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Abstract

Metformin, a type 2 anti-diabetic drug and an activator of AMP-activated protein kinase (AMPK), has been shown
to reduce infarct size and pathological changes affecting astroglia in animal models of ischemic stroke. In this study,
we evaluated how metformin affects cell viability, apoptosis and determined the role of AMPK, as well as INK p46/
p54 and p38 kinases, in the observed phenomena in the culture of primary rat cortical astrocytes subjected to 12 h
of oxygen and glucose deprivation (OGD). Metformin improved cell viability, reduced the fraction of apoptotic nuclei,
and inhibited the activation of the executive caspase-3. Decreased activation of JNK p54 and p38 was associated
with increased Bcl-X, expression and decreased mitochondrial leakage of cytochrome c. However, only cell viability
and partially the fraction of apoptotic nuclei varied concomitantly with changes in AMPK activity, suggesting that
AMPK s critical for metformin-mediated effects and regulates programmed cell death in a caspase-independent
manner. Experiments with the inhibitors of JINK and p38 supports the role of these kinases in the drug-related inhi-
bition of mitochondrial and extrinsic pathway of apoptosis.
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stroke and found that metformin reduced the risk of
stroke [7,30] and lowered 30-day mortality rates in
patients with ischemic stroke [15]. Experimental stud-
ies further scrutinized metformin as a disease-mod-

Introduction

Metforminis an antihyperglycemic agent approved
for treatment of type 2 diabetes. Its main mechanism

of action focuses on the activation of AMP-activated
protein kinase [36]. However, other molecular tar-
gets involving p38 mitogen-activated protein kinase
(MAPK) and c-Jun N-terminal kinase (JNK) were iden-
tified as responsible for the effects of the drug in
different experimental contexts [8,9,34]. As stroke is
a major sequel of diabetes, epidemiological studies
conducted in populations of diabetic patients ana-
lyzed the influence of metformin on the incidence of

ifying treatment in brain ischemia, and found that
the drug improved both brain histological injury and
functional outcome, as well as dissociated its protec-
tive effects from its anti-diabetic action [1,16,20,31].
Astrocytes fairly outnumber neurons, maintain the
brain micro-environment, regulate synaptic activity
and support the integrity of the blood-brain barrier.
It is hypothesized that suppression of resident astro-
cytes’ death may limit brain architectural damage,
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subsequent reactive astrogliosis and formation of glial
scar, as well as improve neurological outcome follow-
ing stroke [2]. Since astrocytes are relatively resistant
to simulated ischemia, majority of cells undergo pro-
grammed cell death. Importantly, astrocytes express
both organic cation transporter 3 (OCT3) and AMPK,
the intracellular transporter for metformin [6,35] and
its main molecular target [11,36], respectively. Fur-
thermore, metformin was found to activate AMPK
and alter metabolism in mouse cerebral cortex astro-
cytes [33]. Previously, we found that AMPK is activat-
ed in astrocytes during combined oxygen and glucose
deprivation (OGD), and that both pharmacological and
genetic inhibition of AMPK lead to profound decrease
in cell viability [11]. Therefore, astrocytes may be the
cellular effector of metformin in stroke. In this study,
we examined the protective potential of metformin
against ischemia-simulating conditions in primary rat
cortical astrocytes. Our analysis involved cell viability,
ratio of cells undergoing programmed cell death, and
markers of both mitochondrial and common path-
ways of apoptosis. Finally, we investigated the role of
AMPK, p38 and JNK p46/p54 kinases in the drug-me-
diated effects.

