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Metformin blocks migration and invasion of tumour
cells by inhibition of matrix metalloproteinase-9
activation through a calcium and protein kinase
Ca-dependent pathway: phorbol-12-myristate-
13-acetate-induced/extracellular signal-regulated
kinase/activator protein-1bph_762 1195..1211
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Background and purpose: Population studies have revealed that treatment with the anti-diabetic drug metformin is signifi-
cantly associated with reduced cancer risk, but the underlying mode of action has not been elucidated. The aim of our study
was to determine the effect of metformin on tumour invasion and migration, and the possible mechanisms, using human
fibrosarcoma HT-1080 cells.
Experimental approach: We employed invasion, migration and gelatin zymography assays to characterize the effect of
metformin on HT-1080 cells. Transient transfection assays were performed to gene promoter activities, and immunoblot
analysis to study its molecular mechanisms of action.
Key results: Metformin inhibited migration and invasion by HT-1080 cells at sub-toxic concentrations. In these cells,
metformin also suppressed phorbol-12-myristate-13-acetate (PMA)-enhanced levels of matrix metalloproteinases-9 (MMP-9)
protein, mRNA and transcription activity through suppression of activator protein-1 (AP-1) activation. In addition, metformin
strongly repressed the PMA-induced phosphorylation of extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase
(JNK) and protein kinase C(PKC)a, whereas the phosphorylation of p38 mitogen-activated protein kinase was not affected by
metformin. Metformin decreased the PMA-induced Ca2+ influx. Furthermore, treatment with an intracellular Ca2+ chelator
(BAPTA-AM) or a selective calmodulin antagonist (W7) markedly decreased PMA-induced MMP-9 secretion and cell migration,
as well as activation of ERK and JNK/AP-1.
Conclusions and implications: Metformin inhibited PMA-induced invasion and migration of human fibrosarcoma cells via
Ca2+-dependent PKCa/ERK and JNK/AP-1-signalling pathways. Metformin therefore has the potential to be a potent anti-cancer
drug in therapeutic strategies for fibrosarcoma metastasis.
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Introduction

Metformin is a commonly prescribed oral anti-hyperglycemic
drug used in the management of type 2 diabetes. Recent
evidence indicates that metformin has significant effects on
tumourigenesis and cancer cell growth, as well as antioxidant
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effects. It has been reported that patients with type 2 diabetes
who take metformin have a lower risk of cancer than similar
patients who do not take metformin (Evans et al., 2005;
Bowker et al., 2006). In a mouse xenograft model, metformin
suppressed tumour growth of p53-negative HCT116 colon
cancer cells, but not of p53 wild-type cells (Buzzai et al.,
2007). Metformin treatment decreased the incidence and size
of mammary adenocarcinomas in Her2/Neu mice (Anisimov
et al., 2005), and prevented carcinogen-induced pancreatic
cancer in hamsters (Schneider et al., 2001). In culture, met-
formin has been shown to inhibit growth of cells derived
from breast cancer, colon cancer, prostate cancer and gliomas
(Isakovic et al., 2007; Ben Sahra et al., 2008; Hirsch et al.,
2009; Phoenix et al., 2009). In addition, a recent study
revealed the ability of metformin to inhibit in vitro migration
of malignant glioma cells (Beckner et al., 2005), indicating its
potential usefulness in anti-cancer therapy. However, the
mechanisms of action by which metformin mediates these
beneficial effects against cancer cell invasion are not well
understood.

Tumour invasion and metastasis are a major cause of
cancer-related deaths and involve several biological pro-
cesses. Cell–extracellular matrix (ECM) interactions, discon-
nection of intercellular adhesion, degradation of ECM and
invasion of lymph and blood vessels are critical steps for
cancer invasion and metastasis (Liotta et al., 1991; Deryu-
gina et al., 1997). A number of proteolytic enzymes partici-
pate in the degradation of environmental barriers, such as
the ECM and basement membrane (Westermarck and
Kahari, 1999). Matrix metalloproteinases (MMPs), a family
of zinc-dependent endopeptidases, play an important role in
the proteolysis of various ECM components and are
involved in the metastasis and angiogenesis of cancer cells
(Westermarck and Kahari, 1999). In particular, MMPs are
crucial in the proteolysis of ECM proteins, collagen and
fibronectin (Johnson et al., 1998). MMPs are synthesized as
pre-pro-enzymes and secreted from cells as pro-enzymes.
Among the human MMPs reported to date, MMP-2 and -9
are the key enzymes involved in degrading types I and IV
collagen, and ECM (Salo et al., 1994; Johnson et al., 1998).
MMPs are a family of zinc-dependent proteases that are
divided into four subclasses based on their substrate speci-
ficity; the subclasses include collagenase, gelatinase, stromel-
ysin and membrane-associated MMPs (Yan and Boyd, 2007).
Tumour-secreted MMPs destroy ECM components in the
tissues surrounding the tumour, and tumour cells subse-
quently invade through the basement membrane of blood
vessels and facilitate the spread to distant organs, resulting
in organ failure and patient mortality. Both MMP-2 and -9,
which are abundantly expressed in various malignant
tumours, contribute to cancer invasion and metastasis
(Johnsen et al., 1998). Generally, MMP-2 is constitutive and
over-expressed in highly metastatic tumours, whereas
MMP-9 can be stimulated by tumour necrosis factor-a (an
inflammatory cytokine), by epidermal growth factor, or by
the phorbol ester, 12-O-tetradecanoylphorbol-13-acetate,
through activation of different intracellular signalling path-
ways (Cho et al., 2007; Kajanne et al., 2007). Mitogen-
activated protein kinase (MAPK) and phosphoinositide
3-kinase are the predominant cascades that participate in

MMP-9 expression. In addition, transcriptional regulation by
activating transcription factors including activator
protein-1 (AP-1), nuclear factor-kB (NF-kB) or Sp-1 is also
reported to occur in the regulation of MMP-9 gene expres-
sion. Furthermore, stimulators such as cytokines and
phorbol-12-myristate-13-acetate (PMA) control the expres-
sion of MMP-9 by modulating the activation of transcrip-
tion factors such as AP-1 and NF-kB through Ras/
Raf/extracellular signal-regulated kinase (ERK), c-Jun
N-terminal kinase (JNK), phosphatidylinositol 3-kinase
(PI3K)/AKT and protein kinase C (PKC) signalling pathways
(Kim and Suh, 2001; Sato et al., 2002), because the promoter
region of MMP-9 has AP-1 and NF-kB binding sites
(Cho et al., 2007; Shin et al., 2007). Therefore, agents that
can suppress the expression of MMP-2 or -9 should be devel-
oped as potential agents against cancer invasion and
metastasis.

