
from Cell Signaling Technology (Danvers, MA, USA). The
anti-fatty acid synthase (FAS; 610962) antibody was obtained
from BD Biosciences (Franklin Lakes, NJ, USA).

Cell culture. The L6 muscle cells were cultured in DMEM
supplemented with 10% FBS (vol/vol) and differentiated into
myotubes in differentiation medium within 6 days, as previ-
ously described (17). The monolayer of myotubes was then
serum-starved in DMEM for 8 h and used in the following
experiments. To examine the time-course effects of PA, the
L6 myotubes were incubated with 0.5 mM PA for 3, 6, 12,
18 and 24 h. To determine the effects of metformin and the
involvement of AMPK, the L6 myotubes were treated with
0.5 mM PA in the presence or absence of metformin (1
or 10 mM) for 24 h or pre-treated with the specific AMPK
inhibitor, compound C (10 zM), for 30 min and then exposed
to 10 mM metformin for 24 h. The cells were then harvested,
and the protein was extracted for western blot analysis.

Glucose uptake assay. The L6 cells were treated with the indi-
cated compounds for 24 h and then incubated in low-glucose and
serum-free DMEM containing 100 M 2-NBDG for 1 h at 37°C
in the dark. After a 10-min treatment with 100 nM insulin, the
cells were collected and the fluorescence intensity was measured
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at an excitation of 485 nm and an emission of 520 nm using a
FACSCalibur flow cytometer (BD Biosciences). The intensity of
the fluorescence reflected the 2-NBDG uptake of the cells.

PA-induced cytotoxicity assay. Cell apoptosis was detected by
Annexin V-FITC/PI staining (Invitrogen). Annexin V-FITC is
a fluorescence protein that binds to phosphatidylserine of the
plasma membrane during early apoptosis. Propidium iodide (PI)
is a fluorescent dye that binds to nuclear DNA following the
rupture of the plasma membrane. L6 myotubes untreated or
treated with 0.5 mM PA for 24 h were resuspended in 400 pl
Annexin Binding Buffer, and then incubated in the dark for
15 min at room temperature with 4 ul of Annexin V-FITC and
4 pul of PI. Annexin V-FITC and PI fluorescence were measured
by flow cytometry. DNA fragmentation was examined to
determine late apoptosis. Total DNA was extracted from the
PA-treated L6 myotubes using a DNA purification kit and
analyzed on ethidium bromide (EtBr)-stained 2% agarose gels.

Western blot analysis. The treated cells were washed twice
with cold phosphate-buffered saline and lysed in NP-40 lysis
buffer containing a Protease Inhibitor Cocktail (Roche, Basel,
Switzerland). The protein concentration was measured using
the bicinchoninic acid (BCA) method. Twenty micrograms of
protein per lane were loaded and separated by SDS-PAGE,
transferred onto polyvinylidene fluoride membranes, blocked
with 7.5% non-fat dried milk (wt/vol) in Tris-buffered saline
with 0.1% Tween-20 (TBST) and incubated with primary
antibodies overnight at 4°C. The membranes were washed
with TBST and incubated with the appropriate secondary
antibody (goat anti-rabbit IgG, ZB-2301, ZSGB-BIO, Beijing,
China and goat anti-mouse IgG, GAMO0072, MultiSciences
Biotech, Suzhou, China) at room temperature. The protein
bands were then visualized with enhanced chemiluminescence
(EMD Millipore) and quantified by densitometry (Quantity One
software; Bio-Rad Laboratories, Hercules, CA, USA).

Luciferase reporter assays. The reporter plasmid, pGL3-
SREBP-1c,was constructed to contain the rat SREBP-1c promoter
region from -1,000 to +100 bp and cloned into the Kpnl/HindIIl
sites of the pGL3-basic luciferase vector (Promega, Madison
WI, USA). The L6 cells were co-transfected with a luciferase
plasmid pGL3-SREBP-1c (1,000 ng) and a pRL-TK Renilla
plasmid (20 ng) using Lipofectamine 2000 (Invitrogen). At 24 h
post-transfection, the cell medium was switched to a medium
supplemented with the indicated compounds. Twelve hours
later, luciferase activity was measured using the Dual-Luciferase
reporter assay system (Promega). The Renilla plasmid pRL-TK
was used to normalize for transfection efficiency.