Material and methods
Reagents

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoli-
um bromide (MTT), compound C (CC), SP600125 (SP),
SB203580 (SB), Hoechst 33342 were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Dulbecco’s mod-
ified Eagle’s medium (DMEM), fetal bovine serum
(FBS) and penicillin—streptomycin solution were pur-
chased from Gibco (Carlsbad, CA, USA). Antibodies
against phospho-AMPKa1/2 (Thr172), AMPKal1/2,
acetyl-CoA carboxylase o (ACCa), phospho-ACCa
(Ser78/Ser80), cytochrome ¢ and p-actin  were
obtained from Santa Cruz Biotechnology (Dallas, TX,
USA). Antibodies against cleaved caspase 3, Bcl-X,
p-INK (Thr183/Thr185), INK, p-p38 (Tyr180/Thr182)
and p38 were obtained from Cell Signaling Technol-
ogy (Danvers, MA, USA). ECL Prime Western Blotting
Detection Reagent was purchased from GE Health-
care (Little Chalfont, UK).

Cell culture

Primary rat fetal-derived astrocytes were obtained
as described previously [10], following approval by the
Local Ethics Commission for Animal Experimentation.
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Briefly, cerebral hemispheres were dissected, freed of
the meninges, minced, and mechanically disrupted
in DMEM culture medium supplemented with 1% of
antibiotic-antimycotic solution [17]. The suspension
was filtered through sterile nylon screening cloths with
pore sizes of 70 um (first sieving) and 10 um (second
sieving). The concentration of cells in suspension was
adjusted to 1 x 106 cells/ml. For the MTT assay, the cells
were seeded at 1 x 10* on 96-well plates. For Hoechst
33342 staining, astrocytes were grown on coverslips
covered with poly-D-lysine (100 pg/ml) at the densi-
ty of 3 x 10°/dish. The cells destined for Western blot
analysis were sieved onto plastic dishes of 100 mm
in diameter at the density of 1 x 10%/dish. The culture
medium initially contained 20% FBS, and after 4 days,
was replaced with medium containing 10% FBS. After
14 days, the confluent cultures of astrocytes were
deprived of microglia and oligodendrocytes by shaking
at 150 rpm with an orbital shaker for 3 h. All exper-
iments were performed on 21-day-old cultures and
more than 98% of the cells were labeled with antibod-
ies against glial fibrillary acidic protein [11].

Oxygen-glucose deprivation and cell
treatment

Astrocytes, washed twice with serum and glu-
cose-free DMEM, were subjected to ischemia-simu-
lating conditions (OGD): 92% N,, 5% CO, and 3% O,
at 37°C (incubator Galaxy 48 R, Eppendorf Inc.,
USA) for 2-24 h [11]. To activate AMPK, the astro-
cytes were pre-incubated with metformin for 2 h.
To inhibit AMPK, the cells were pre-incubated with
CC for 1 h, and metformin was added for another
2 h. To inhibit JNK p46/p54 and p38 the cell cultures
were pre-treated with SP and SB, respectively, for
1 h. The studied compounds were present in the
incubation medium during 12 h of OGD. Samples
were processed immediately after OGD. Control cul-
tures were placed in standard DMEM supplemented
with 10% FBS and exposed to normoxia.

Cell viability assay

Cell viability was determined using MTT assay
[23]. MTT (0.25 mg/ml) was added to the medium
3 h before the scheduled end of the experiment, and
then the cultures were incubated at 37°C in proper
conditions. After 3 h, the formazan precipitate was
dissolved in 100 pl DMSOQO. Absorbance rates were
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measured at 570 nm using a microplate reader (Mul-
tiscan, Labsystems, Helsinki, Finland).

Hoechst 33342 staining

Apoptosis was determined by Hoechst 33342
staining. Astrocytes cultured on coverslips were
fixed with 4% paraformaldehyde, and stained with
5 pg/ml Hoechst 33342. Cell nuclei analysis was
conducted under fluorescence microscope and 20x
objective (Nikon Corporation, Tokyo, Japan). The pic-
tures were analyzed using Image) software (1.48y,
NIH, USA; http://imagej.nih.gov/ij/).

The number of apoptotic nuclei was determined
on at least six randomly selected areas from three cov-
erslips of every experimental group, each containing
approximately 200 cells. The results were expressed
as % of apoptotic cells according to the equation:
% of apoptotic cells = (apoptotic cells)/(all cells) x 100.

