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Abstract: Increasing epidemiologic evidence suggests that metformin, a well-established AMPK 
activator and the most favorable first-line anti-diabetic drug, reduces stroke incidence and severity. 
However, the mechanism for this remains unclear. Moreover, previous experimental studies have 
reported controversial results about the effects of metformin on stroke outcomes during the acute 
phase. However, recent studies have consistently suggested that AMPK-mediated microglia/macrophage 
polarization and angioneurogenesis may play essential roles in metformin-promoted, long-term functional recovery 
following stroke. The present review summarizes the neuropharmacological actions of metformin in experimental stroke 
with an emphasis on the recent findings that the cell-specific effects and duration of AMPK activation are critical to the 
effects of metformin on stroke outcomes. 
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INTRODUCTION 

 Stroke is the third leading cause of death and the leading 
cause of disabilities (e.g. Paralysis, ataxia, paresthesia and 
aphasia) in adults. Globally, stroke results in approximately 
4.4 million deaths per year [1]. Moreover, the stroke 
incidence is expected to continually rise as life expectancy 
increases. Although medical care has markedly improved 
during the last few decades [2], it only decreases the number 
of deaths from stroke while leading to increased numbers of 
stroke survivors experiencing life-long disability [3, 4]. In 
spite of its huge socioeconomic burden, stroke still lacks 
effective treatments. Therefore, novel drug therapies are 
urgently needed for stroke.  
 Metformin, a drug that has been used in clinics for over 
50 years, is the most favorable first-line drug for treating 
type 2 diabetes [5-7]. Globally, more than 100 million 
diabetes patients are prescribed this drug annually. Recently, 
metformin was reported to exert off-label beneficial effects, 
including anti-cancer effects [8], therapeutic effects in 
neurological disorders [9, 10] and favorable effects on the 
cardiovascular and cerebrovascular system [11]. Epidemiologic 
studies have shown that metformin reduces the stroke incidence 
and severity [12, 13]. Although diabetes and hyperglycemia 
are well-known risk factors for stroke, the beneficial effects 
of metformin on stroke outcomes are independent of its 
glucose-reducing effects [12]. These results indicate that 
metformin could be developed into a disease-modifying  
drug to treat stroke. This review summarizes the recent  
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experimental research on metformin’s effects on stroke 
outcomes with an emphasis on recent findings that the cell-
specific effects and duration of AMPK (5’-monophosphate-
activated protein kinase) activation are critical to metformin’s 
effects on stroke outcomes. 

MOLECULAR MECHANISMS OF METFORMIN 
ACTIONS 

 Metformin was discovered before the era of mechanism-
based drug discovery. Intensive efforts have been made to 
uncover the mechanisms for the pharmacological actions of 
metformin (Fig. 1). The therapeutic actions of metformin in 
reducing hepatic glucose production are thought to be 
mediated by AMPK activation [7, 14]. AMPK, a master 
cellular sensor and regulator of energy homeostasis, consists of 
an α catalytic subunit and two regulatory subunits (β and γ) 
[15]. AMPK is activated when the AMP/ATP levels are high 
and when AMP binds to the γ subunit of the AMPK 
complex. AMP binding induces an allosteric change of the α 
subunit, which in turn exposes the activation site on the α 
subunit to be targeted by the upstream kinases [16, 17]. 
However, metformin does not directly activate AMPK nor 
does it act by targeting the upstream kinases [18]. Instead, 
metformin acts through respiratory chain inhibition to 
increase AMP:ATP ratios, leading to AMPK activation. Live 
kinase B (LKB) is the upstream kinase responsible for 
metformin activation of AMPK [19]. Multiple downstream 
mechanisms of AMPK activation may mediate the effects of 
metformin on stroke outcomes. For instance, AMPK activation 
has been reported to protect against cerebral ischemia by 
activating the nuclear factor erythroid 2-related factor (Nrf2) 
antioxidant pathway or inhibiting the NF- κB cascade to 
suppress post-ischemic neuroinflammation [20, 21]. 

 In addition to AMPK activation, metformin may act via 
other mechanism to impact stroke outcomes. For instance, it 
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is likely that metformin confers neuroprotection against 
cerebral ischemia by regulating the incretin axis since 
metformin has been reported to acutely increase the plasma 
level of glucagon-like peptide-1, which is known to exert 
pleiotropic neurological actions [22]. However, currently 
there is no evidence suggesting that the incretin axis 
mediates meformin effects on stroke outcomes. Thus, further 
investigation is needed. Because AMPK is the most well-
established target kinase through which metformin exerts its 
pharmacological actions and because numerous studies have 
suggested that AMPK is a crucial mediator in stroke 
pathogenesis [23], the review mainly focuses on how 
metformin acts through AMPK activation to affect stroke 
outcomes.  