Statistical analysis. All data are expressed as the means + SEM.
Differences between groups were examined for statistical
significance using the Student's t-test or one-way ANOVA.
A value of P<0.05 was considered to indicate a statistically
significant difference.

Results

Metformin promotes glucose uptake through AMPK activation
under PA-induced insulin-resistant states in L6 myotubes. It
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Figure 1. Palmitic acid (PA) at the dose of 0.5-mM led to insulin resistance in L6 myotubes without inducing cytotoxicity. (A) L6 myotubes were treated with
PA (0,0.1,0.3 and 0.5 mM) for 24 h. 2-NBDG uptake was decreased following PA treatment in a dose-dependent manner. (B) Untreated L6 myotubes and those
treated with PA (0.5 mM) for 24 h were stained with Annexin V-FITC and PI. Analysis of cell apoptosis was performed by flow cytometry. The numbers in the
quadrants represent the percentage of cells in early apoptosis (Annexin V* PI', lower right quadrant). (C) Late apoptosis was assayed using DNA extraction and gel
electrophoresis. M, marker.
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Figure 2. Metformin promotes glucose uptake through the activation of AMP-activated protein kinase (AMPK) in L6 myotubes in a palmitic acid (PA)-induced
insulin-resistant state. (A) 2-NBDG uptake was decreased following PA treatment in a time-dependent manner. (B) The time-dependent effects of PA treatment
on the expression of phosphorylated AMPKa (p-AMPKa; Thrl172), AMPKa, sterol regulatory element-binding protein-lc (SREBP-Ic), phosphorylated insulin
receptor substrate-1 (p-IRS-1; Tyr608/612) and IRS-1. Protein levels (normalized to GAPDH) were measured by western blot analysis in L6 myotubes incubated
with 0.5 mM PA for 3, 6, 12, 18 or 24 h. (C) Metformin enhanced 2-NBDG uptake, and this effect was attenuated by the addition of compound C. Data are
presented as the means + SEM of at least 3 independent experiments; “P<0.05 vs. control or as indicated.

has been documented in a number of studies that PA induces the present study, we evaluated the role of PA in glucose uptake.
insulin resistance by decreasing glucose uptake (18-20). First,in ~ The results revealed that PA decreased glucose uptake in the
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Figure 3. AMP-activated protein kinase (AMPK) is involved in the effects of metformin on the expression of sterol regulatory element-binding protein-1c
(SREBP-I¢) and the insulin receptor substrate-1 (IRS-1)/Akt pathway. Protein expression (normalized to GAPDH) was measured by western blot analysis in L6
myotubes treated with palmitic acid (PA) in the absence or presence of metformin (1 or 10 mM) for 24 h. The graph shows the mean + SEM of 3 independent
experiments. The significance between groups is presented as indicated; "P<0.05.

L6 myotubes at doses from 0.1 to 0.5 mM in a dose-dependent
manner (Fig. 1A). Subsequently, we determined whether
treatment with 0.5 mM PA was toxic to the L6 myotubes.
Annexin V-FITC/PI staining revealed that treatment with
0.5 mM PA resulted in a similar amount of apoptosis to the
control (untreated) L6 myotubes (Fig. 1B). DNA gel electro-
phoresis revealed that PA at doses from 0.1 to 0.5 mM had no
cytotoxic effects; however, cytotoxic effects were observed
when the concentration reached 0.8 mM, which resulted in a
dispersed DNA band (Fig. 1C). In the following experiments,
all data were obtained using treatment with 0.5 mM PA.

We investigated the time-course effects of PA on glucose
uptake in L6 myotubes and the molecular mechanisms involved.
The results revealed that PA decreased glucose uptake in a
time-dependent manner (Fig. 2A). We also evaluated AMPK
and SREBP-1c expression in the L6 cells treated with PA. As
shown in Fig. 2B, PA decreased the p-AMPKa protein levels in
a time-dependent manner, whereas the AMPKa protein levels
were not affected. SREBP-1c protein expression increased
significantly after 3 h of exposure to PA. In addition, IRS-1,
as well as p-IRS-1 (Tyr608/612) expression decreased signifi-
cantly after 6 h of PA treatment. These data suggest an inverse

correlation between AMPK activation and SREBP-1c expres-
sion. The AMPK/SREBP-1c pathway may thus play a key role
in PA-induced insulin resistance.

