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Abstract Long-term metformin treatment reduces the
risk of stroke. However, the effective administration pat-
tern and indications of metformin on acute cerebral isch-
emia are unclear. To investigate the neuroprotective treat-
ment duration and dosage of metformin on focal ischemia
mice and the association of neuroprotection with 5'-ade-
nosine monophosphate-activated protein kinase (AMPK)
regulations, male C57BL/6 mice were subjected to perma-
nent or transient middle cerebral artery occlusion (MCAO)
and metformin of 3, 10 and 30 mg/kg was intraperitoneally
injected 1, 3 or 7 days prior to MCAO, or at the onset,
or 1, 3 or 6 h after reperfusion, respectively. Infarct vol-
umes, neurological deficit score, cell apoptosis, both total
and phosphorylated AMPK expressions were assessed.
Results showed that prolonged pretreatment to 7 days
of metformin (10 mg/kg) significantly ameliorated brain
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infarct, neurological scores and cell apoptosis in perma-
nent MCAO mice. Shorter (3 days or 1 day) or without
pretreatment of metformin was not effective, suggesting a
pretreatment time window. In transient MCAO mice, met-
formin showed no neuroprotection even with pretreatment.
The expressions of total and phosphorylated AMPK were
sharply decreased with effective metformin pretreatments
in ischemic brains. Our data provided the first evidence
that in acute ischemic injury, a 7-days pretreatment dura-
tion of 10 mg/kg metformin is necessary for its neuropro-
tection, and metformin may not be beneficial in the cases
of blood reperfusion.

Keywords Cerebral ischemia - Metformin - AMPK -
Neuroprotection

Introduction

Cerebral ischemia is one of the leading causes of mor-
tality and disability worldwide with limited therapeutic
approaches. Extensive studies have been carried out to
find effective drugs against cerebral ischemia during the
last decades, yet unfortunately little achievement has been
obtained in this field.

Emerging evidences suggest that metformin, a hypo-
glycemic, is related to reduce the risk of stroke in diabetic
patients [1]. Animal studies demonstrate that long-term
treatment of metformin promotes neuronal recovery after
ischemia [2, 3]. In the molecular level, activation of ade-
nosine monophosphate-activated protein kinase (AMPK)
is proposed to associate with its neuroprotection [2, 4-6].
However, the effects of metformin on acute injury after
ischemia remain controversial. The acute phase outcomes
measured by experimental animals are critical in evaluating
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one potential neuroprotectant prior to clinical trials accord-
ing to the recommendations from Stroke Therapy Academic
Industry Roundtable (STAIR) [7]. As revealed by middle
cerebral artery occlusion (MCAO) models on mice, metfor-
min reduces cerebral infarct volumes 1 day after both tran-
sient and permanent MCAO (tMCAO, pMCAO thereafter)
[2, 5]. On the contrary, however, metformin shows no neu-
roprotection against acute tMCAO injury but promote long-
term neuronal recovery [4, 8]. Enigmatically, metformin
even aggravates brain infarct size in diabetic rats as well
as intact mice subject to tMCAO [9, 10]. The deleterious
effects may be attributable to AMPK activation by metfor-
min, which has been clearly shown to aggravate ischemic
brain injury [9, 11, 12]. Therefore, the potential therapeutic
effects of metformin for ischemic stroke need careful con-
sideration [3, 9].

In the present investigation, we aimed to identify the
effective treatment pattern, duration and dosage of met-
formin on acute cerebral ischemia and further address the
involvement of AMPK regulations in the neuroprotection.

Materials and Methods
Animals

Male C57BL/6 mice weighing 22-25 g were used. All
experiments were approved by and conducted in accor-
dance with the ethical guidelines of the Zhejiang University
Animal Experimentation Committee and were in complete
compliance with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals. Efforts were made
to minimize any pain or discomfort, and the minimum num-
ber of animals was used.