 Several subunits of AMPK have been found in the brain 
that are involved in stroke pathogenesis. For instance, the α2 
subunit of AMPK is highly expressed in neurons and 
astrocytes [24]. AMPK α2 gene deletion has been shown to 
decrease infarct damage, whereas AMPK α1 gene deletion 
does not affect infarction following experimental stroke [25]. 
Several AMPK β subunits are expressed in the astrocytes, 
including β2 and β1, although astrocytic expression of the 
latter is lower than β2 in astrocytes [23]. The γ subunits of 
AMPK are primarily expressed in neurons, with the 
exception of γ2, which is mainly located in glia [23]. Indeed, 
a clinical study has related the polymorphism of AMPK γ2 
gene to cognitive impairment and diabetes in old age [26], 
suggestive of a potential role of AMPK γ2 in stroke 
outcomes. 

 AMPK activation is remarkably increased in the brain 
following cerebral ischemia [27]. However, it is highly 

debated whether post-ischemic AMPK activation plays a 
beneficial or detrimental role after cerebral ischemia [23]. 
The different cellular combination of AMPK subunits may 
account for the diverse effects of AMPK activation 
following stroke [25, 28]. On the other hand, the diverse 
effects of AMPK may also critically depend on the cellular 
types and duration of AMPK activation. For instance, as 
mentioned previously, although systematic gene deletion of 
AMPK α2 confers neuroprotection following experimental 
stroke, cell-type specific deletion of AMPK α2 in astrocytes 
is detrimental after cerebral ischemia, leading to increased 
infarction and poorer behavioral outcomes [23]. Consistent 
with the diverse roles of AMPK activation in cerebral 
ischemia, the current literature also reveals that metformin, 
as an AMPK activator, has diverse effects on stroke 
outcomes.  

 Recent studies suggest that the cell type specificity and 
the duration of AMPK activation may account for the 
differential effects of metformin. Metformin may also exert 
differential effects in the brain vs. periphery or during the 
acute phase vs. recovery phase following stroke.  

THE PREVENTATIVE EFFECTS OF METFORMIN 
ON STROKE OUTCOMES 

 Metformin has been epidemiologically shown to reduce 
the incidence of stroke, and the effects are independent of the 
glucose-lowering effect [12]. However, experimental stroke 
yields inconsistent results regarding whether pre-treatment of 
metformin is a protective effect in stroke models. It has been 
reported that acute metformin treatment for 3 days before 
experimental stroke remarkably exacerbates infarct damage 

 
Fig. (1). Molecular mechanisms underlying the effects of metformin on stroke outcomes. 
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at 24 hours after middle cerebral artery occlusion (MCAO) 
[28]. In contrast, chronic treatment with metformin for 3 
weeks before experimental stroke decreases acute infarction 
at 24 hours after MCAO [28]. Consistent with the notion that 
AMPK activation is deleterious to acute stroke outcomes, the 
authors showed that acute treatment of metformin enhanced 
cerebral AMPK activation following MCAO and AMPK 
gene deletion abolished the detrimental effects conferred by 
acute treatment of metformin; while chronic metformin 
treatment reduced AMPK activation after stroke [28]. In 
part, AMPK activation may exacerbate lactate accumulation 
and metformin may increase infarct damage in this way. 
Metformin-induced changes in AMPK activation following 
cerebral ischemia seem to be mediated by neuronal nitric 
oxidase (nNOS) because deletion of nNOS abolishes both 
deleterious effects conferred by acute treatment of metformin 
and neuroprotective effects by chronic treatment of 
metformin. Taken together, this study seems to suggest that 
the effects of metformin pretreatment depend on the duration 
of metformin treatment. 

 Consistently, it has been reported that chronic (2 weeks) 
pretreatment of metformin via the gavage route reduces 
neuronal ischemic damage in the hippocampus in a global 
cerebral ischemia model [20, 29]. However, in this global 
cerebral ischemia model, chronic pretreatment of metformin 
did not decrease AMPK activation in the ischemic brain, 
which is in sharp contrast to the aforementioned study [28]. 
Instead, in this study, chronic metformin pretreatment 
increases cerebral AMPK activation following ischemia, 
suggesting that metformin may confer neuroprotection by 
activating AMPK [29]. Further investigation is needed to 
investigate whether the discrepancy between the two studies 
may be attributed to the type of ischemic insults (focal vs. 
global ischemia), cerebral regions (cortex vs. hippocampus) 
and the duration of ischemia.  