Metformin, a widely-used treatment for type 2 diabetes, has
been reported to increase glucose uptake in skeletal muscle, the
mechanisms of which mainly involve AMPK activation. In the
present study, we investigated the role of metformin in glucose
uptake and found that metformin increased glucose uptake in
a dose-dependent manner compared with the PA-treated L6
cells (Fig. 2C). Furthermore, the metformin-induced enhance-
ment of glucose uptake was attenuated following treatment with
the AMPK inhibitor, compound C (Fig. 2C). Taken together,
these data suggest that the metformin-induced upregulation of
glucose uptake is mediated through AMPK activation.

Metformin stimulates AMPK activity, inhibits SREBP-1c
expression and activates the IRS-1/Akt pathway. In order to
further investigate the specific mechanisms responsible for
the metformin-induced increase in glucose uptake in skeletal
muscle cells, we detected the protein levels of AMPKa and
SREBP-I1c in the PA-treated L6 cells which were treated with
various concentrations of metformin. In addition, we also
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Figure 4. The AMP-activated protein kinase (AMPK) inhibitor, compound C, abolishes the effects of metformin on sterol regulatory element-binding protein-1c
(SREBP-1c¢) and the insulin receptor substrate-1 (IRS-1)/Akt pathway. L6 myotubes were pre-treated with 10 uM compound C for 30 min and then exposed
to 10 mM metformin for 24 h. Protein was extracted and measured by western blot analysis. GAPDH was used as a loading control. The graph shows the
mean + SEM of 3 independent experiments. The significance between groups is presented as indicated; "P<0.05.

detected the expression of the SREBP-1c downstream protein,
FAS, and key proteins involved in insulin signaling in muscle
cells, including IRS-1 and Akt. As shown in Fig. 3, compared
with the PA-treated cells not treated with metformin, the levels
of AMPKoa phosphorylation were increased in a dose-dependent
manner in the cells treated with metformin, while the AMPKa
protein levels were not affected. By contrast, the SREBP-1c
and FAS protein levels were decreased in a dose-dependent
manner in the cells treated with metformin. Correspondingly,
the protein expression levels of IRS-1, p-IRS-1 (Tyr608/612)
and p-Akt (Ser473)/Akt were increased, similar to AMPK
activation. These results suggest that metformin inhibits
SREBP-1c expression by activating AMPK and then the IRS-1/
Akt pathway.

The AMPK inhibitor, compound C, reverses the suppressive
effects of metformin on SREBP-1c and impairs the activa-
tion of the IRS-1/Akt pathway. In order to examine whether
the effects of metformin on SREBP-1c are AMPK-dependent,
we examined the relevant proteins by co-incubation with the
AMPK inhibitor, compound C. We found that the metformin-
induced enhancement of AMPKa phosphorylation and the
suppression of SREBP-1c expression were reversed by treat-
ment with compound C (Fig. 4). In accordance with this,

the protein expression of IRS-1 and p-IRS-1 (Tyr608/612)
was reduced, whereas FAS expression was upregulated to
levels which were similar to those observed in the PA-treated
cells (Fig. 4). These results support the notion that AMPK is
required in the metformin-induced suppression of SREBP-1c
expression and contributes to the activation of the IRS-1/Akt
pathway.

Metformin suppresses SREBP-1c promoter activity in an
AMPK-dependent manner. In ordre to confirm that metformin
regulates SREBP-1c transcription and whether its role is
AMPK-dependent, we examined the effects of metformin and
compound C on SREBP-1c promoter activity using a luciferase
reporter assay. As shown in Fig. 5, metformin suppressed the
promoter activity of SREBP-1c in a dose-dependent manner,
while the AMPK inhibitor, compound C, blocked this suppres-
sion of the SREBP-1c promoter. These results demonstrate that
metformin exerts an inhibitory effect on SREBP-1c promoter
activity and that this is AMPK-dependent.