Recently, it has been suggested that calcium (Ca2+) can
regulate the expression or activation of MMPs. Ca2+ may be
involved in controlling the activity of MMP-12 (Gossas and
Danielson, 2006). Increased extracellular Ca2+ levels induce
MMP-9 gene expression in human keratinocytes (Kobayashi
et al., 2001; Mukhopadhyay et al., 2004), and the inhibition
of Ca2+ influx decreases the level of MMP-1 mRNA (Kohn
et al., 1994). Furthermore, modulation of intracellular Ca2+

levels can alter the secretion of MMP-1 from migrating kera-
tinocytes (Sudbeck et al., 1997). Ca2+/calmodulin (CaM) is a
Ca2+-binding protein that is implicated in a variety of cellu-
lar functions, including cell growth, proliferation and migra-
tion (Cheung, 2002; Mercure et al., 2008). Ca2+/CaM itself
does not show any catalytic activity, but regulates the activ-
ity of a number of Ca2+/CaM-dependent enzymes, such as
myosin light chain kinase (MLCK) (Walsh et al., 1979), Ca2+/
CaM-dependent kinase (CaMK) (Colbran and Soderling,
1990), phosphodiesterase (Rybalkin and Bornfeldt, 1999),
protein phosphatase (Klee, 1991) and nitric oxide synthase
(Schmidt et al., 1992). Previous studies have shown that
tumour growth is inhibited by Ca2+ channel blockers (Cat-
terall, 2000). Recent evidence has implicated Ca2+/CaM in
cancers, for example, abnormal expression of Ca2+/CaM
often occurs in certain tumours (Wei et al., 1982), and spe-
cific antagonists of Ca2+/CaM inhibit the growth of a variety
of tumour cells (Schuller et al., 1990; Strobl and Peterson,
1992; Shim et al., 2007). Thus, Ca2+/CaM is a potential target
for cancer chemotherapy (Hait and Lazo, 1986; Roderick and
Cook, 2008). These reports indicate that inhibition of Ca2+

currents could be responsible for the anti-tumour activity of
these drugs. Interestingly, a recent study revealed the ability
of metformin to inhibit proliferation of vascular smooth
muscle cells and to decrease agonist-induced intracellular
Ca2+ responses (Sharma and Bhalla, 1995; Dominguez et al.,
1996). In the present study, metformin significantly sup-
pressed MMP-9 activation by blocking Ca2+ influx and the
PKCa/ERK and JNK/AP-1-signalling pathways, which
accounted for the reductions in migration and invasion of
human fibrosarcoma cells. The present study shows for the
first time that metformin is a Ca2+ antagonist, and provides
a critical clue for delineating the molecular mechanisms
underlying the inhibition of MMP-9 activation by
metformin.
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Methods

Cell culture and cell treatments
HT-1080 cells from the American Type Culture Collection
(Manassas, VA, USA) were grown in RPMI1640 supplemented
with 10% fetal bovine serum (FBS), 100 IU·mL-1 penicillin and
100 mg·mL-1 streptomycin at 37°C in a 5% CO2 humidified
incubator. Cells were treated with different concentrations of
metformin in the absence or presence of PMA (30 nM) for
24 h. Metformin was dissolved in serum-free culture medium.

Measurement of cell viability
HT-1080 cells were plated at a density of 4 ¥ 104 cells per
500 mL in 48-well plates, and the cell viability was determined
by the conventional MTT reduction assay. After incubation,
cells were treated with MTT solution (final concentration,
1 mg·mL–1) for 1 h. The dark blue formazan crystals formed in
intact cells were solubilized with DMSO, and the absorbance
at 570 nm was measured with a microplate reader (Varioskan,
Thermo Electron Co. Berthold, Germany).

In vitro wound-healing assay
HT-1080 cells were seeded in a six-well plate and grown over-
night to confluence. The monolayer cells were scratched with
a 200 mL pipette tip to create a wound, and washed twice with
serum-free RPMI1640 to remove floating cells; the medium
was then replaced with medium without serum. The rate of
wound closure was assessed and photographed 24 h later.
Each value is derived from three randomly selected fields.

Matrigel invasion assay
HT-1080 cells were incubated in RPMI1640 with 10% FBS, and
then collected by trypsinization. Cells (1 ¥ 105 cells·mL-1) in
serum-free medium were added to the inner cup of a 48-well
Transwell chamber (Corning Life Sciences, Corning, New
York, NY, USA) that had been coated with 50 mL of Matrigel
(BD Biosciences, Franklin Lakes, NJ, USA; 1:10 dilution in
serum-free medium). Medium supplemented with 10% serum
or the indicated agent was added to the outer cup. After 24 h,
cells that had migrated through the Matrigel and the 8 mm
pore size membrane were fixed, stained and counted under
a light microscope. Each experiment was performed in
triplicate.

RNA preparation and semi-quantitative PCR
Total RNA was isolated with an RNA extraction kit (Amersham
Pharmacia, Buckinghamshire, UK), and the concentration of
total RNA was measured spectrophotometrically. RNA (2 mg)
was converted to complementary DNA by an RT–PCR Bead kit
(Amersham Pharmacia) according to the manufacturer’s pro-
tocol. The PCR amplification protocol was 30 cycles of 94°C
for 30 s, 56°C for 30 s and 72°C for 1 min. Amplified products
were resolved by 1.5% agarose gel electrophoresis, stained
with ethidium bromide and photographed under ultraviolet
light.