 Although acute pretreatment of metformin is reported  
to exacerbate acute infarction following transient focal 
cerebral ischemia, a recent publication showed that acute 
pretreatment of metformin 24 hours prior to permanent MCAO 
induced preconditioning, conferring robust neuroprotection 
at 24 hours after cerebral ischemia [30]. In this study, the 
preconditioning effects of metformin are mediated by AMPK 
activation-dependent autophagy. Once again, the study 
suggests that metformin pretreatment exerts preventative 
effects on stroke by activating AMPK. These results are in 
contrast with the aforementioned publication [28] as well as 
the finding that metformin pretreatment acts through AMPK 
activation to abolish neuroprotection conferred by hypoxia 
preconditioning following MCAO [7]. The factors that 
account for the discrepancy between these studies probably 
include the different doses of metformin (10 mg/kg vs. 100 
mg/kg) and different stroke models employed (permanent vs. 
transient MCAO models). The high doses of metformin used 
in the previous study [28] may induce over-activation of 
AMPK, leading to prolonged astrocytic glycolysis and a 
subsequent progressive acidosis [28].  

 Diabetes mellitus is a well-established risk factor for 
stroke. It has been reported that more than 30% stroke 
patients have diabetes mellitus, and patients with diabetes 
mellitus are at a high risk for hemorrhagic transformation 

[31]. Metformin is a favorable first-line anti-diabetic drug. 
To recapitulate the clinical condition, it is essential to use 
combination models of stroke and diabetes to investigate 
whether metformin exerts therapeutic effects in stroke 
patients with diabetes mellitus. The Goto-Kzizaki rat is a 
well-established rodent model for diabetes mellitus. Goto-
Kzizaki rats display enhanced levels of vascular remodeling 
markers and dysfunctional cerebral neovascularization, which 
leads to hemorrhagic transformation and greater neurological 
deficits following cerebral ischemic although Goto-Kzizaki 
rats sustain smaller infarction sizes [32]. Pretreatment with 4 
weeks of metformin can significantly decrease vascular 
remodeling and the severity of hemorrhagic transformation 
in Goto-Kzizaki rats. However, the vasoprotective effects of 
metformin following cerebral ischemia in Goto-Kzizaki rats 
with diabetes mellitus may be related to metformin’s effect 
on glycemic control. Nevertheless, these studies suggest that 
metformin is potentially a preventative therapy against 
stroke in patients with diabetes. 

THE THERAPEUTIC EFFECTS OF POST-STROKE 
TREATMENT OF METFORMIN 

 In addition to the preventative effects of metformin, 
another equally or more important issue is whether metformin, 
administered following the onset of stroke, exerts therapeutic 
effects. Several studies have investigated its issue. In contrast 
to the complicated effects of metformin pretreatment, 
currently available experimental stroke studies consistently 
suggest that post-stroke treatment of metformin is beneficial 
in not only reducing acute infarction but in promoting long-
term functional recovery following stroke. These facts 
indicate that metformin could be translated into a stroke 
therapeutics. It is reported that metformin, systematically 
administered immediately after experimental stroke via  
an intra-peritoneal injection, significantly decreases acute 
infarction in mice, and reducing stroke-induced enhancement 
of blood glucose levels is likely the underlying mechanism 
[33]. However, when administered locally into the brain via 
an intraventricular route, post-stroke metformin treatment 
exacerbates acute infarction by activating cerebral AMPK 
[33]. The peripheral vs. cerebral effects of metformin seem 
to account for the differential effects of metformin 
administered via different routes. Additionally, this study 
still suggests a detrimental role of cerebral AMPK activation 
following stroke. 

