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Abstract In patients with diabetes mellitus, the incidence of
cardiovascular disease is increased, and the outcome follow-
ing cardiovascular events is worse. The antihyperglycemic
drug metformin appears to limit cardiovascular death in
patients with type 2 diabetes. Indeed, preclinical studies have
demonstrated that metformin limits (myocardial) ischemia
and reperfusion injury, independent from its glucose-
lowering effect. This cardioprotection is mediated by activa-
tion of the Reperfusion Injury Salvage Kinase (RISK) path-
way, activation of AMPK and by an increased formation of
adenosine. In addition, metformin can modulate several car-
diovascular risk factors and reduces the development of heart
failure in murine models. Consequently, treatment with met-
formin might potentially improve cardiovascular outcome in
patients at risk for myocardial ischemia, even if these patients
do not have diabetes. In the current paper, we focus on the
direct cardioprotective actions of metformin and the mecha-
nisms that underlie these effects.
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Introduction

Coronary artery disease (CAD) is the leading cause of
morbidity and mortality worldwide, accounting for nearly
one third of all deaths [1]. In patients with diabetes mellitus,
cardiovascular morbidity and mortality is even more pro-
nounced. In part, this is explained by an accelerated devel-
opment of atherosclerosis [2]. In addition, when suffering a
myocardial infarction, the outcome is worse [3—6], with
success rates of angioplasty and coronary artery bypass
grafting also being lower [7-9]. Patients with diabetes also
have a high prevalence of congestive heart failure secondary
to diabetic changes in the myocardium. This unique clinical
entity, which is characterized by fibrotic changes in the
myocardium and functional alterations in diastolic relaxa-
tion and ventricular compliance, is referred to as ‘diabetic
cardiomyopathy’ [10]. The pathological changes occurring
in diabetic cardiomyopathy include increased reactive oxy-
gen species (ROS) [11], abnormal handling of calcium and
increased release of inflammatory mediators [12]. Although
in part related to myocardial infarction, this type of heart
failure in diabetics can occur independent from cardiovas-
cular risk factors and ischemia [12]. The prevalence of
patients with diabetes and heart failure is rapidly increasing,
and these patients have a worse outcome than heart failure
patients without diabetes [13+]. These observations, along-
side the evidence that diabetic patients have a worse prog-
nosis following myocardial infarction, suggest that the
diabetic heart is more vulnerable to ischemic damage.
Therefore, novel strategies to prevent the development of
atherosclerosis, and to increase the intrinsic tolerance of the
myocardial cells to ischemia and reperfusion are urgently
needed. In accordance with current guidelines, establishing
early reperfusion is the primary therapy in patients with a
myocardial infarction [14]. The beneficial effect of re-
establishing coronary blood flow, however, is limited by a
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phenomenon called ‘reperfusion injury’ [14]. The process
of reperfusion triggers various pathways, including oxida-
tive stress, pH changes, calcium overload, an acute in-
flammatory response and metabolic changes, which cause
tissue injury themselves and contribute to the final myo-
cardial infarct size. Many of these factors promote the
opening of the mitochondrial permeability transition pore
(mPTP), a critical determinant of cell death in the setting
of acute ischemia reperfusion (IR)-injury [1, 15]. To fur-
ther optimize the results of coronary angioplasty and
coronary artery bypass grafting, strategies to limit IR-
injury are needed. In the past two decades, both pharma-
cological and non-pharmacological interventions have
been developed that can limit or prevent acute myocardial
IR-injury.

As a nonpharmacological cardioprotective strategy, is-
chemic preconditioning (IPC), has received much attention
for its potent infarct size-limiting effect since it was first
reported by Murry et al. in 1986 [16]. Murry demonstrated
that short intermittent episodes of ischemia prior to a pro-
longed ischemic event potently limit the final infarct size.
Over the years, a tremendous amount of effort has been
done to mimic the cardioprotective effect of IPC with phar-
macological agents [17, 18]. Interestingly, several large
studies have suggested that the glucose lowering drug met-
formin might have such a cardioprotective effect, indepen-
dent of its glucose lowering effect [13¢]. In this article, we
aim to summarize these cardioprotective effects of metfor-
min and the underlying mechanisms.

