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Abstract: Type 2 diabetes is a major health problem associated with excess mortality and morbidity. 

Vascular complications are one of the most serious consequences of this disorder. Moreover, type 2 

diabetes is also a risk factor for cerebral complications, including cognitive impairment and demen-

tia. However, it has been shown that tight glycemic control contributes to reduce the incidence of diabetes-associated 

complications. Metformin is a potent antihyperglycemic agent widely used in the management of type 2 diabetes whose 

main actions are the suppression of gluconeogenesis and the improvement of glucose uptake and insulin sensitivity. This 

review is mainly devoted to describe the mechanisms of action underlying the antidiabetic effects of metformin. Further-

more, we will present evidence for the protective effects of metformin against diabetes-associated complications mainly 

cerebral and vascular complications. Finally, we will describe the few known side effects associated to this antidiabetic 

agent. 
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INTRODUCTION 

 Type 2 diabetes is a polygenic disorder [1] that results 
from the interaction between genetic predisposition and envi-
ronmental factors [2]. It is characterized by chronic hyper-
glycemia, which is a consequence from defects in both insu-
lin sensitivity and -cells function [3-5]. Indeed, most pa-
tients with type 2 diabetes manifest insulin resistance and 
reduced insulin response to glucose [6]. In 2007, it has been 
estimated that type 2 diabetes affected approximately 200 
million people around the world [7]. Furthermore, the inci-
dence of this disorder is rising to epidemic proportions [8,9].  

 Type 2 diabetes promotes the development of serious 
complications that are major causes of morbidity and mortal-
ity [10,11]. In fact, this chronic disease is associated with 
both macrovascular complications, such as myocardial in-
farction and stroke, and microvascular complications, such 
as diabetic nephropathy, retinopathy and neuropathy [12]. 
Moreover, the long-term consequences of diabetes include 
end-organ damage (kidneys, eyes, heart and nervous system) 
[13]. Multiple biochemical mechanisms have been proposed 
to explain the progression of these diabetes-associated com- 
plications, including hyperglycemia-induced enhanced polyol 
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activity, increased formation and accumulation of advanced
glycation end products (AGEs), activation of protein kinase 
C (PKC) and increased hexosamine pathway flux [14]. How-
ever, Brownlee suggested that hyperglycemia induces an 
overproduction of superoxide by the mitochondrial electron-
transport chain indicating that activation of the oxidative 
stress by hyperglycemia is a critical factor in the pathogene-
sis of diabetic complications [15]. 

 Therefore, maintaining normal plasma glucose levels is a 
key factor to delay or prevent the development of diabetes 
complications [16,17]. Currently, a diversity of drugs with 
different forms of action is available to improve glycemic 
control. One drug widely used in the treatment of type 2 dia-
betes is metformin, a potent antihyperglycemic drug that 
suppresses hepatic gluconeogenesis [18,19], increases mus-
cular glucose uptake [20,21] and ameliorates insulin sensitiv-
ity [22]. Furthermore, it has been shown that metformin im-
proves the vascular function and reduces micro- and mac-
rovascular complications [17,23]. 

  This review provides an overview of the antihypergly-
cemic actions and clinical effects of metformin and presents 
some of the known molecular mechanisms underlying the 
beneficial metabolic effects of this antidiabetic drug. Fur-
thermore, we will present evidence for the protective effects 
of metformin particularly in the brain and vasculature. The 
last part of this review culminates with a brief summary of 
the adverse effects inherent to metformin therapy. 
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ORAL ANTIHYPERGLYCEMIC AGENTS IN THE 

TREATMENT OF TYPE 2 DIABETES 

 Evidence from the literature shows that optimal glycemic 
control is implicated in the reduction of type 2 diabetes-
associated complications [24]. Oral antihyperglycemic agents, 
used alone or in combination with other oral antihypergly-
cemic agents or insulin, are often a necessary pharmacologi-
cal tool to improve glycemic control. Currently, various 
classes of oral antihyperglycemic agents are available to treat 
type 2 diabetes: -glucosidase inhibitors, insulin secreta-
gogues, insulin sensitizers and biguanides [25] (Fig. 1). -
Glucosidase inhibitors are competitive, reversible inhibitors  

of pancreatic -amylase and membrane-bound intestinal -
glucosidase hydrolase enzymes. These oral antihyperglyce-
mic agents have as main action the delay of intestinal carbo- 
hydrate absorption. Therefore, this retards glucose entry into 
the systemic circulation and lowers postprandial glucose 
levels [25,26]. The class of insulin secretagogues is com-
posed by 2 subclasses: sulfonylureas (e.g. glyburide, glipiz-
ide, and glimepiride) and non-sulfonylureas (e.g. repaglinide 
and nateglinide). Insulin secretagogues are responsible by 
the augment of circulating insulin levels in patients with a 
moderate degree of ß-cell dysfunction, since they mimic glu- 
cose to close adenosine triphosphate-sensitive potassium 