Real-time PCR
PCR product formation was monitored continuously during
the reaction using Sequence Detection System software,

version 1.7 (Applied Biosystems, Foster City, CA, USA). Accu-
mulated PCR products were detected directly by monitoring
the increase of the reporter dye (SYBR). The mRNA expression
levels of MMP-2 and MMP-9 in the treated cells were com-
pared to the expression levels in control cells at each time-
point using the comparative cycle threshold (Ct) method
(Johnson et al., 2000). The following primers were used in this
study: MMP-2 forward: 5′- AGT CTG AAG AGC GTG AAG-3′,
MMP-2 reverse: 5′- CCA GGT AGG AGT GAG AAT G-3′,
MMP-9 forward: 5′- TGA CAG CGA CAA GAA GTG-3′, MMP-9
reverse: 5′- CAG TGA AGC GGT ACA TAG G-3′, GAPDH
forward: 5′- CCA CCC ATG GCA AAT TCC-3′, GAPDH reverse:
5′- TGG GAT TTC CAT TGA TGA CAA -3′. The quantity of
each transcript was calculated as described in the instrument
manual and normalized to the amount of GAPDH, a house-
keeping gene.

Western blotting analysis
After treatment, cells were collected and washed with
phosphate-buffered saline. The harvested cells were then
lysed on ice for 30 min in 100 mL of lysis buffer (120 mM
NaCl, 40 mM Tris (pH 8), 0.1% NP40) and centrifuged at
13 000¥ g for 15 min. Supernatants were collected and protein
concentrations were determined using the BCA protein assay
kit (Pierce, Rockford, IL, USA). Aliquots of the lysates (40 mg of
protein) were boiled for 5 min and electrophoresed on a 10%
SDS–polyacrylamide gel; the resolved proteins were then
transferred to a PVDF membrane. The membrane was blocked
with 1% BSA at room temperature for 1 h and then incubated
with specific primary antibodies for 3 h, followed by incuba-
tion with the appropriate alkaline phosphatase-conjugated
secondary antibodies (Santa Cruz Biotechnology, Santa Cruz,
CA, USA) for 1 h. Finally, protein bands were detected using
an enhanced chemiluminescence Western blotting detection
kit (Pierce Biotechnology).

Gelatin zymography
The enzymatic activities of MMP-2 and MMP-9 were deter-
mined by gelatin zymography. Briefly, cells were seeded and
allowed to grow to confluence for 24 h, and then maintained
in serum-free medium. The conditioned media were collected
24 h after stimulation, mixed with non-reducing sample
buffer and subjected to electrophoresis in a 10% polyacryla-
mide gel containing 0.1% (wt/vol) gelatin. The gel was
washed with washing buffer containing 2.5% Triton X-100
and 50 mM Tris–HCl (pH 7.5), and incubated at 37°C for 24 h
in 50 mM Tris–HCl (pH 7.5), 150 mM NaCl, 5 mM CaCl2,
1 mM ZnCl2 and 40 mmol·L-1 NaN3. The gel was stained with
0.25% (wt/vol) Coomassie Brilliant Blue in 45% (vol/vol)
methanol and 1% (vol/vol) acetic acid. Gelatinolytic activity
was normalized against protein content of the cultured cells
as assayed by the BCA kit.

Transient transfection and luciferase assay
To determine promoter activity, we used a dual luciferase
reporter assay system (Promega, Madison, WI, USA). The cells
were plated in 48-well plates and incubated at 37°C. At
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70–80% confluence, the cells were washed with RPMI1640
and incubated with RPMI1640 without serum or antibiotics
for 6 h. The MMP-9 promoter vector, AP-1 or NF-kB reporter
vector (1 mg) and pCMV-b-gal (0.5 mg) plasmids were trans-
fected using LipofectAMINE 2000 reagent (Invitrogen, San
Diego, CA, USA) according to the manufacturer’s protocol.
After incubation, the cells were lysed, and luciferase activity
was measured using a luminometer (Luminoscan Ascent,
Thermo Electron Co., Berthold, Germany). Luciferase activity
was normalized by b-galactosidase activity in cell lysates, and
expressed as an average of three independent experiments.
The plasmids encoding for the dominant negative AMPK plas-
mids (DN-AMPK) and control plasmids (pcDNA) have been
previously described (Lee et al., 2003).

Intracellular calcium measurements
HT-1080 cells cultured in 24-well plates (2 ¥ 105 cells·mL-1) in
media were loaded with 5 mM Fluo-4-AM (Molecular Probes,
Eugene, OR, USA), a Ca2+-sensitive dye, for 45 min at 37°C.
Following the pre-incubation, the cells were rinsed three
times with media to remove any free dye and then incubated
for 30 min in media alone to allow complete de-esterification
of AM esters. Fluo-4-loaded cells were then stimulated with
5 mM metformin, 30 nM PMA, 10 mM BAPTA-AM or the
vehicle DMSO. Changes in intracellular calcium were mea-
sured from captured fluorescence images of cells at 25 min,
using the Axiovert 200 M Carl Zeiss fluorescence microscope
(Carl Zeiss, Goettingen, Germany; excitation at 385 nm; emis-
sion at 512 nm).

Statistical analysis
All experiments were repeated at least three times. Means �

SD were calculated for each group, and Dunnett’s t-test was
used to calculate statistical significance. Differences were con-
sidered statistically significant when P < 0.01.