Western blotting

The proteins were extracted with lysis buffer
(50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.5% Ige-
pal, 0.1% sodium dodecyl sulfate [SDS], 10 ug/ml
phenylmethylsulfonyl fluoride, 10 ug/ml leupeptin,
10 pg/ml pepstatin, and 10 pg/ml of heat-activat-
ed sodium orthovanadate). Cytosolic fractions were
prepared as described previously [10]. The protein
samples were loaded into 10% SDS-PAGE, then the
PVDF membranes were incubated overnight with
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Fig. 1. Cell viability of astrocytes exposed to nor-
moxia or 2-24 h of oxygen and glucose depriva-
tion measured by MTT assay. Results are mean
+SD (n=12). *p < 0.05 vs. normoxia.
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the following polyclonal antibodies: phospho-AMP-
Kal/2 (1:150), AMPKa1/2 (1 : 150), ACCa (1 : 200),
phospho-ACCa. (1 : 200), cleaved caspase 3 (1 : 500),
Bcl-X, (1:250), cytochrome c (1: 250), p-JNK (1 : 200),
JNK (1 : 200), p-p38 (Tyr180/Thr182, 1 : 250), p38
(1:250), B-actin (1:1000). Next, the membranes were
incubated with appropriate HRP-conjugated second-
ary antibody (1 : 1000). The blots were developed
using the ECL and detected with a ChemiDoc-IT 410
system (Ultra-Violet Products Ltd, Upland, CA, USA).
Semi-quantitative analysis was performed with
Image) (1.48v, NIH, USA; http://imagej.nih.gov/ij/).

Statistical analysis

All data are expressed as a mean * SD. Statistical
analysis was performed using one-way analysis of vari-
ance (ANOVA) followed by the Bonferroni’s post-hoc
test. Differences were considered significant at p < 0.05.

Results

Oxygen-glucose deprivation induced
cell viability loss

We analyzed the time-dependent reduction of cell
viability of astrocytes subjected to OGD and looked for
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Fig. 2. Metformin (MET), SP600125 (SP) and
SB203580 (SB) increase and compound C (CC)
decreases the viability of astrocytes exposed to
oxygen and glucose deprivation (OGD). Cells were
exposed to normoxia or 12 h of OGD and treated
with MET (0.02-2 mM), CC (10 uM) with or with-
out MET (0.2 mM), SP (10 uM) and SB (10 uM) as
described in the Material and methods section.
Results are mean + SD (n = 12). *p < 0.05 vs. nor-
moxia; ¥p < 0.05 vs. OGD.
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50% reduction in cell viability (Fig. 1). Gradual reduction
of cell viability started after 4 hours of OGD and achieved
50% reduction after twelve hours.

Metformin, SP and SB increase and CC
decrease cell viability

We analyzed the effect of logarithmically different
concentrations of metformin on cell viability in the pre-
viously selected twelve-hour interval (Fig. 2). Metformin
potently attenuated reductions in cell viability only at
the concentration of 0.2 mM, and this concentration
was chosen for subsequent analysis. The magnitude
of the effect was comparable to that caused by the
selective mitogen-activated protein kinases (MAPKs)
inhibitors, SP NK inhibitor) and SB (p38 inhibitor).
Importantly, the effect of metformin was nullified by
CC—a cell-permeable, potent, reversible, and ATP-com-
petitive pharmacological inhibitor of AMPK [36].
CC alone reduced cell viability, but metformin counter-
acted this effect. Based on published data, we decided
to pre-incubate the cells for 1 h with CC, SP and SB (all
at 10 pM), known to effectively inhibit AMPK, JNK and
p38, respectively, in astrocytes [11,32].