The Effect of Metformin on Cardiovascular Outcome
in Patients With Type 2 Diabetes

Metformin, a biguanide glucose-lowering agent, is the first-
line oral treatment option for patients with type 2 diabetes
mellitus [19]. Metformin lowers plasma glucose levels by
reducing insulin resistance, particularly in the liver and
skeletal muscle cells. It supresses hepatic gluconeogenesis,
increases insulin sensitivity, enhances peripheral glucose
utilization and has beneficial effects on lipid metabolism.
The mechanisms underlying these effects have yet to be
fully elucidated, although recent data have implicated
AMP-activated protein kinase (AMPK) activation as an
important mediator [20, 21]. One of the most significant
breakthroughs in the understanding of the cellular mecha-
nism of metformin was made in the early 2000s by two
independent research groups reporting that metformin indu-
ces specific inhibition of complex 1 of the mitochondrial
respiratory chain [22, 23]. It has been hypothesized that
metformin activates AMPK by inhibiting complex 1 of the
mitochondrial respiratory chain, resulting in a fall in the
intracellular adenosine triphosphate (ATP) concentration
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and an increase in the adenosine monophosphate (AMP) to
ATP ratio. In turn, AMPK activation leads to enhanced
glucose uptake in skeletal muscle, stimulates oxidation of
free fatty acids and inhibits glucose production by hepato-
cytes [24]. The AMPK hypothesis, however, has recently
been challenged by Foretz et al. [25]. In their study, they
demonstrated that administration of metformin in mice sup-
pressed hepatic gluconeogenesis directly, by a decrease in
hepatic energy state independent from AMPK activation.

Several large observational studies in patients with type 2
diabetes have reported that treatment with metformin limits
cardiovascular morbidity and mortality independent from its
glucose-lowering action [26¢]. In the United Kingdom, Pro-
spective Diabetes Study (UKPDS) treatment of diabetic
patients with metformin was associated with lower mortality
rates compared to treatment with sulphonylurea derivatives
(SUDs) [27]. The study showed that patients with type 2
diabetes treated with metformin had a 36 % lower all-cause
mortality and a 39 % lower risk of myocardial infarction
compared with conventional treatment. This risk reduction
was greater for metformin than for treatment with insulin or
SUDs, despite similar glycaemic control. Also in patients
with diabetes who have suffered from a myocardial infarc-
tion in the past, treatment with metformin is associated with
a lower mortality rate than treatment with SUDs [28, 29].

The reduction in cardiovascular mortality by metformin
was confirmed by a systematic review and a recently pub-
lished Cochrane analysis [30, 31]. Selvin et al. concluded
that treatment with metformin of overweight diabetic
patients was associated with a decreased risk of cardiovas-
cular mortality (pooled OR 0.74; 95 % CI, 0.62-0.89)
compared with any other oral antidiabetic agent or placebo.
The results for cardiovascular morbidity and all-cause mor-
tality showed a similar trend, but this was not statistically
significant. It needs to be mentioned, however, that this
analysis was restricted to the overweight patients.

A more recent meta-analysis was performed by Lamanna
et al., in which they studied 35 clinical trials including
18,472 participants treated with metformin or comparator
[32]. In this meta-analysis, the overweight group and the
non-overweight group were combined. In addition to
patients with diabetes, they included studies on non-
diabetic patients with HIV or polycystic ovary syndrome.
In an overall analysis, metformin therapy, when compared to
an active comparator, did not produce any significant effect
on the incidence of cardiovascular events. Monotherapy
with metformin, however, induced a trend towards im-
proved overall mortality, which was abolished when met-
formin was administered in addition to sulphonylurea
derivatives.

The contradicting results of the recent meta-analysis, and
the striking beneficial effect of metformin in the UKPDS
study, might be related to the fact that the UKPDS was
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performed in a much earlier time period where the treatment
of other cardiovascular risk factors and the treatment of
acute coronary events was inferior to the treatment in the
present era. Therefore, in the current era, establishing a
beneficial cardioprotective effect of metformin on top of
its glucose-lowering effect is a greater challenge.