Materials
Metformin, BAPTA-AM, N-(6-amino-hexyl)-5-chloro-1-
naphthalene sulphonamide (W7), EGTA and Gö6976 (Gö)
were obtained from Calbiochem (La Jolla, CA, USA).
PMA, compound C (AMPK inhibitor; AMPKi) and
5 - aminoimidazole - 4 - carboxamide - 1 - b - D - ribofuranoside
(AICAR) were purchased from Sigma Chemical (St Louis, MO,
USA). MTT-based colorimetric assay kit was purchased from
Roche (Indianapolis, IN, USA). RPMI1640, FBS, sodium pyru-
vate and Trizol were supplied by Gibco BRL (Grand Island, NY,
USA). Antibodies against phospho-MAP kinase, phospho-
PKCa, phospho-CaMKI, MMP-2, MMP-9 and NF-kB were pur-

chased from Cell Signaling Technology (Beverly, MA, USA).
Antibodies against c-Jun, c-Fos, lamin B and b-actin were
obtained from Santa Cruz Biotechnology. The MMP-9 pro-
moter vector was kindly provided by Dr W Eberhardt (Klini-
kum der Johann Wolfgang Goethe-Universität, Frankfurt am
Main, Germany) (Eberhardt et al., 2002). The pNF-kB-Luc and
pAP-1-Luc reporter plasmids were obtained from Stratagene
(La Jolla, CA, USA). The plasmids encoding for the dominant
negative AMPK plasmids (DN-AMPK) and control plasmids
(pcDNA) have been previously described (Lee et al., 2003).
The other chemicals and reagents were of analytical grade.

Results

Metformin prevents invasion and metastasis of human
fibrosarcoma cells
Before investigating the pharmacological potential of met-
formin on PMA-induced MMP activity, we first determined
the dose dependence of the cytotoxic effects of metformin in
the absence or presence of PMA (30 nM) for 24 h in HT-1080
cells using the MTT assay. Metformin at concentrations lower
than 5 mM had no cytotoxic effect on the cells, and met-
formin at 25 mM showed about a 20~28% decreases in cell
viability in the absence or presence of PMA (Figure 1A). Thus,
metformin had no significant cytotoxicity in tumour cells at
these concentrations. In vitro invasion and migration assays,
including transwell and wound-healing assays, were used to
investigate the inhibitory effects of metformin on the inva-
sive potency of fibrosarcoma HT-1080 cells. As illustrated in
Figure 1B, the data from the wound-healing assay indicated
that migration of HT-1080 cells was inhibited by metformin
(Figure 1B). Similarly, the data obtained from the Matrigel
invasion assay showed that PMA stimulated cell invasion,
while 5 mM metformin inhibited the PMA-induced invasion
of HT-1080 cells by 50% (Figure 1C). These results suggest that
metformin prevents invasion and migration of human fibro-
sarcoma cells at non-toxic concentrations.

Metformin suppresses MMP-9 and -2 expressions
Metformin is known to activate AMP-activated protein kinase
(AMPK). We examined the effect of metformin or AICAR,
another AMPK activator, on MMP activity, which is related to
the invasion and metastasis of fibrosarcoma. Treatment with
metformin or AICAR inhibited the MMP-9 and -2 activities in
a dose-dependent manner, as shown by gelatin zymography
(Figure 2A,B). Furthermore, MMP-9 activity was strongly
induced by PMA at 24 h, and metformin inhibited the activity
of MMP-9 in a dose-dependent manner (Figure 2C). Met-
formin also inhibited the MMP-2 activity in a dose-dependent

Figure 1 Metformin suppression of the migration and invasion of human fibrosarcoma HT-1080 cells. (A) HT-1080 cells were incubated with
varying concentrations of metformin in the presence of PMA (30 nM) or metformin only for 24 h in serum-free medium, and viability was
determined by an MTT assay. Data are expressed as the means � SD of triplicate experiments. *Significantly different from control (P < 0.01).
(B) Cell monolayers were scratched with a pipette tip and then treated with metformin (1–5 mM) for 24 h. Migrating cells were photographed
under phase contrast microscopy. Data are expressed as the means � SD of triplicate experiments. *Significantly different from control (P <
0.01). (C) Cells were pretreated with metformin (5 mM) or vehicle (0.1% DMSO) followed by PMA (30 nM, 0.1% DMSO) treatment for 24 h.
After 24 h, cells on the lower surface of the filter were counted. (1) Control; (2) PMA alone (30 nM); (3) PMA with Met (5 mM). Data are
expressed as the means � SD of triplicate experiments. *Significantly different from PMA treatment only (P < 0.01).
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manner (Figure 2C). We studied the effect of metformin on
the levels of MMP-9 and -2 mRNA in HT-1080 cells stimulated
by PMA. Treatment of HT-1080 cells with metformin in the
presence of PMA decreased the levels of MMP-9 and -2 mRNA,
as evidenced by semi-quantitative RT–PCR or real-time PCR
(Figure 2E,F). In addition, metformin blocked PMA-induced
MMP-9 expression based on Western blot analysis
(Figure 2D). Metformin also inhibited MMP-2 expression in a
dose-dependent manner (Figure 2D). Because MMP-9 activity
is tightly regulated by endogenous inhibitors, that is, tissue
inhibitors of metalloproteinase (TIMPs) (Kazes et al., 2000),
we further examined the expression level of TIMP-1 and -2 by
semi-quantitative RT–PCR, but their expression remained
essentially unchanged by treatment with metformin
(Figure 2E). These results indicate that the lack of effect of
metformin on RNA levels for TIMP-1 and -2 may also contrib-
ute to suppression of cell invasion.