AMPK activation by metformin
inhibits caspase-3 cleavage

The activity of AMPK is regulated by phosphoryla-
tion of the subunit at Thr172 by an upstream kinase
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LKB1 [28]. A major downstream target of AMPK acti-
vation is ACC, a crucial enzyme in the regulation
of fatty acid metabolism. Upon activation, AMPK
enhances the phosphorylation and inactivation of
ACC, limiting the anabolic process of fatty acid syn-
thesis in times of energy deficiency [22]. Markers of
AMPK activation (p-AMPK, p-ACC) were unchanged
12 hours after OGD (Fig. 3). Metformin increased
both phosphorylation of AMPK and its substrate —
ACC, but pharmacological inhibitor of AMPK atten-
uated phosphorylation of ACC in comparison with
metformin. CC alone clearly decreased phosphory-
lation of AMPK, and this effect was counteracted by
metformin. Therefore, the concentration of the com-
pounds used were adequate to study AMPK-depen-
dence of variables. Furthermore, it should be noted
that total AMPK and ACC levels were unchanged
in all experimental groups. We analyzed the activ-
ity of the executive caspase 3 with the expression
of cleaved caspase 3 (Fig. 3). Predictably, 12 hours
of OGD increased the activity of caspase 3 around
threefold. Metformin attenuated the increase in the
expression of cleaved caspase 3, and pharmacolog-
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Fig. 3. Metformin activates AMP-activated protein kinase (AMPK) and inhibits caspase-3 cleavage. A) The rep-
resentative images of western blot analysis of p-AMPK, AMPK, p-ACC, ACC and cleaved caspase 3 in astrocytes
exposed to normoxia or 12 h of oxygen and glucose deprivation (OGD) and treated with 0.2 mM metformin
(MET) and 10 uM compound C (CC) with or without MET, as described in the Material and methods section.
B-actin was used as the loading control. B) Densitometric analyses of p-AMPK, p-ACC and cleaved caspase 3
normalized to B-actin. Results are mean + SD (n = 3). *p < 0.05 vs. normoxia; #p < 0.05 vs. OGD.
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Fig. 4. Effect of metformin on oxygen and glucose deprivation (OGD)-induced apoptosis. Astrocytes were
exposed to normoxia or 12 h OGD and treated with 0.2 mM metformin (MET), 10 uM compound C (CC)
with or without MET, 10 uM SP and 10 uM SB, as described in the Material and methods section. The lev-
el of apoptosis was determined by Hoechst staining (A). Data are shown as a percentage relation of the
apoptotic nuclei to the total amount of nuclei in the field and are the mean + SD of six randomly selected
areas from three culture dishes in three separate experiments; *p < 0.05 vs. hormoxia; *p < 0.05 vs. OGD.
Representative images are presented in (B). C) The representative images of western blot analysis of Bcl-X
in whole cell lysates and cytochrome c expression in cytosolic fractions. p-actin was used as the loading
control. D) Densitometric analyses of Bcl-X; and cytochrome ¢ normalized to B-actin. Results are mean + SD
(n = 3).*p <0.05 vs. normoxia; *p < 0.05 vs. OGD.
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ical inhibitor of AMPK reversed this effect. CC alone
increased cleaved caspase 3 expression.

Effect of metformin, CC, SP, and SB
on apoptosis

Programmed cell death involves chromatin con-
densation with the appearance of pyknotic nuclei that
morphologically distinguish apoptotic from necrotic
cells. We analyzed the effect of metformin on the
fraction of pyknotic nuclei with Hoechst 33342 stain
(Fig. 4A-B). As expected, 12 h OGD increased fraction
of apoptotic nuclei to around 50%. Metformin nor-
malized fraction of apoptotic nuclei, and the effect
was partially reversed with CC. Importantly, CC alone
had no positive effect on the fraction of apoptotic
nuclei in comparison with normoxia. Predictably,
inhibitors of p38 MAPK and JNK reduced the apop-
tosis, but the effect was weaker than that observed
with metformin. Bcl-X| is an anti-apoptotic protein,
which inhibits pore formation in mitochondrial
membrane, and prevents the release of cytochrome
¢ in mitochondrial pathway of apoptosis. Predictably,
the expression of Bcl-X and cytosolic cytochrome
¢ varied inversely proportional in our model. The
former was reduced and the latter increased after
12 hours of OGD. Metformin attenuated changes
in the expression of these markers caused by OGD,
but the pharmacological inhibitor of AMPK did not
change this effect. CC alone slightly decreased the
expression of both Bcl-X and cytosolic cytochrome c.
The effect of SP and SB on expression of these pro-
teins was weaker than that of metformin (Fig. 4C-D).
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Effect of metformin and CC on JNK
and p38 MAPK signaling pathways