Discussion

Metformin has been recommended as the first-line oral agent
for the treatment of type 2 diabetes (21). There are many effects
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Figure 5. Metformin suppresses sterol regulatory element-binding protein-1lc
(SREBP-1c) promoter activity in an AMP-activated protein kinase (AMPK)-
dependent manner. L6 cells were co-transfected with pGL3-SREBP-1c
(1,000 ng) and pRL-TK (20 ng) for 24 h and then co-incubated with palmitic
acid (PA), metformin or compound C for a further 12 h. The cell lysates were
measured with a luciferase reporter assay. The SREBP-1c promoter activity
was normalized to the Renilla luciferase activity and is expressed as the
mean + SEM of 3 independent experiments performed in triplicate. The sig-
nificance between groups is presented as indicated; "P<0.05.

of metformin on glucose metabolism, including a decrease
in hepatic glucose output, an increase in glucose uptake in
muscle and fat, an increase in glucose utilization in the gut
and an enhancement in incretin signaling (22). However, the
precise molecular mechanisms of action of metformin require
further clarification.

Studies on the liver have indicated that AMPK-dependent
and AMPK-independent mechanisms may both account for
metformin action on liver cells [reviewed in (23)]. However,
studies on skeletal muscle have suggested that metformin exerts
its glucose-lowering efficacy primarily through the activation
of AMPK (24,25). In the present study, our results support
the hypothesis that metformin activates AMPK and improves
glucose uptake in PA-treated L6 cells and that this beneficial
effect is abolished by the AMPK inhibitor, compound C.

In addition to an increase in muscle glucose uptake, a
considerable amount of evidence has indicated that the activa-
tion of AMPK by metformin also results in the inhibition of
lipogenesis (26,27). Studies have also established that AMPK
activation leads to a reduction in lipogenesis by suppressing
SREBP-1c expression (15,16,28,29). Recently, the expanding
roles of SREBP-Ic in insulin signaling have been revealed.
Studies have suggested that SREBP-1c directly inhibits IRS-2
expression and the subsequent insulin signaling pathway in
the liver (30,31). In a previous study of ours, it was demon-
strated that SREBP-1c transcriptionally suppresses IRS-1
expression, inhibits IRS-1-associated insulin signaling and
thereby decreases glucose uptake in muscle (7). In the present
study, we observed that the effects of metformin treatment on
insulin signaling were mediated through AMPK activation and
SREBP-Ic inhibition when the cells were under an insulin-
resistant state induced by PA. Moreover, we found that the
above-mentioned effects were AMPK-dependent. These results
demonstrate that metformin increases IRS-1-associated insulin
signaling partly through the AMPK/SREBP-1c pathway.

We have described the specific signaling pathway of
metformin action on glucose uptake at the cellular and molec-
ular level; however, further studies using tissues from animals
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or patients with insulin resistance are required in the future.
In the present study, the percentage of apoptotic cells was at a
high level. We speculated that the cells had a low nutritional
status during the process of differentiation. In line with the
majority of in vitro studies, the metformin concentration used
in this study was above its physiological concentration. In this
regard, a possible reason for this disparity is the differential
expression of organic cation transporter (OCT) between
skeletal muscle and immortalized cell lines. OCT facilitates
metformin uptake into cells, and is required for the efficient
action of metformin (32). Although the present study had
certain limitations, our data do contribute to a better under-
standing of metformin action.

In conclusion, our data demonstrated that metformin
enhanced IRS-1-associated insulin signaling preferentially
by activating AMPK and suppressing SREBP-1c activation
in L6 cells with PA-induced insulin-resistance, which led
to the promotion of glucose uptake. In addition, FAS as the
downstream molecule of SREBP-1c was also inhibited, which
reduced lipogenesis and further contributed to the improve-
ment in muscular insulin resistance. Therefore, the mechanism
of actions of metformin revealed in the present study suggest
that AMPK and the SREBP-1c pathway may serve as effective
targets for the treatment of insulin resistance.
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