Metformin and Compound C Treatments

Metformin hydrochloride (Selleckchem, USA) was dis-
solved in saline and given in a dose volume of 0.2 ml/20 g
body weight by intraperitoneal (i.p.) injection. For pre-
treatment, mice were pretreated with metformin (3, 10 or
30 mg/kg/day, i.p.) for 1, 3 or 7 days prior to stroke. For
the treatment after ischemia, metformin was administrated
at the onset or at 1, 3 or 6 h after reperfusion, respectively.
Compound C (Selleckchem, USA) was dissolved in saline
and administered (20 mg/kg/day, i.p.) concomitant with
metformin administration. The control group received an
equal volume of saline.

Permanent and Transient MCAO Mouse Models

Focal cerebral ischemia was induced by right MCAO as
described previously [13]. Mice were anesthetized by
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intraperitoneal injection of choral hydrate (350 mg/kg).
Cerebral blood flow was determined by laser Doppler flow-
metry (Moor Instruments, Devon, UK). For permanent
MCAO (pMCAO), a 6-0 nylon monofilament suture was
gently inserted 10 mm into the internal carotid to occlude
the origin of the MCA. Animals with <80% reduction in
CBF in the MCA territory were excluded. For transient
MCAO (tMCAO), the suture was withdrawn smoothly
to allow blood flow restoration after 60 min of occlusion.
Body temperature was maintained at 37°C by a heatlamp
(FHC, Bowdoinham, USA) during surgery and within 2 h
after the onset of reperfusion. Sham-operated mice received
the same procedure except for the suture insertion process.

Infarct Analysis

At 24 h after surgery, mice were anesthetized and decapi-
tated. Coronal brain slices at 2-mm intervals were stained
with 2,3 5-triphenyltetrazolium  hydrochloride (TTC;
0.25 %; Sigma-Aldrich, USA) at 37 °C for 30 min, and then
fixed with formalin (4%). The extents of the normal and
infarct areas were analyzed with Image-Pro Plus 7.0 (Media
Cybernetics, Bethesda, MD, USA) and determined by the
indirect method, which corrected for edema. The percent-
age of the corrected infarct volume was calculated by divid-
ing the infarct volume by the total contralateral hemispheric
volume.

Neurological Deficit Scores

Neurological deficit scores were evaluated at 24 h after
surgery as follows: 0, no deficit; 1, forelimb weakness and
turning to the ipsilateral side when held by tail; 2, circling to
the contralateral side; 3, unable to bear weight on affected
side; and 4, no spontaneous motor activity.

Western Blot Analysis

Western blots were done as described previously [14]. The
right brain cortex tissues were collected before occlusion
or at 12 h after occlusion or reperfusion and were homog-
enized using RIPA buffer. Samples with an equal amount
of protein were separated on 10-12% SDS-polyacryl-
amide gel electrophoresis and transferred to a nitrocel-
lulose membrane, which was then blocked with 5% BSA
powder in Tris-buffered saline containing 0.1 % Tween 20
at room temperature for 1 h. Primary antibodies against
cleaved Caspase-3 (1:1000, CST, USA), Bax (1:1000, CST,
USA), Bel-2 (1:1000, CST, USA), pAMPK (1:500, CST,
USA), AMPK (1:1000, CST, USA) and GAPDH (1:3000,
KangChen, China) were added for overnight incubation
at 4°C. After washing, the membranes were incubated
with rabbit or mouse IgG-HRP-linked secondary antibody
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(1:3000, KangChen, China) for 2 h at room temperature.
ECL detection kit (Thermo Fisher, USA) was used for sig-
nal detection. The relative optical density was obtained by
comparing the measured values with the mean values from
the control group by Image-Pro Plus 7.0.

Statistical Analysis

All data were collected and analyzed in a blinded man-
ner. Data were presented as mean+SEM. For comparison
between two groups, statistical significance was determined
through a Student ¢ test. For comparison among multiple
groups, statistical significance was evaluated by One-way
ANOVA (with Tukey post hoc test, when appropriate)
except the neurological deficit scores, which was deter-
mined by Mann—Whitney U test. p<0.05 was considered
statistically significant.