The phosphorylation of JNK and p38 MAPK was
enhanced by OGD treatment (Figs. 5 and 6). Met-
formin decreased OGD-induced activation of p54
JNK and p38 MAPK while the phosphorylation of p46
JNK remained unaffected. The treatment of ischemic
astrocytes with CC did not attenuate the effect of
metformin on these variables. Compound C alone
did not affect the phosphorylation level of p54 JNK,
but decreased the phosphorylation of p38 MAPK
(Figs. 5 and 6).

Discussion

AMPK is activated by cellular stressors such as
reactive oxygen species (ROS) and depleted intra-
cellular energy, and is involved in the regulation of
cellular metabolism and death [14]. Previously, we
have shown OGD activates AMPK in astrocytes, and
AMPK activation prevents decline in cell viability [11].
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Fig. 5. Metformin attenuates oxygen and glucose deprivation (OGD)-induced activation of JNK. A) The rep-
resentative images of western blot analysis of phosphorylated JNK (P-p54 JNK and P-p46 JNK) and total JNK
in astrocytes exposed to normoxia or 12 h OGD and treated with 0.2 mM metformin (MET) and 10 uM com-
pound C (CC) with or without MET, as described in the Material and methods section. B) Densitometric analy-
ses of P-p54 JNK and P-p46 JNK normalized to p54 JNK and p46 INK, respectively. Results are mean + SD (n = 3).

*p < 0.05 vs. normoxia; #p < 0.05 vs. OGD.
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Fig. 6. Metformin attenuates oxygen and glucose deprivation (OGD)-induced activation of p-38 MAPK.
A) The representative images of western blot analysis of phosphorylated p38 MAPK and total p38 MAPK
in astrocytes exposed to normoxia or 12 h OGD and treated with 0.2 mM metformin (MET) and 10 uM
compound C (CC) with or without MET, as described in the Material and methods section. B) Densitometric
analyses of P-p38 MAPK normalized to p38 MAPK. Results are mean + SD (n = 3). *p < 0.05 vs. normoxia;

#p < 0.05 vs. OGD.