Laboratory studies, animal studies, and studies in healthy
volunteers and patients with diabetes have provided evi-
dence that metformin modulates several risk factors for
atherosclerosis, increases the intrinsic tolerance of the myo-
cardium to ischemia and reperfusion, and attenuates the
subsequent development of heart failure. We will consecu-
tively discuss these studies and focus on the direct cardio-
protective effects of metformin.

Effect of Metformin on Other Cardiovascular Risk
Factors

In addition to its glucose lowering effect, metformin therapy
also has beneficial effects on other cardiovascular risk factors.
Patients with diabetes exhibit an atherogenic lipid profile
characterized by hypertriglyceridemia, decreased levels of
high-density lipoprotein (HDL) cholesterol and elevated lev-
els of small, dense atherogenic low-density lipoprotein (LDL)
cholesterol particles [33, 34]. Free fatty acid levels are in-
creased, and consequently, hepatic production of very-low-
density lipoprotein (VLDL) is increased and clearance of
VLDL particles is reduced [35, 36]. Metformin seems to
improve the lipid profile by lowering triglyceride levels, total
cholesterol and LDL cholesterol levels, while maintaining or
increasing HDL levels [37-42]. By lowering glucose levels,
metformin also seems to reduce oxidative stress and lipid
oxidation [43, 44].

An increase in bodyweight is also associated with an
increased risk for cardiovascular disease (CDV) and is
deemed an independent risk factor for CVD by the
Framingham Heart Study [45]. Metformin reduces body-
weight by enhancing carbohydrate utilization in the
gastrointestinal tract, adverse gastrointestinal side effect,
carbohydrate malabsorption, and/or through associated
anorexia [37].

Another suggested beneficial effect of metformin is its
ability to lower blood pressure. Even a small elevation in
blood pressure significantly increases death from cardiovas-
cular disease and risk for myocardial infarction, stroke and
congestive heart failure in patients with diabetes [46].
Therefore, even a minimal reduction in blood pressure dur-
ing treatment with metformin may contribute to a significant
decrease in diabetes related morbidity and mortality. Several
studies indicate an antihypertensive effect of metformin in
animals and humans [38, 47-52]. Data regarding the effect
of metformin on blood pressure however, are not entirely

consistent. In a study by Nagi et al., metformin had no effect
on blood pressure in patients with diabetes, and a recent
study by He et al. showed the same results for non-diabetics
[53, 54].

Platelet aggregation plays an important role in the
pathophysiology of myocardial infarction. Metformin
has been shown to reverse platelet hyperaggregation,
but this effect is more pronounced in animal experimen-
tal models than in humans [55]. Gin et al. was able to
demonstrate that in patients with diabetes mellitus trea-
ted with insulin, administration of metformin decreased
the maximum platelet aggregation induced by adenosine
diphosphate (ADP) in vitro [56]. Another study, howev-
er, failed to demonstrate any effect on platelet aggrega-
tion or platelet aggregation induced by ADP [53].

Another risk factor for cardiovascular arterial throm-
botic events is an elevated fibrinogen level [57]. In
patients with insulin resistance, fibrinolysis is reduced,
which seems correlated to increased levels of plasmino-
gen activator inhibitor (PAI-)1 [58]. Metformin appears to
reduce PAI-1 levels in patients with and without diabetes,
hereby reducing the risk of developing cloth formation
[59-61].

Endothelial dysfunction, as characterized by an impair-
ment in endothelium dependent relaxation and reduced
nitric oxide (NO) bioavailability, is an early characteristic
of atherogenesis. Studies have shown that treatment with
metformin improves endothelium-dependent vasodilation
by increased availability of NO [62].

All of the abovementioned beneficial effects of metfor-
min on cardiovascular risk factors could potentially lead to
slowing down the process of atherosclerosis, and therefore
decrease the incidence of cardiovascular events.