Inhibition of transcriptional activity of MMP-9 gene through
suppression of PMA-induced AP-1 activity by metformin
To investigate the importance of PMA and metformin in
modulating MMP-9 expression, transient transfections were
performed using human MMP-9 luciferase promoter con-
structs. Treatment with PMA led to a ~4.5-fold increase in
MMP-9 promoter activity that was dose-dependently inhibited
by metformin (Figure 3A). No cytotoxicity was observed when
cells were exposed to metformin (data not shown). The MMP-9
promoter contains two important transcriptional elements,
namely the binding sites of NF-kB and AP-1. To test which of
these transcription factors might regulate the MMP-9 gene in
HT-1080 cells, the cells were transiently transfected with
reporter genes that included the wild-type MMP-9 promoter or
a promoter with mutations in the NF-kB site or one or both
AP-1 sites (Figure 3A). Treatment with metformin in the pres-
ence of PMA decreased the transcriptional activity of the
reporter with the NF-kB mutation, but had no effect on the
reporter with AP-1 mutations, suggesting that the target of
metformin is the AP-1 transcription factor. In subsequent
experiments, cells were transiently transfected with reporter
vectors that included the tandem repeat of the NF-kB or AP-1
binding sites in order to confirm the specificity of the
metformin-mediated inhibitory effect on AP-1. The luciferase
activity in cells transfected with the AP-1 reporter was signifi-
cantly and dose-dependently reduced by treatment with met-
formin (Figure 3B), whereas metformin had no statistically
significant effect on the luciferase activity of cells transfected

with the NF-kB reporters (Figure 3B). No cytotoxicity was
observed when cells were exposed to metformin. These results
clearly show that metformin regulated the transcriptional
activation of MMP-9 through the inhibition of PMA-
stimulated AP-1 activity. To investigate which of these tran-
scription factors are involved in the inhibition of MMP-9
transcription by metformin in HT-1080 cells, we examined the
effect of metformin on the PMA-stimulated nuclear transloca-
tion of p65, a major subunit of NF-kB, and c-Jun or c-Fos, major
subunits of AP-1, which are required for the transcriptional
activities. As shown in the Western blot analysis in Figure 3C,
the protein levels of c-Jun and c-Fos in nuclear extracts were
dose-dependently decreased by metformin treatment.
However, metformin did not inhibit the PMA-induced nuclear
translocation of p65. These data suggest that metformin regu-
lates the transcriptional activation of MMP-9 through inhibi-
tion of PMA-stimulated AP-1 activity, but not NF-k� activity.

Metformin inhibits MMP-9 activation by an
AMPK-independent mechanism
To elucidate whether the anti-invasion effect of metformin, in
terms of down-regulation of MMP-9 activation, was associ-
ated with AMPK activation, we examined the phosphoryla-
tion of AMPK. We found that metformin induced
phosphorylation of AMPKa in HT-1080 cells in a dose-
dependent manner (Figure 4A). Next, we used compound C
(AMPKi), an inhibitor of AMPK, whose ability to reverse the
inhibitory effect of metformin indicates AMPK involvement.
Here, HT-1080 cells were pretreated with AMPKi (1 mM) for
30 min and then treated with metformin (5 mM). Pretreat-
ment with AMPKi indeed prevented metformin-mediated
AMPK phosphorylation (Figure 4B), but did not reverse the
suppressive effects of metformin on MMP-9 activation
(Figure 4C–E). To further elucidate the role of AMPK in regu-
lating MMP-9 inhibition, we tested the effect of AMPKi on
AP-1 promoter activity. As shown in Figure 4F, AMPKi did not
reverse the suppressive effect of metformin on AP-1 activity.
No cytotoxicity was observed when cells were exposed to
AMPKi (data not shown). This evidence suggests that the
suppressive effect of metformin was not mediated through
AMPK activation. We also tested 5-aminoimidazole-4-
carboxamide-1-b-D-ribofuranoside (AICAR), a known AMPK
activator. Although AICAR (2 mM) induced AMPK phospho-
rylation in HT-1080 cells (Figure 4A), AMPKi did not reverse
the suppressive effects of AICAR on MMP-9 expression
(Figure 4C–F). HT-1080 cells were transfected with control

Figure 2 Inhibition of MMP-9 and -2 activities by metformin. (A) 80% Confluent HT-1080 cells were treated with various concentrations of
metformin or AICAR in serum-free medium. The conditioned media were collected after 24 h, and gelatin zymography was performed. Each
blot is representative of at least three others. (B) HT-1080 cells were incubated with metformin or AICAR for 24 h. MMP-9 and -2 expression
in the media were analysed by Western blotting. b-Actin in the cell lysate is shown as a control. Each blot is representative of at least three
others. (C) HT-1080 cells were incubated with varying concentrations of metformin in the presence of PMA (30 nM) for 24 h. MMP activity
in the medium was analysed by gelatin zymography. Each blot is representative of at least three others. (D) HT-1080 cells were incubated with
metformin and/or PMA (30 nM) for 24 h. MMP-9 and -2 expressions in the medium were analysed by Western blotting. b-Actin in the cell
lysate is shown as a control. Each blot is representative of at least three others. (E and F) HT-1080 cells were incubated with metformin and/or
PMA (30 nM) for 24 h. The mRNA expression of MMP-9, -2, TIMP-1 and TIMP-2 in the cells was analysed by semi-quantitative RT–PCR (E).
GAPDH expression was included as an internal control. Each blot is representative of at least three others. MMP-9 and -2 mRNA expressions
were analysed by real-time PCR (F). MMP-9 and -2 mRNA expressions were compared between treated and untreated cells at each time-point.
*Significantly different from PMA treatment only (P < 0.01).
�
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(pcDNA) plasmids or DN-AMPK prior to incubation with met-
formin or AICAR for 24 h, DN-AMPK did not reverse the
suppressive effects of metformin or AICAR on MMP-9 expres-
sion (Figure 4G).

Metformin suppressed PMA-stimulated CaMKI, PKCa, ERK and
JNK activation
Activation of one or more MAPK pathways is important for
MMP-9 induction by PMA in various cell types (Woo et al.,
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2004). To evaluate the effects of metformin on these signal-
ling cascades, we used antibodies against the phosphorylated
forms of the three MAPKs (i.e. ERK, JNK and p38). As shown
in Figure 5A, their phosphorylation was increased by PMA
stimulation. Metformin specifically decreased PMA-induced
ERK1/2 and JNK1/2 phosphorylation, whereas the levels of
phosphorylated p38 MAPK remained unchanged. These
results suggest that metformin specifically suppresses ERK and
JNK activity. Increased intracellular Ca2+ following PMA
stimulation (Buys et al., 1984) is important as both a co-factor
for the conventional PKC isoforms activated by PMA (Lin and
Chen, 1998) and for activation of the Ca2+/CaM pathway
through binding to CaM (Soderling, 1999). CaM interacts
with a wide array of kinases and phosphatases (Chin and
Means, 2002), most notably the calmodulin kinase (CaMK)
cascade. Next, we examined the effect of metformin on PMA-
induced phosphorylation of CaMKI and PKCa, which are
upstream modulators of MAPK pathways. While PMA acti-
vated CaMKI and PKCa phosphorylation, metformin signifi-
cantly inhibited PMA-elicited CaMKI and PKCa
phosphorylation (Figure 5B).