Results

Metformin Pre-treatment Protected Against Permanent
Cerebral ischemia

Mice were pretreated with indicated dosages of metfor-

min (Met) for 7, 3, or 1 day before pMCAO. For 7-days

Pre-3 d

(@

pretreatment, only 10 mg/kg/day Met significantly
decreased the brain infarct volumes (Met 22.93+7.95% vs.
Saline 56.95+5.24%, p<0.01). This neuroprotection was
reduced for 3-days pretreatment (Met 31.70+5.26% vs.
Saline 56.95+5.24%, p<0.05) and was not observed for
1 day pretreatment. We further found that 3 or 30 mg/kg/
day Met showed no neuroprotective effects regardless of the
pretreatment duration (Fig. 1a, b).We also assayed 100 mg/
kg/day Met with aforementioned pretreatment durations,
which also showed no protection (data not shown). How-
ever, Met treatment at the ischemia onset was unavailing.
These results suggested that pretreatment was required for
the neuroprotection of Met against acute permanent isch-
emia injury. The dosage of Met pretreatment also seems
critical for its neuroprotection, which was reflected in the
neurological deficient scores as well (NDS, Met 10 mg/kg/
day Pre-7 day 1.50+0.29 vs. Saline 2.78 +0.15, p<0.01; Met
10 mg/kg/day Pre-3 day 1.83+0.31 vs. Saline 2.78+0.15,
p<0.05) (Fig. 1c).

Blood restore after ischemia leads to brain reperfusion
injury. To identify the neuroprotection of Met on reperfusion
injury, transient MCAO (tMCAO) model was employed.
Results showed that neither Met pretreatment nor treatment
at the onset of reperfusion reduced the corrected infarct vol-
umes and NDS (Fig. 2a—c). Besides, we found that delayed
Met treatments at 3 h after reperfusion even aggregated the
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Fig. 1 Metformin pretreatment protected against permanent cerebral
ischemia. Metformin 3, 10 or 30 mg/kg/day (Met 3, 10 or 30) were
administrated from 1, 3 or 7 days prior to ischemia (Pre-1, 3, 7 days)
continuously or at the ischemia onset (Isc-0 h). Mice were sacrificed
24 h after pMCAO and infarct volumes were determined by TTC stain-
ing. a The representative TTC-stained brain slices from each group
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were shown. b The infarct volumes of each group were analyzed by
one-way ANOVA with Tukey post-hoc test. ¢ NDS was determined
as previously described and was analyzed by Mann—Whitney U test.
n=7/group. *p<0.05 and **p<0.01 vs. saline; Data were expressed
as Mean+SEM
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Fig. 2 Metformin cannot rescue tMCAO-induced brain injury. a Met-
formin 3, 10 or 30 mg/kg/day (Met 3, 10 or 30) were treated from 1,
3 or 7 days prior to ischemia (Pre-1, 3, 7 days) continuously or at the
reperfusion onset (Rep-0 h). Mice were sacrificed 24 h after tMCAO
and the representative TTC-stained brain slices from each group were
shown. b Infarct volumes and ¢ NDS were measured as mentioned pre-
viously. d Metformin 10 mg/kg (Met 10) was treated at 1, 3 or 6 h after

ischemic injury as revealed by enlarged infarct volumes
(Met 59.88+9.48% vs. Saline 23.33+10.06%, p<0.05)
and increased NDS (Met 3.67+0.33 vs. Saline 2.33+0.33,
p<0.05) (Fig. 2d—f). These results indicated that Met may
not be beneficial in the stroke cases with reperfusion.

Metformin Pretreatment Inhibited pMCAO-Induced
Cell Apoptosis

Apoptosis is responsible for cell demise in ischemic brains.
To further confirm the beneficial effect of Met in pMCAO
model, apoptosis-related proteins were determined at 12 h
after ischemia. Met 10 mg/kg/day Pre-7 days administra-
tion significantly reversed MCAO-induced reduction of the
Bcl-2/Bax ratio (p<0.001) and down regulated the expres-
sion of cleaved Caspase-3 (p<0.001) following pMCAO,
while these effects were not seen in other dosages (Fig. 3a,
b). Then we investigated whether different duration of
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reperfusion and mice were sacrificed 24 h after tMCAO. The represen-
tative TTC-stained brain slices from each group were shown. e Infarct
volumes and f NDS were measured as mentioned previously. n=7/
group. The infarct volumes were analyzed by one-way ANOVA with
Tukey post-hoc test and the NDS by Mann—Whitney U test. *p<0.05
vs. saline; Data were expressed as Mean+ SEM