Direct Cardiovascular Effects of Metformin
Effect of Metformin on Ischemia Reperfusion Injury

The administration of metformin, either before the ischemic
stimulus or at the moment of coronary reperfusion, pro-
foundly reduces infarct size in murine models of myocardial
infarction. Already in 1988, Charlon et al. showed that oral
administration of metformin could reduce infarct size in rats
[63]. Solskov et al. also showed in a rat isolated perfused
heart model that the administration of a single dose of
metformin 24 hours before transient coronary artery occlu-
sion reduced infarct size [64]. In subsequent studies in
isolated rat hearts, coronary perfusion with metformin dur-
ing the first 15 min of reperfusion reduced infarct size with
approximately 40-50 % [65—67]. This was also confirmed
in in-vivo studies in rats and mice [66, 68]. Recently, several
intracellular mechanisms that mediate this cardioprotective
effect have been discovered.
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Reperfusion Injury Salvage Kinase (RISK) Pathway

Opening of the mitochondrial permeability transition pore
(mPTP) during (early) reperfusion is a pivotal mechanism of
ischemia-reperfusion (IR)-injury. This nonselective pore in the
mitochondrial inner membrane is closed during ischemia. Im-
mediately after reperfusion, the mPTP opens, which will induce
ATP depletion and release of pro-apoptotic factors, including
cytochrome C, ultimately leading to necrosis and apoptosis [69,
70]. It has been demonstrated that the administration of met-
formin at reperfusion leads to activation of several kinases of
the Reperfusion Injury Salvage Kinase (RISK) pathway, in-
cluding phosphatidylinositol-3-kinase (PI3K) and Akt, which
in turn can prevent opening of the mPTP.

In an isolated rat heart model, Bhamra et al. found that
the administration of metformin during the first 15 min of
reperfusion reduced infarct size in nondiabetic Wistar rats
and type 2 diabetic Goto-Kakizaki rats [65]. Metformin also
induced a significant increase in Akt phosphorylation after
reperfusion. Concomitant administration of LY294002, a
PI3K inhibitor, prevented Akt phosphorylation and abol-
ished the protective effect on infarct size. In isolated rat
cardiomyocytes, incubation with metformin prevented
mPTP opening by activation of the PI3K/Akt pathway.
The authors concluded that the protective effect of metfor-
min against myocardial IR-injury is PI3K dependent, and
that the effect of metformin on Akt phosphorylation is
similar in both nondiabetic and diabetic rats.

AMPK

In addition to the RISK pathway, the cardioprotective effect of
metformin is also critically dependent on activation of AMPK.
AMPK is a major regulator of energy balance in the cell.
Environmental stress including exercise, starvation, inflam-
mation and hypoxia increases AMPK activity. AMPK also
fulfils a crucial role in preserving myocardial viability during
myocardial infarction. By increasing ATP synthesis and low-
ering ATP utilization, AMPK functions to maintain normal
cellular energy stores during ischemia [24]. Calvert et al.
showed that the protective effect of metformin is AMPK
dependent [68]. Immediately after the onset of myocardial
ischemia, phosphorylation of AMPK occurs, and remains
active for more than 24 hours following reperfusion in a
murine model of coronary artery occlusion. Pretreatment with
a very low dose of metformin increased the phosphorylation
of AMPK in hearts not exposed to ischemia, as well as in
hearts exposed to ischemia reperfusion. Metformin failed to
provide protection in cardiac-specific AMPKo2 dominate-
negative transgenic mice, demonstrating that AMPK activa-
tion is essential for metformin-induced protection. In an addi-
tional experiment, it was shown that metformin increased
eNOS phosphorylation via activation of AMPK and that
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eNOS activation was also indispensible for its cardioprotec-
tive action [68]. Yellon’s group also studied the involvement
of AMPK in metformin-induced cardioprotection [67]. In a rat
isolated heart model, metformin was added for 15 min at the
onset of reperfusion alone or with the AMPK inhibitor Com-
pound C. Metformin significantly reduced infarct-size, which
was completely abolished by adding Compound C simulta-
neously. Interestingly, delayed administration of Compound C
after 5 min of reperfusion no longer blocked the protective
effect of metformin. The authors concluded that the cardio-
protective effect of metformin was mediated by AMPK acti-
vation very early during reperfusion.