Fig. (1). Chemical structures of -Glucosidase inhibitors (acarbose, miglitol and voglibose) (A), sulfonylureas (glyburide, glipizide, and 

glimepiride) (B), thiazolidinediones (rosiglitazone and pioglitazone) (C) non-sulfonylurea secretagogues (repaglinide and nateglinide) (D).
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 (KATP) channels and, consequently, stimulate insulin secre-
tion [25,27]. Concerning to the mechanism of action of insu-
lin sensitizers (thiazolidinediones) (e.g. rosiglitazone and 
pioglitazone), these drugs bind to peroxisome proliferator-
activated receptor gamma (PPAR ) in adipose tissue, which 
regulate the transcription of genes involved in carbohydrate 
and lipid metabolism, acting as agonists. So, the major effect 
of the thiazolidinediones is the improvement of insulin sensi-
tivity [28,29]. Finally, biguanides lead to the suppression of 
glucose production and the enhancement in glucose uptake 
by peripheral tissues. Metformin (1,1-dimethylbiguanide) 
(Fig. 2), is a biguanide derivate widely used in the treatment 
of type 2 diabetes. This antidiabetic drug normalizes glucose 
levels without stimulation of insulin secretion, therefore it is 
considered an insulin sensitizer [25,30]. Metformin and its 
mechanisms of action in type 2 diabetes and associated com-
plications are the focus of this review. 

Fig. (2). Chemical structure of metformin (1,1-dimethylbiguanide).

CLINICAL EFFECTS OF METFORMIN 

 Type 2 diabetes is intimately associated with the devel-
opment and progression of vascular complications [31]. Gly-
cemic control along with hypertension and dyslipidemia 
management reduces micro- and macrovascular diseases, 
including cardiovascular events [24]. Additionally, it has 
been shown that glycemic control is a crucial factor in the 
reduction of microangiopathy, cardiovascular morbidity and 
mortality [16]. Metformin is one of the most effective anti-
hyperglycemic agents, possessing the capability to lower 
glycosylated hemoglobin A1c (HbA1c) levels [32,33]. Several 
studies and randomized trials indicate that metformin therapy 
reduces cardiovascular morbidity and mortality in diabetic 
patients [34]. Furthermore, it has been reported that met-
formin treatment counteracts insulin resistance, reduces hy-
perinsulinemia, reduces body mass index and improves lipid 
profile, especially by reducing triglycerides and low density 
lipoproteins (LDL)-cholesterol levels and increasing high 
density lipoproteins (HDL)-cholesterol levels [35]. Moreo-
ver, the United Kingdom Prospective Diabetes Study 
(UKPDS) 34 showed that intensive treatment with met-
formin decreases macrovascular events and mortality in 
overweight diabetic patients, when compared with intensive 
treatment with exogenous insulin or sulphonylurea deriva-
tives [17]. A recent clinical research study also showed that 
metformin treatment in people at risk for diabetes improves 
weight, lipid profiles, and insulin resistance, and reduces 
new-onset diabetes by 40% compared with placebo or no 
treatment [36]. Desilets and collaborators [37] also reported 
that the weight loss effects of metformin in overweight or 
obese adults and adolescents without diabetes appear promis-
ing. The same authors indicate that metformin may also have 
a positive effect on metabolic parameters such as waist cir-
cumference, fasting insulin and glucose levels and triglyc-
erides [37]. Recently, Tan and collaborators [38] reported 
that metformin decreases serum vaspin (visceral adipose  

tissue-derived serine protease inhibitor) levels in overweight 
polycystic ovary syndrome women. 

 It has also been shown that in women with gestational 
diabetes mellitus, metformin (alone or with supplemental 
insulin) is not associated with increased perinatal complica-
tions as compared with insulin [39]. 

 Altogether the above mentioned studies show that met-
formin treatment have several beneficial effects in predia-
betic, diabetic and/or overweight patients. 

THE ANTIHYPERGLYCEMIC ACTION OF MET-

FORMIN 

 The antihyperglycemic effect of metformin relays in its 
ability to suppress gluconeogenesis and enhance glucose 
uptake and insulin sensitivity in peripheral tissues [40]. 
Therefore, this antidiabetic drug is capable to ameliorate 
insulin resistance and to reduce plasma glucose levels, which 
are crucial factors in the development of type 2 diabetes and 
associated complications. 