Met treatment affected apoptosis in ischemic brains. As
expected, the protection of Met 10 mg/kg/day on apoptosis
was reproduced with 7 days pretreatment and Met 10 mg/
kg/day Pre-3 days treatment also increased the Bcl-2/Bax
ratio (p<0.001) in a less extent (Fig. 3c, d).

Metformin Pretreatment Reduced the Expressions of
PAMPK and Total AMPK After Ischemia

Metformin is an AMPK activator, but the roles of AMPK in
cerebral ischemia with metformin treatment were not clear.
The western blot analysis showed increased AMPK activa-
tion following pMCAO, which peaked at 12 h and started
to decline after 24 h (Online Resource Fig. S1). So the mice
were sacrificed at 12 h after pMCAO for further pAMPK
detection. In intact brains, 30 but not 3 or 10 mg/kg/day Met
pretreatment for 7 d increased pAMPK level. Unexpectedly,
in ischemic brains, Met 10 mg/kg/day, but not 3 or 30 mg/
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Fig. 3 Metformin pretreatment prevented pMCAO-induced cell apop-
tosis. Right brain cortex tissues were collectedat12 h after pMCAO.
a, b Metformin 3, 10 or 30 mg/kg/day (Met 3, 10 or 30) were admin-
istrated 7 days prior to stroke (Pre-7 days), and the expressions of
Bcl-2, Bax, cleaved Caspase-3 were detected as markers of cell apop-
tosis, GAPDH was used as loading control. ¢, d Metformin 10 mg/

kg/day, pretreatment reduced rather than further increased
pMCAO-induced pAMPK. Interestingly, the total AMPK
level sharply decreased as well in ischemic brains pretreated
with Met 10 mg/kg, and in a less extent with 3 or 30 mg/kg
pretreatment (Fig. 4a, b). We also determined the mRNA
levels of both AMPK a1l and a2 subunits by real-time PCR,
the results showed no significant reduction (Online Resource
Fig. S2), implying the post-translational regulations of the
total AMPK. This reduction of total AMPK cannot be found
in other organs from the same mice, suggesting a specific
action (Online Resource Fig. S3). When mice was treated
with shorter duration (1 day or 3 days) of Met 10 mg/kg/
day, the reduction of pAMPK and total AMPK in ischemic
brains was not that remarkable comparing to 7 days pre-
treatment (Fig. 4c, d).

Compound C Showed Additional Neuroprotective
Effects to Metformin

To further confirm that metformin-reinforced pAMPK
reduction was associated with its neuroprotection, we con-
ducted an AMPK inhibitor, Compound C (CC). The results
showed that Pre-7 days CC 20 mg/kg (CC 20) co-treatment
with Met 10 mg/kg did not reverse, but synergistically
enhanced its neuroprotection (Met 10 22.32+4.90 % vs. Met
10+CC 20 8.29+2.22%, p<0.05; CC 20 20.28+3.99% vs.
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kg/day (Met 10) was administrated from 7, 3 or 1 day before isch-
emia (Pre-7, 3 or 1 day) or at the stroke onset (Isc-0 h), respectively.
The expressions of Bcl-2, Bax, cleaved Caspase-3 and GAPDH were
detected. n=4/group. "#p<0.001 vs. sham, ***p<0.001 vs. saline
(One-way ANOVA with Tukey post-hoc test); Data were presented as
Mean+SEM

Met 10+CC 20 8.29+2.22%, p<0.05) (Fig. 5a, b). NDS
presented similar results (Met 10 1.6+0.24 vs. Met 10+CC
200.83+0.17, p<0.05; CC20 1.6+0.24 vs. Met 10+CC 20
0.83+0.17, p<0.05) (Fig. 5¢). In addition, we found that the
combinational treatment with CC and Met further reduced
both the total and phosphorylated AMPK levels (Fig. Se, f).
These results suggested that further AMPK inactivation may
be responsible for the additional neuroprotection of CC.