Adenosine

Most recently, the endogenous nucleoside adenosine has
been shown to be involved in metformin-induced cardiopro-
tection. Metformin induces phosphorylation of AMPK,
which is mediated, at least in part, by an increase in the
cytosolic AMP concentration [71]. The concentration of free
AMP in the cytosol is also a major determinant of the
intracellular formation of adenosine. It is well known that
adenosine receptor stimulation limits infarct size by activa-
tion of the RISK pathway [17, 72]. Therefore, Paiva et al.
hypothesized that adenosine receptor stimulation contrib-
utes to the infarct size limiting effect of metformin [66]. In
isolated perfused nondiabetic rat hearts, perfusion with met-
formin during the first 15 min of reperfusion limited infarct
size. Both 8-p-sulfophenyltheophylline (a nonspecific aden-
osine receptor blocker) and nitrobenzylthioinosine (trans-
membranous adenosine transport inhibitor) completely
prevented the protective effect, suggesting that intracellular
formation of adenosine, and subsequent adenosine receptor
stimulation mediates the protective effect of metformin.

In conclusion, metformin potently reduces myocardial
infarct size by activation of multiple, and probably parallel,
intracellular pathways. These pathways include activation of
the RISK pathway, activation of AMPK and eNOS and
increased adenosine receptor stimulation, resulting in the
prevention of MPTP opening at reperfusion. These signal-
ing pathways are illustrated in Fig. 1.

Effect of Metformin on Cardiac Remodeling and Heart
Failure

In patients suffering a myocardial infarction, the prognosis
is determined not only by the final infarct size, but also by
long-term changes that occur in the myocardium following
an infarction. Following IR-injury, but also in patients suf-
fering from volume overload (e.g. due to valvular disease),
pressure overload (e.g. due to hypertension) and diabetic
cardiomyopathy, a complex cascade of events occurs in the
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Fig. 1 Inhibition of complex 1 increases the AMP concentration. This
activates AMPK and increases the formation of adenosine. AMPK
activation increases tolerance against ischaemia and reperfusion and,
by phosphorylation of eNOS, prevents MPTP opening at reperfusion.
In addition, increased adenosine receptor stimulation activates the
PI3K/Akt pathway, which contributes to eNOS activation (Reproduced
with permission from El Messaoudi et al., Curr Opin Lipidol. 2011;
22:445-453)

myocardial cells, including inflammation and fibrosis, ulti-
mately leading to changes in size, shape and function of the
heart, a process which has collectively been termed ‘remodel-
ing’ [73, 74]. In time, this cardiac remodeling will lead to
clinically overt heart failure in a significant portion of the
patients. Several experimental animal studies showed that met-
formin, in addition to limiting IR-injury, can also limit the
process of cardiac remodeling and the development of heart
failure [75].

Gundewar et al. have shown in a series of experiments that
metformin significantly improves left ventricular function and
survival in a murine model of heart failure [76¢]. The admin-
istration of a single dose of metformin at reperfusion follow-
ing 60 min of coronary artery occlusion reduced infarct size,
but did not prevent the development of severe cardiomyopa-
thy. In contrast, when metformin was administered daily for a
period of 4 weeks, the development of cardiac hypertrophy
was limited and heart function was preserved. In a model of
permanent coronary artery ligation, treatment with metformin
did not reduce infarct size and did not affect ejection fraction,
although this treatment increased overall survival.

In their rat model of permanent coronary artery ligation, Yin
et al. have recently shown that the long term administration of
metformin preserves left ventricular function [77]. In this
study, animals were randomly allocated to the treatment with

normal water or metformin-containing water (250 mg/kg/day).
In the rats that received permanent coronary artery ligation,
infarct size was significantly smaller after 12 weeks of met-
formin treatment compared to the control group. Moreover,
metformin treatment resulted in less left ventricular dilatation
and preservation of left ventricular ejection fraction compared
with the control group. In addition, in a dog model of cardiac
pacing-induced heart failure and in a mouse model of heart
failure due to thoracic aortic constriction, the chronic admin-
istration of metformin attenuated the hemodynamic and struc-
tural changes that were characteristic of the development of
heart failure [78, 79]. In contrast, metformin did not prevent
heart failure development in a rat model of volume overload-
induced heart failure [80].