 Indeed, several studies demonstrated that metformin re-
duces glucose production mainly due to an inhibitory effect 
on gluconeogenesis [41-45]. Radziuk and collaborators [41] 
reported a decreased gluconeogenesis in perfused livers, es-
sentially through inhibition of lactate uptake, by metformin. 
Furthermore, in vitro studies using isolated rat hepatocytes 
showed that metformin lowers intracellular levels of ATP, an 
inhibitor of pyruvate kinase [42]. Moreover, this antidiabetic 
drug also inhibits pyruvate carboxylase-phosphoenol-pyruvate 
carboxykinase (PEPCK) activity and activates the pyruvate 
to alanine conversion [46]. Despite the metformin’s mecha-
nisms of action in hepatocytes remain uncertain, the primary 
site of action of this drug appears to be mitochondria, since 
metformin inhibits mitochondrial respiratory chain particu-
larly at the complex I level, impairing mitochondrial function 
and, consequently, cell function [47-49]. The inhibition of 
cellular respiration decreases gluconeogenesis [50] and en-
hances the expression of glucose transporters, stimulating 
glucose uptake. Further, the insulin receptor and the glucose 
transporters seem to be potential sites of action of metformin. 
A study performed in human hepatocytes showed that met-
formin quickly increases insulin receptor activation and sig-
naling, essentially through insulin-receptor substrate-2 (IRS-
2), and improves glucose transport through increased GLUT-
1 translocation [51]. Besides the effect of metformin in glu-
coneogenesis, some studies also indicate that metformin re-
duces glycogenolysis [41]. Evidence from the literature also 
demonstrates that metformin enhances insulin-mediated glu-
cose uptake [40]. It was observed that metformin normalizes 
insulin-mediated glucose disposal and muscle glycogen syn-
thesis in diabetic rats [52]. Furthermore, in vitro studies also 
demonstrated the ability of metformin to increase glucose 
uptake in skeletal muscle [20,21,52,53]. This finding has 
been associated with increased insulin receptor tyrosine 
kinase activity [52], enhanced glycogen synthesis [54], and 
increased GLUT-4 transporter number and activity [55]. Al-
though the mechanism that leads to GLUT-4 translocation is 
unclear, studies in different cell types [56-58] demonstrated 
that this antihyperglycemic drug increases insulin receptor 
binding tyrosine kinase activity [55], and insulin receptor 
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internalization [59]. It has also observed that metformin im-
proves abnormal insulin receptor tyrosine kinase activity in 
muscle from streptozotocin-induced diabetic rodents [52]. 

 Elevated plasma free fatty acids (FFA) play an important 
role in the establishment of insulin resistance. Chronic eleva-
tion in plasma FFA levels is commonly associated with im-
paired insulin-mediated glucose uptake in skeletal muscle 
and often coexists with obesity and type 2 diabetes [60,61]. 
Furthermore, increased plasma FFA concentration exerts a 
lipotoxic effect on the -cell [62]. It has been attributed a 
reduction in FFA oxidation to metformin treatment [63]. In 
type 2 diabetic patients, metformin leads to the suppression 
of FFA and lipid oxidation [19]. However, this decrease 
seems to be contradictory to metformin action. Metformin 
induces the activation of AMP-activated protein kinase 
(AMPK), therefore it would be expected a stimulation of 
fatty acid oxidation instead of suppression. It has also been 
reported that chronic metformin treatment results in the 
lowering of lipids in human skeletal muscle [64,65]. 
Moreover, metformin treatment is frequently associated with 
a reduction in circulating triglycerides as a consequence of 
decreased synthesis and increased clearance of very low-den-
sity lipoproteins (VLDL) [66,67]. Further, a study in human 
pancreatic islets showed that metformin exerts a protective 
effect against lipotoxicity [68]. So, reduction in the concen-
tration of plasma FFA can contribute to the improvement in 
insulin action and may also help to correct impaired insulin 
secretion by -cells [69]. 

 It has also been reported that metformin has a significant 
effect on the digestive tract by inducing a decrease in intesti-
nal absorption of glucose [70,71], which could reduce post-
prandial blood glucose levels [60]. It has been hypothesized 
that increased glucose consumption in the small intestine of 
metformin-treated patients may prevent further glucose 
transport to the hepatic circulation [70]. 

 In summary, metformin ameliorates hyperglycemia and 
insulin resistance through the suppression of gluconeogene-
sis, glycogenolysis and intestinal glucose absorption, reduc-
tion of FFA, and by the improvement in glucose uptake [40] 

(Fig. 3). 