Metformin suppresses PMA-induced MMP-9 activation through
Ca2+-dependent PKC, ERK and JNK signalling pathways
As reported previously, cytosolic Ca2+ is important for ERK
activation, and MAPKs are differentially phosphorylated
depending on the intra- or extracellular Ca2+ source (Mukho-
padhyay et al., 2004). In addition, several studies have
shown that PMA-induced MMP-9 activation is decreased by
ERK1/2, p38 MAPK or JNK inhibitors or by PKC inhibitor
(Lee et al., 2007). The subsequent experiments were designed
to elucidate which of these signal transduction pathways is
involved in PMA-stimulated MMP-9 expression and met-
formin inhibition of MMP-9 expression in HT-1080 cells. We
investigated changes in Ca2+ in PMA-treated HT-1080 cells
using the fluorescent indicator, Fluo-4-AM. PMA was added
to HT-1080 cells that had been loaded with 5 mM Fluo-4-AM,
and the cells were observed using fluorescence microscopy
at 30 min (Figure 6A). PMA (30 nM) induced a transient
increase in Ca2+ in HT-1080 cells. As shown in Figure 6A,
pretreatment with metformin or the intracellular Ca2+ chela-
tor BAPTA/AM (5 mM) or extracellular Ca2+ chelator EGTA
(100 mM) completely blocked the PMA-induced transient
increase in Ca2+ (Figure 6A). To evaluate the role of intrac-
ellular Ca2+ in PMA-mediated signalling, cells were first
exposed to BAPTA-AM (an intracellular Ca2+ chelator) or W7
(Ca2+/CaM antagonists) before PMA exposure. Cells treated
with BAPTA-AM (10 mM) or W7 (40 mM) were then analysed
for CaMKI, PKCa, ERK1/2 and JNK1/2 phosphorylation. As

shown in Figure 6B, both BAPTA-AM and W7 modulated
CaMKI, PKCa, ERK1/2 and JNK1/2 phosphorylation. As
shown in Figure 6C, the protein levels of c-Jun and c-Fos in
nuclear extracts were decreased by BAPTA-AM and W7 treat-
ment (Figure 6C). Furthermore, in cells exposed to
BAPTA-AM (10 mM) or W7 (40 mM), PMA-induced MMP-9
activation was significantly lower than in PMA-treated cells
(Figure 6D,E). HT-1080 cells were transfected with CaMKI
siRNA for 24 h, and then cells were exposed to PMA or
vehicle (Figure 6F). MMP-9 expression was decreased by
CaMKI siRNA treatment (Figure 6F).

Metformin suppresses invasion and migration through
Ca2+-dependent signalling pathways
In vitro invasion and migration assays were used to investigate
the inhibitory effects of BAPTA-AM, W7 and Gö6976 (a
calcium-dependent PKC inhibitor) on the invasive potency of
fibrosarcoma HT-1080 cells. As illustrated in Figure 7A,B, the
wound-healing assay and Matrigel invasion assay indicated
that migration and invasion of HT-1080 cells were inhibited
by intracellular Ca2+ chelator, Ca2+/CaM antagonists or PKC
inhibitor. These results suggest that metformin suppresses
PMA-induced MMP-9 activation through Ca2+-dependent
PKC, ERK and JNK signalling pathways (Figure 8).

Discussion

Recent data suggest that metformin can inhibit in vitro
migration of malignant glioma cells (Beckner et al., 2005)
and inhibit breast and glial cancer cell proliferation in vitro
(Isakovic et al., 2007; Ben Sahra et al., 2008; Hirsch et al.,
2009; Phoenix et al., 2009). The role of the anti-diabetic
drug metformin in glucose and fatty acid metabolism is well
established. Metformin stimulates glucose uptake and
increases fatty acid oxidation in muscle and liver with no
side effects when administered at a dose of 1–3 mg per day.
However, the mode of action and the biological conse-
quences of this anti-diabetic drug in cancer cell migration
and invasion are poorly understood. Metformin and AICAR
have similar effects on metabolism, and both activate
AMPK, which phosphorylates acetyl-coenzyme A carboxy-
lase (ACC) (Zhou et al., 2001; Zang et al., 2004). The current
study was designed to estimate the anti-invasive potential of
metformin and to explore the molecular mechanisms under-
lying its activity. Our first experiments showed that met-
formin inhibited PMA-induced migration and invasion of
HT-1080 cells. As described in previous studies (Cho et al.,
2007), treatment with 2–30 nM PMA stimulated MMP-9

Figure 3 Inhibition of AP-1 activity in the MMP-9 promoter by metformin. Mutations were introduced in the NF-kB or AP-1 binding sites of
pGL-MMP-9WT. HT-1080 cells were transfected with pGL-MMP-9WT, pGL-MMP-9mNF-kB and pGL-MMP-9mAP-1 reporter plasmids (A), or
with reporter plasmids containing tandem elements for NF-kB or AP-1 binding sites (B). Cells were cultured with metformin and/or PMA for
24 h, and the relative luciferase activity in the cell extract was determined. Data are expressed as the means � SD of triplicate experiments.
*Significantly different from PMA treatment only (P < 0.01). (C) Effects of metformin on PMA-induced c-Jun and c-Fos translocation. HT-1080
cells were pretreated with metformin (1–5 mM) for 1 h and then treated with 30 nM PMA for 3 h. Nuclear extracts were subjected to
SDS–PAGE followed by Western blotting with anti-NF-kB, anti-c-Jun, anti-c-Fos and anti-lamin B antibodies. Each blot is representative of at
least three others.
�
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secretion in a dose-related manner (data not shown). In
PMA-treated HT-1080 cells, metformin suppressed the
increased expression of MMP-9 and -2.