 However, in contrast to the complicated effects of 
metformin on acute infarct damage, AMPK activation induced 
by metformin following stroke exerts beneficial effects on 
long-term post-stroke recovery. Several recent publications, 
including one from our group, have shown that metformin, 
when administered within clinically relevant therapeutic 
windows, acts through cerebral AMPK activation and 
accelerates functional recovery following stroke [34-36]. 
Louise D. McCullough, whose group first showed that 
cerebral activation of AMPK exacerbates stroke outcomes, 
reported that the post-stroke treatment of metformin is 
beneficial to stroke recovery in 2010. In 2014, her group 
further showed that chronic treatment with metformin, 
starting at 3 days after experimental stroke, remarkably 
improves post-stroke angiogenesis and recovery following 
stroke. Mechanistically, metformin-enhanced angiogenesis 
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and functional recovery is dependent on AMPK because the 
beneficial effects of metformin following stroke are lost in 
AMPK-α2 gene-deletion mice [35]. Simultaneously, a 
publication from our group also showed that post-stroke 
functional recovery and brain tissue repair, such as 
angiogenesis and neurogenesis, are significantly enhanced 
by chronic treatment with metformin starting at 1 day after 
experimental stroke. By using in vivo and in vitro cellular 
models, we further showed that metformin acts through 
cerebral AMPK activation to induce alternative (M2) action 
of microglia/infiltrated macrophages in the brain following 
stroke, which significantly contributes to promoting the 
effects of metformin on post-stroke brain repair, including 
angiogenesis. This study provides evidence that cell-specific 
effects, such as neuronal vs. glial effects, are critical to 
metformin’s effects on stroke outcomes [34]. Our published 
results were further confirmed in a recent publication 
showing that metformin administered after reperfusion 
improves post-stroke neurogenesis and angiogenesis in the 
brain via an AMPK activation-dependent mechanism [36]. 
Moreover, in a rat stroke model with diabetes mellitus, 
metformin, administered through drinking water at 1-2 days 
after stroke, displays therapeutic effects on sensorimotor 
recovery, cognitive deficits and anxiety-like symptoms [37]. 
In this diabetic model, the beneficial effects of metformin  
on long-term stroke recovery seem to be mediated by the 
euglycemic effects of metformin. Taken together, these studies 
consistently suggest that metformin, when administered 
within the clinically relevant therapeutic window, exerts 
therapeutic effects on long-term functional recovery. This is 
critical to the translation of the beneficial effects of metformin 
into clinical therapies given the fact that numerous stroke 
therapies have failed in clinical trials because of narrow 
therapeutic windows.  

CONCLUSION 

 Metformin, a well-established AMPK activator and most 
favorable first-line anti-diabetic drug, has been shown 
epidemiologically to exert beneficial effects on stroke 
patients. However, the currently available experimental 
studies reveal that metformin displays complicated effects  
on stroke outcomes, as summarized in Table 1. First, it is 
likely that the metformin’s effects on stroke outcomes are 
determined by the timing and duration of metformin 
administration because most currently available studies from 
experimental stroke show that post-stroke chronic treatment 
of metformin displays beneficial effects on long-term stroke 
recovery, while acute administration of metformin, especially 
before stroke, exerts dose-dependently effects on acute 
infarction. Second, metformin’s effects following stroke are 
cell-specific or tissue-specific. Most experimental studies 
suggest that neuronal AMPK activation induced by metformin 
during the acute phase is detrimental, while glial AMPK 
activation plays a beneficial role. Moreover, experimental 
evidence also suggests that cerebral AMPK activation by 
metformin is deleterious to stroke outcomes, while peripheral 
AMPK activation by metformin alleviates stoke-enhanced 
serum glucose levels and therefore plays a beneficial role. 
Despite the complicated effects of metformin on acute stroke 
outcomes, the currently available experimental evidence 
consistently suggests that post-stroke chronic treatment 
promotes long-term functional recovery and brain repair 
within clinically relevant therapeutic windows. Therefore, 
future study is needed to validate the translational potential of 
metformin in patients with or without diabetes. Furthermore, 
further investigation is required to determine how metformin 
acts through tissue- or cell-specific effects to affect  
stroke outcomes. Dissecting the intertwined mechanisms 

Table 1. Pharmacological effects of metformin on stroke outcomesa. 

 Duration Stroke Model Route Histological Outcomes Functional Recovery Proposed Mechanisms Refs 

24 h pMCAO ip Decreasing acute infarction Reduced neurological 
deficits at 24 h or 96 h 

Inducing autophagy [30] 

3 d tMCAO ip Increasing acute infarction － Increasing lactate level in 
the brain 

[28] 

Pre-treatment 
with metformin 

2 weeks Global ischemia po Decreasing apoptosis － AMPK activation [29] 

3 d tMCAO ip Decreasing acute infarction － Peripheral AMPK activation [33] 

1 d tMCAO icv Increasing acute infarction － Cerebral AMPK activation [33] 

14 d tMCAO ip Decreasing brain atrophy; 
enhancing neurogenesis and 

angiogenesis 

－ AMPK and eNOS activation [36] 

3 weeks tMCAO ip Enhancing angiogenesis Improved AMPK activation [35] 

Post-treatment 
with metformin 

30 d tMCAO ip 

 

No effect on acute infarction, 
but enhancing long-term 

neurogenesis and angiogenesis 

Improved Microglial AMPK 
activation 

[34] 

aip,intraperitoneally; icv, intracerebroventricularly; po, orally; pMCAO, permanent middle cerebral ischemia; tMCAO, transient middle cerebral ischemia. 
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underlying metformin’s effects may lead to novel stroke 
therapies. 
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