Discussion

Although a few evidences have showed that prestroke met-
formin treatment protects against brain injuries, the admin-
istration duration, dosage, and indications for metformin
are largely unclear. To identify the pretreatment duration,
metformin was administrated at indicated time points before
stroke onset. We found that 10 mg/kg/day metformin sig-
nificantly counteracted ischemic injury in a time-depen-
dent manner with the most potential neuroprotection from
7-days pretreatment, whereas metformin treatment at the
onset of ischemia showed no effects. These observations
were further confirmed by assessing cell apoptosis. These
data confirm the requirement of prestroke administration,
and further suggested that a pretreatment time window no
less than 7 days was required for the neuroprotection of
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Fig. 4 Metformin pretreatment reduced the expression of pAMPK and
total AMPK after ischemia. Right brain cortex samples were harvested
at 12 h after MCAO. a, b Metformin 3, 10 or 30 mg/kg/day (Met 3, 10
or 30) was treated 7 days before pMCAO. The expressions of AMPK
and pAMPK were determined by western blot. ¢, d Metformin 10 mg/
kg/day (Met 10) was treated 1, 3 or 7 days prior to stroke (Pre-1, 3 or

metformin against acute brain injury. We found 3 or 30 mg/
kg/day for 7-days pretreatment were not effective. Similarly,
recent study suggested that the biological effects of metfor-
min may be attributable to its cumulative dosage based on
the dosage administrated daily [15, 16]. Therefore, it seems
the cumulative metformin dosage may closely relate with
its neuroprotection against ischemic brain injury. More-
over, our results found 30 and 100 mg/kg/day metformin
pretreatment for shorter time did not show neuroprotection,
indicating the time window cannot be reduced by increasing
metformin dosage. These results extend the conception that
the cumulative dynamics of metformin dosage may be a key
of the therapy for stroke by metformin pretreatment.

Our study showed that a relatively higher dosage of
30 mg/kg pretreatment did not offer neuroprotection. Simi-
lar results were reproduced by other studies [6, 9, 17], in
which low-dose of metformin pre-conditioning may consti-
tute a safer and efficient way to protect brain injury. Higher
dosage of metformin lead to lactic acid accumulation [9],
which results in acidosis and cell apoptosis [18]. Besides,
higher dosage of metformin reinforced ischemia-induced
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Pre-

Pre-7d

Pre3d Pre7d
re re Met 10 ma/kg

7 days), respectively. The expressions of AMPK and pAMPK were
determined by western blot. n=4/group. The columns represented the
semi-quantified optidensity of the bands normalized by GAPDH, the
control bands were defined as 1.00. * and *p < 0.05; ** and #p < 0.01;
#+% and " p < 0.001 vs. indicated groups

AMPK activation, which was demonstrated detrimental
for neuronal survival [12]. The dosage of 10 mg/kg metfor-
min in mice is approximately 50 mg daily (60 kg of body
weight) in human, according to the body surface area nor-
malization [19]. This dosage is approximately 20% of the
clinical prescribed dosage of metformin by considering its
relative bioavailability, which is normally range from 500
to 2000 mg daily. Although metformin has being considered
as a safe drug [20], adverse effects are documented due to
long-term use or overdose [21, 22]. Our observation thus
suggested that a low dosage of metformin pretreatment for a
relative long duration could be competent for cerebral isch-
emia therapy.