We were further interested in the transcriptional mecha-
nism of MMP-9 regulation by metformin. PMA enhances
MMP-9 production through the activation of transcription
factors, such as AP-1, NF-kB and SP-1 (Aggarwal et al., 2004).
Metformin suppressed MMP-9 induction by repressing the
transcriptional activation of the MMP-9 promoter. Mutational

analysis of the promoter revealed that the major target of
metformin was AP-1, a finding that was further confirmed by
the use of reporter plasmids containing synthetic elements
that were specific for various transcription factors. We found
that metformin inhibited the translocation of c-Jun and c-Fos,
both of which are components of AP-1, to the nucleus in
PMA-treated HT-1080 cells. These results clearly indicate that
metformin inhibits MMP-9 activation by reducing the tran-
scription factor, AP-1. Thus, it is evident that AP-1 is an

Figure 4 Metformin activates AMPK, but does not affect PMA-induced MMP-9 activation. (A) After HT-1080 cells were treated with
metformin or AICAR at the indicated concentrations, AMPK phosphorylation was examined by Western blotting. Each blot is representative of
at least three others. (B) The suppressive effects of metformin and AICAR were independent of AMPK activation. Cells were pretreated with
compound C (AMPKi; 1 mM) for 1 h prior to metformin or AICAR treatment, and the phosphorylation levels of AMPK was measured by Western
blotting. Cells were pretreated for 1 h with compound C (AMPKi, 1 mM) followed by metformin or AICAR treatment for 24 h. Each blot is
representative of at least three others. (C) The MMP-9 mRNA expression in the cells was analysed by semi-quantitative RT–PCR or real-time PCR.
(D and E) Conditioned media were collected after 24 h, and then Western blotting or gelatin zymography was performed. Each blot is
representative of at least three others. (F) Cells were transfected with pGL-AP-1 Luc reporter plasmids. The transfected cells were treated with
compound C (AMPKi, 1 mM) for 1 h, and then metformin or AICAR for 24 h. The luciferase activity in the cell extract was determined. Data
are expressed as the means � SD of triplicate experiments. *Significantly different from control (P < 0.01). (G) Cells were transfected with
DN-AMPK or pcDNA control for 24 h, and then cells were treated with metformin (5 mM) or AICAR (2 mM) for 24 h. Conditioned media were
collected after 24 h, and then gelatin zymography was performed. AMPK expression in cell lysates was analysed by Western blotting. b-Actin
in the cell lysates is shown as a control.
�

Figure 5 Effects of metformin on PMA-induced phosphorylation of MAPKs, CAMKI and PKCa. Cells were treated with PMA (30 nM) for
30 min in the presence or absence of metformin, and the phosphorylation levels of three MAPKs (A), CAMKI and PKCa (B) were measured by
Western blotting. Each blot is representative of at least three others. Densitometry ratios of phospho-MAPKs were normalized to b-actin. Data
are expressed as the means � SD of triplicate experiments. *Significantly different from PMA treatment only (P < 0.01).
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important transcriptional factor for MMP-9 expression, which
in turn promotes cancer cell invasion, and metformin is
likely to be a potent universal inhibitor of the activation of
AP-1.

AMPK is a serine/threonine kinase and a member of the
metabolite-sensing protein kinase family found in all
eukaryotic cells (Zhou et al., 2001). AMPK is a cellular fuel
sensor pathway that is sensitive to increases in the AMP/ATP
ratio. This pathway is a potent mediator of exercise-induced
glucose uptake in skeletal muscle (Hardie, 2003). Once acti-
vated, AMPK phosphorylates and inactivates a number of
metabolic enzymes involved in ATP-consuming cellular
events such as fatty acid and protein synthesis involving
ACC. Furthermore, AMPK activation has been shown to
inhibit the mTOR pathway and S6K1 phosphorylation
implicated in protein synthesis, suggesting that this
pathway may regulate cell proliferation. Here, we showed
that metformin inhibits MMP-9 expression in human fibro-
sarcoma HT-1080 cells, but mediates its effect independently
of AMPK. Using compound C (AMPK inhibitor) or transfec-
tion with DN-AMPK, we showed that inhibition of the
AMPK pathway did not reverse the effect of metformin on
MMP-9 expression. Interestingly, other evidence indicates
that metformin mediates its effects independently of AMPK.
For example, Hue’s group recently showed that the effects of
metformin and AICAR on the function of glucokinase in
hepatocytes are still observed in mice lacking a1 and a2
catalytic units (Guigas et al., 2006). Ben Sahra et al. (2008)
reported that metformin can exert AMPK-independent anti-
tumoural effects in prostate cancer cells. Furthermore,
Vazquez-Martin et al. reported that AMPK does not mediate
all the anti-HER2 effects of metformin in breast cancer cells.
Metformin has been extremely useful in studies of the
AMPK pathway, but like any pharmacological tool, it may
have other unknown functions independent of its initially
described actions.

Several studies have identified signal transduction path-
ways that are involved in the regulation of MMP-9 expres-
sion in tumour cells (Simon et al., 1998). The role of MAP
kinases in the regulation of MMP-9 expression in malignant
cells is especially well understood. In this study, we identi-
fied the signalling pathway-mediated regulation of the
MMP-9 gene in PMA-induced HT-1080 cells in response to

metformin treatment. Metformin suppressed PMA-induced
phosphorylation of ERK and JNK, key pathways in PMA-
induced cell invasion via MMP-9 expression (Figure 5A).
These results demonstrate that metformin reduced
MMP-9 expression by blocking AP-1 activation via ERK and
JNK, and consequently inhibition of MMP9 production/
activity and inhibition of migration/invasion in HT-1080
cells.