However, the activation of AMPK lasts between 4
and 6 hours despite persistence of the stimulus,
implying desensitization of AMPK activating path-
way to OGD, and thereafter cell viability declines.
Here, metformin maintained activation of AMPK up
to 12 hours of OGD (Fig. 3), and similarly AMPK pre-
vented decline in cell viability, as evidenced by the
results obtained with compound C. Although inhibi-
tors of JINK and p38 prevented decline in cell viability
(Fig. 2) and metformin potently inhibited JNK (Fig. 5)
and p38 (Fig. 6), inhibition of AMPK attenuated the
effect of metformin (Figs. 2 and 3) pointing that at
least temporal AMPK activation is crucial for astro-
cyte survival under OGD. AMPK oxidizes and loses
its function under cellular stress, and may regain its
capabilities in a redox-sensitive way [27]. Since JNK
and p38 MAPK are redox-sensitive kinases [19], and
metformin inhibited their activation in AMPK-inde-
pendent manner (Figs. 3, 5 and 6), metformin might
reduce formation of ROS, and thereby prevent deacti-
vation of AMPK. Chai et al. [5] showed that metformin
activates thioredoxin 1, and Shao et al. [27] showed
that thioredoxin 1 prevents AMPK oxidation. More-
over, thioredoxin 1 was shown to inhibit ASK-1, which
is upstream activator of JNK and p38 [21]. Therefore,
it is plausible that metformin maintained AMPK
activity by up-regulating thioredoxin 1 in our exper-
imental model. Prolonged activation of JNK and p38
kinases inhibits Bcl-2 and its homologues, such as
Bcl-X|, which results in cytochrome c release and the
activation of the intrinsic pathway of apoptosis [29].
Accordingly, metformin inhibited JNK and p38 kinas-
es, maintained the expression of Bcl-X, under OGD,
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prevented cytochrome c release, subsequent acti-
vation of the executive caspase 3, and reduced the
fraction of cells undergoing programmed cell death
(Figs. 3-6). Importantly, the activity of p38 and JNK
did not depend on AMPK activation, as shown by
no effect of AMPK inhibition on these variables
(Figs. 3-5). Pharmacological inhibitors of p38 and
INK affected the expression of Bcl-X, cytochrome
c release, and the fraction of cells undergoing pro-
grammed cell death (Figs. 4 and 5), further support-
ing the role of JNK and p38 kinases in the effects
of metformin. The inhibition of the apoptosis, that
is caspase-dependent programmed cell death, could
rely on AMPK, as shown by increased cleaved caspase
3 expression (Fig. 3) and partially increased fraction
of cells undergoing programmed cell death in com-
pound C-treated samples (Fig. 4). Although caspase
3 activity did not vary with changes in AMPK activ-
ity, the fraction of cells undergoing programmed
cell death varied with changes in the latter vari-
able (Figs. 3 and 4). The action of AMPK may involve
direct effect on AIF BNIP-3, endonuclease G [4] and
autophagy [18]. Autophagy is especially viable can-
didate to explain AMPK-mediated effects, because
the process involves removal of damaged organelles
and subsequent nutrient generation [11]. Therefore,
it may lessen the strain caused by hypoxic injury
and nutrient deprivation during OGD, and does not
involve direct action on one of the redundant cell
death pathways. Pharmacokinetics of metformin
may limit translation of our results into either ani-
mal models or clinical scenarios, because the drug
was protective only at the 0.2 mM, which is above
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the concentration found in the brain [24]. However,
the concentration range of mM is used in most stud-
ies on metformin. Because metformin alters cellular
signaling acting on mitochondria [25], no effect of
the drug at the concentration range of 20 pM may
result from the insufficient time for the compound
to reach its primary site of action. Since astrocytes
express OCTs [26,35], and metformin is one of the
substrates for OCTs [12], it is possible that the drug
is pumped out of the cells, and cannot reach its cel-
lular target. Conversely, during blood-brain barrier
disruption, astrocytes expressing OCTs may con-
centrate metformin [6]. The loss of the effect at
the concentration range of mM may be interpreted
as a sign of drug toxicity, especially as metformin
inhibits the complex | of the mitochondrial respira-
tory chain. Similar to our results showing bimodal
effects of metformin, Jiang et al. [16] showed pro-
tective effects of acute metformin administration at
a dose of 10 mg/kg in the permanent middle cerebral
artery occlusion (MCAO) model, but Harada et al.
[13] demonstrated toxic effects of acute metformin
intracerebroventricular administration in transient
MCAO at a dose of 25 and 100 ug/mouse. In con-
clusion, metformin improved cell viability chiefly
acting on AMPK, reduced the fraction of cells under-
going programmed cell death partially depending on
AMPK activity and inhibited apoptosis independent-
ly of AMPK. The latter effect is consistent with the
attenuation of JNK p54 and p38 MAPK pathways,
the increase in the expression of apoptosis inhibi-
tor, Bcl-X, and the attenuation of endogenous, that
is mitochondrial, pathway of apoptosis. Our results
regarding cell viability and programmed cell death
suggest cross-talk between AMPK, JNK and p38
MAPK, the existence of redundant cell death path-
ways in astrocytes, and the involvement of autopha-
gy that lessens the burden of OGD. Further research
is required to clarify these issues in the protective
effect of metformin.
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