Interestingly, we found metformin pretreatment failed
to rescue ischemia-reperfusion-induced brain injury. Treat-
ment of metformin after reperfusion even made severer
brain infarct. These results thus implied that the neuropro-
tection from metformin pretreatment may depend on the
pathological conditions of cerebral ischemia. In consist, we
found a sustained AMPK activation with permanent isch-
emia, whereas AMPK activation decreased with reperfusion
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[23]. Despite the fact that blood supply restore remains the
principle therapy for cerebral ischemia, only a few patients
are able to receive the thrombolysis therapy [24]. Therefore,
the present study pointed to a potential application of met-
formin for treatment of cerebral ischemia as a preventive
neuroprotectant without thrombolysis and the administra-
tion might be withdrawn once reperfusion was established.
We interestingly found that 7-days pretreatment of
10 mg/kg metformin significantly decreased the total and
phosphorylated AMPK levels in ischemic brains. This
reduction was not that remarkable for other dosages with
7-days pretreatment or with 10 mg/kg with shorter duration.
These data suggested an association between AMPK reduc-
tion and metformin’s neuroprotection. This assumption was
further supported by using Compound C, an AMPK inhibi-
tor, which reinforced the neuroprotection of metformin.

Nevertheless, 3-days metformin pretreatment reduced the
ischemic brain injury without significantly reduced the
pAMPK level. Indeed, acute metformin treatment reduced
ischemic brain injury by pre-activating AMPK [5], how-
ever, we found that the AMPK activation cannot extend to
7 days after metformin pretreatment in intact brains. There-
fore, the present study suggested that metformin may have
bi-directional impacts on AMPK activation. Given that in
most cases metformin is chronically administrated, AMPK
may be inactivated in the ischemic brains with long-term
metformin treatment. The AMPK subunits are widely
expressed throughout the brain. We determined the AMPKa
subunits in the present study. AMPK a subunits are mainly
neuronal localized in mouse brain, and AMPK 02 is highly
expressed in activated astrocytes, which are found in isch-
emic brains [25]. Metformin was showed to suppress the
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C6 glioma cells activation [26]. Thus it is plausible that
both neurons and astrocytes may contribute to the AMPKa
subunits regulation in brains. Further studies are needed to
address these issues. The present data implied that AMPK
inactivation can be a potential marker indicating metfor-
min’s neuroprotection.

The AMPK signaling is typically activated by energy
deprivation like ischemia, which was confirmed by our
data. In ischemic brains, transient AMPK activation was
clearly proved deleterious for neuronal survival [11, 12]. In
contrast, there were evidences indicating chronic metfor-
min pretreatment lead to reduced pAMPK levels and offer
potent neuroprotection [12, 27]. How metformin pretreat-
ment reduced AMPK phosphorylation was not determined.
We surprisingly found that 7-days pretreatment of 10 mg/
kg metformin significantly decreased rather than reinforced
the total AMPK level in ischemic brains. Recent investiga-
tions indicated that AMPK subunits were ubiquitylated for
degradation [28-30]. In addition, metformin was reported
to modify post-translation proteins by ubiquitination [31].
We found both the AMPK a1 and a2 subunits were not tran-
scriptionally downregulated. Although directed evidences
are still lacking, we assume that the post-translational
mechanisms response to AMPK reduction with metformin
treatment. Immediate degradation of AMPK a was found
when overexpressed in COS-7 cells, and the turnover of a
subunit auto-inhibited its catalytic activity [32]. Hence it is
plausible that total AMPK decrease will reduce its kinase
activity. Metformin is well-accepted as an AMPK activa-
tor, whereas our results clearly indicated that long-term
metformin administration may reduce AMPK activity, at
least in ischemic brains. A long-term and low dosage met-
formin could be an unexpected approach to shut down the
deleterious AMPK signaling during ischemia. Therefore the
effects of metformin in AMPK regulations must be con-
firmed in further studies. In addition, it cannot be exclude
that AMPK-independent mechanisms may also contribute
to the neuroprotection of metformin.

Taken together, the present study identified a pretreat-
ment time window effective for stroke intervention with
metformin. The AMPK inactivation is involved in the avail-
ability of the time window. Both the metformin dosage and
blood reperfusion after ischemia attenuated the neuropro-
tection possibly by altering the AMPK inactivation. These
data suggested the potential values of long-term metformin
treatment in reducing ischemic brain injury and brought
forth the notion that the potential neuroprotection of metfor-
min was limited by the administration manner.
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