Alterations in Ca2+ are important for cell signalling. Ca2+ can
stimulate the Ras/Raf/MEK/ERK signalling pathway via PKC,
and the MEK/ERK pathway can be involved in cell migration
(Yang et al., 2003; He et al., 2004). Changes in Ca2+ activate or
inactivate target proteins, including PKCs, calpain and CaM.
Increased intracellular Ca2+ following PMA stimulation (Buys
et al., 1984) is important as both a co-factor for the conven-
tional PKC isoforms activated by PMA (Colbran and Soder-
ling, 1990) and for activation of the Ca2+/CaM pathway
through binding to CaM (Rybalkin and Bornfeldt, 1999). Met-
formin completely blocked the PMA-induced increase in Ca2+

(Figure 6A). Furthermore, we observed that metformin down-
regulated PMA-induced CaMKI and PKCa activities, as well as
MMP-9 (Figure 7). In addition, the migration and invasion of
HT-1080 cells were inhibited by BAPTA-AM (intracellular Ca2+

chelator), W7 (Ca2+/CaM antagonists) or Gö6976 (a calcium-
dependent PKC inhibitor).

It is well established that tumour cell migration and inva-
sion depend on gelatinase activity. MMP-9 and MMP-2 are
highly expressed in human cancer cells, and a direct relation-
ship between cancer progression and gelatinase expression
and activity has been well established in many studies
(McCawley and Matrisian, 2000). We evaluated the inhibitory
effect of MMP-9 siRNA on PMA-induced invasion in HT-1080
cells. As the results, the invasion of HT-1080 cells was
decreased by MMP-9 siRNA treatment (Supporting Informa-
tion Figure S1). As tumours manifest high levels of gelatinase
activity, inhibitors specific for the gelatinases are urgently
sought.

In summary, the present data show that metformin
inhibited PMA-induced invasion and migration of human
fibrosarcoma cells via Ca2+-dependent PKCa/ERK and JNK/AP-
1-signalling pathways. Metformin therefore has the potential
to be a potent anti-cancer drug in therapeutic strategies for
fibrosarcoma metastasis.

Figure 6 Effect of metformin on intracellular Ca2+ concentration in HT-1080 cells. (A) Cells (2 ¥ 105 cells·mL-1 n a 24-well microtitre plate)
were treated with PMA (30 nM) for 30 min in the presence or absence of metformin, BAPTA-AM or EGTA, or 30 min at 37°C in a humidified
incubator with a 5% CO2 atmosphere. Cells were observed under a fluorescence microscope (excitation at 385 nm; emission at 512 nm). Each
figure is representative of at least three others. (B) Effect of the calcium chelator BAPTA-AM or Ca2+/CaM antagonist W7 on PMA-induced
phosphorylation of CAMKI, PKCa, ERK and JNK in HT-1080 cells. Cells were treated with PMA (30 nM) for 30 min in the presence or absence
of BAPTA-AM or W7, and the phosphorylation levels of CAMKI, PKCa, ERK and JNK were measured by Western blotting. Each blot is
representative of at least three others. (C) Effect of the calcium chelator BAPTA-AM or Ca2+/CaM antagonist W7 on PMA-induced c-Jun and
c-Fos translocation in HT-1080 cells. Cells were pretreated with BAPTA-AM (10 mM) or W7 (40 mM) for 1 h, and treated with 30 nM PMA for
3 h. Nuclear extracts were subjected to SDS–PAGE followed by Western blotting with anti-c-Jun, anti-c-Fos and anti-lamin B antibodies. Each
blot is representative of at least three others. (D and E) Effect of BAPTA-AM or W7 on PMA-induced MMP-9 activity in HT-1080 cells. Cells were
pretreated with BAPTA-AM (10 mM) or W7 (40 mM) for 1 h, and treated with 30 nM PMA for 24 h. MMP-9 activity in the medium was analysed
by gelatin zymography and Western blotting. Each blot is representative of at least three others. Cells were transfected with pGL-MMP-9WT
reporter plasmids. The luciferase activity in the cell extract was determined. Data are expressed as the means � SD of triplicate experiments.
*Significantly different from PMA treatment only (P < 0.01). (F) Inhibition of PMA-induced MMP-9 expression by CaMKI siRNA transfection.
Conditioned media were collected after 24 h, and then gelatin zymography. CaMKI expression in cell lysates was analysed by Western blotting.
b-Actin in the cell lysate is shown as a control.
�
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Figure 7 Effect of BAPTA-AM, W7 and Gö6976 on migration and invasion in HT-1080 cells. (A) Cell monolayers were scratched with a pipette
tip and then treated with BAPTA-AM (10 mM), W7 (40 mM) and Gö6976 (a calcium-dependent PKC inhibitor; 1 mM) for 24 h. Migrating cells
were photographed under phase contrast microscopy. Each figure is representative of at least three others. Data are expressed as the means
� SD of triplicate experiments. *Significantly different from control (P < 0.01). (B) Cells were pretreated with BAPTA-AM (10 mM), W7 (40 mM)
and Gö6976 (1 mM) followed by PMA (30 nM) treatment for 24 h. After 24 h, cells on the bottom side of the filter were counted. Data are
expressed as the means � SD of triplicate experiments. *Significantly different from PMA treatment only (P < 0.01).
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Supporting information

Additional Supporting Information may be found in the
online version of this article.
Figure S1 Effect of MMP-9 siRNA on PMA-induced inva-
sion of HT-1080 cells. Cells were transfected with MMP-9
siRNA or control siRNA for 24 h, and then cells were treated
with PMA (30 nM) or vehicle for 24 h. (A) Conditioned
media were collected after 24 h, and then gelatin zymogra-
phy was performed. MMP-9 mRNA expression in the cells
was analysed by semi-quantitative RT–PCR. GAPDH expres-
sion was included as an internal control. (B) After treatment
with PMA for 24 h, cells on the bottom side of the filter
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were counted. Data are expressed as the means � SD of trip-
licate experiments. *Significantly different from control (P <
0.01). **Significantly different from PMA treatment only (P <
0.01).
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