Probably, several mechanisms contribute to this protective
effect. Metformin is thought to improve myocardial mitochon-
drial respiration, and ATP synthesis by an underlying mecha-
nism requiring the activation of AMPK and its downstream
mediators, eNOS and peroxisome proliferator-activated
receptor-y coactivator-(PGC) 1o [76¢]. Also, metformin
seems to reduce collagen expression that occurs after coronary
artery ligation [77]. Yin et al. also suggested that the beneficial
effect of metformin on post-myocardial infarction remodeling
could be attributed to a decrease in plasma insulin concentra-
tion, given the observation that hyperinsulinemia is associated
with exacerbation of cardiac remodeling [77, 81].

Alternative Glucose-Lowering Drugs and Cardioprotection

Interestingly, metformin is not the only glucose-lowering
agent that can modulate (myocardial) IR-injury. Sulphony-
lurea derivatives (SUDs) do not induce cardioprotection, but
have been shown to prevent the cardioprotective effect of
ischemic preconditioning and pharmacological precondition-
ing, most likely due to prevention of opening of the mitochon-
drial ATP-sensitive K channel [28, 29, 82—84]. This effect of
SUDs might contribute to the findings that patients who are
treated with a combination of SUD and metformin appeared to
have a worse outcome on mortality, as compared with those
who are treated with metformin alone [32]. A recent national
cohort study of veterans initiating oral treatment for diabetes
mellitus found that sulfonylurea use was associated with an
increased hazard of acute myocardial infarction, stroke, or
death compared with metformin use. The findings do not
clarify whether the difference in cardiovascular disease risk
is due to harm from sulfonylureas, benefit from metformin, or
both [27]. Recent comparative effectiveness reviews and
meta-analyses concluded that metformin was associated with
a slightly lower risk for all-cause mortality compared with
sulfonylureas, but results were inconsistent and imprecise [30,
85, 86]. This study provides further evidence of a risk differ-
ence in cardiovascular outcomes for sulfonylurea and
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metformin users. Insulin, on the other hand, profoundly pro-
tects the myocardium from IR-injury via activation of the
RISK pathway [87]. Similarly, the novel antihyperglycemic
glucagon like-peptide-1 ( GLP-1) analogues and the
dipeptidylpeptidase-4 (DPP-4) inhibitors have also been
shown to exert direct cardioprotective effects in murine mod-
els of myocardial infarction. Very recently, the GLP-1 ana-
logue exenatide was tested in patients suffering an acute ST-
segment elevation myocardial infarction [88]. It appeared that
a six-hours intravenous administration of exenatide, com-
mencing immediately before reperfusion, significantly re-
duced infarct size, measured with cardiac magnetic
resonance. Since this is outside the scope of our review, we
would like to refer the reader to contemporary reviews on
these alternative glucose-lowering drugs [89-91].

Conclusion

Animal studies have provided consistent evidence that met-
formin can limit myocardial ischemia reperfusion injury and
infarct size. Metformin therapy also seems to attenuate post-
infarction cardiac remodeling. In addition, metformin can
modulate several risk factors for atherosclerosis, indepen-
dent of glucose control, although these findings are less
consistent. The most likely underlying mechanisms of car-
dioprotection are activation of the RISK-pathway, activation
of AMPK, and increased adenosine receptor stimulation.
Currently, several randomized clinical trials are being per-
formed to explore the cardioprotective effect of metformin
in nondiabetic patients suffering a myocardial infarction
[92] and in nondiabetic patients undergoing cardiac surgery
(ClinicalTrials.gov registration number NCT01439723).
Metformin is cheap, and its long-term safety has been well
established. Therefore, a positive result from these clinical
studies could result in a quick implementation of metformin
in clinical management to prevent and treat cardiovascular
events, also in patients without diabetes mellitus.
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