POTENTIAL MOLECULAR MECHANISMS OF 

METFORMIN ACTION 

 Although the molecular mechanism underlying met-
formin action remains unclear, it has been suggested that this 
drug activates AMPK, a major regulator of cell and body 
energy homeostasis, by increasing its phosphorylation state 
but without any changes in AMP/ ATP ratio [72-74] (Fig. 4). 
Recent studies demonstrated that serine-threonine kinase 11 
(STK11/LKB1), which phosphorylates AMPK, is also a tar-
get of metformin [75,76]. Activation of AMPK leads to the 
inhibition of ATP consuming pathways and enhance ATP 
production pathways [77]. Indeed, the increase in AMPK 
activity is associated with the translocation of GLUT-4 to the 
membrane, the stimulation of glucose uptake in muscle and 
liver, glycolysis, fatty acid oxidation, and suppression of 
gluconeogenesis, glycogen, fatty acid and cholesterol syn-
thesis [78] (Fig. 5). It was showed that activation of AMPK 
by metformin is crucial for the decrease in glucose produc-
tion and the increase in fatty acid oxidation in hepatocytes 

and for the increase in glucose uptake in muscle [73].  

 The main biological effects of AMPK are the phosphory-
lation and inactivation of acetyl-CoA carboxylase (ACC), 
which plays a pivotal role in hepatic lipid metabolism [79] 
(Fig. 4). It was observed in cultured human hepatoma HepG2 
cells that the stimulation of ACC phosphorylation by met-
formin induces the reduction in triglyceride levels, which can 
be supported with increased fatty acid oxidation and/or de-

creased fatty acid synthesis [80]. 

Fig. (3). Antihyperglycemic action of metformin. Metformin ameliorates hyperglycemia and enhances insulin sensitivity through the sup-

pression of gluconeogenesis and glycogenolysis in liver, stimulation of glucose uptake in muscle, suppression of free fatty acid (FFA) and 

reduction of intestinal absorption of glucose. 
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 Furthermore, AMPK is also implicated in gene regula-
tion. Activation of AMPK by metformin reduces the expres-
sion of sterol response element binding protein-1 (SREBP-1), 
a transcription factor which induces the expression of lipo-
genic genes, including fatty acid synthase (FAS) and Spot-14 
(S14) [73] (Fig. 4). It has been postulated that SREBP-1 is a 
crucial mediator of insulin resistance in type 2 diabetes and 
associated metabolic disorders [81, 82]. Metformin’s effects 
to modulate circulating lipids and to reduce hepatic lipid 
synthesis and fatty liver may be promoted by the reduced 
expression of SREP-1 induced by this antidiabetic drug [73]. 
Metformin through the activation of AMPK, inhibits the 
target of rapamycin (TOR) pathway [83,84], which could 
explain the suppression of gluconeogenesis and the increase 
in life extension observed in type 2 diabetic patients treated 
with metformin (Fig. 4). Further, AMPK inhibits protein 
synthesis in many cells through the inhibition of TOR path-
way [85]. 

 Moreover, Shu and co-workers demonstrated that the 
organic cation transporter 1 (OCT1) is also involved in the 
antidiabetic action of metformin. It was observed a decrease 
in the effects of metformin both in AMPK phosphorylation 
and gluconeogenesis in mouse hepatocytes that harbor the 
Oct1 deletion [86]. Further, a recent study suggested that 
plasma monoamine transporter (PMAT), expressed in human 
intestine, plays a role in the intestinal uptake of metformin 
[87]. 

 In summary, the activation of AMPK may explain the 
metabolic benefits and lifespan extension properties of met-
formin.  

VASCULOPROTECTIVE EFFECTS OF MET-

FORMIN 

 The pathogenesis of type 2 diabetes markedly increases 
the incidence of vascular complications [88,89]. It has been 
postulated that this disorder is associated with an increased 
prevalence of vascular risk factors, including hyperglycemia, 
hypertension and dyslipidemia [90-92]. Indeed, insulin resis-
tance and hyperinsulinemia, present in type 2 diabetes, con-
tribute for impaired fibrinolysis, inflammation and oxidative 
stress [93,94]. Furthermore, hyperglycemia is responsible for 
the induction of cellular damage in endothelial cells. The 
structural and functional integrity of the endothelium plays a 
critical role in vascular homeostasis. Therefore, endothelial 
dysfunction, a hallmark of type 2 diabetes, is intimately in-
volved in the onset of diabetic vascular complications 
[95,96]. It has been described that metformin improves vas-
cular functions and dramatically reduces the incidence of 

vascular complications [97,98]. 

 The improvement of glycemic control in type 2 diabetes 
could be beneficial to prevent diabetes-related vascular com-
plications. Long-term control of blood glucose levels in type 
2 diabetic patients may decrease the incidence and retard the 
development of diabetic retinopathy, nephropathy and neu-
ropathy [99]. Furthermore, it has been reported that hyper-
glycemia, whether measured by HbA1C, fasting or post-
challenge glucose levels, is a cardiovascular risk factor [100-
102]. In fact, several studies showed that metformin im-
proves glycemic control, leading to a reduction of HbA1C 

[34,36,103,104].  

Fig. (4). Potential molecular mechanisms of metformin action. Metformin activates AMP-activated protein kinase (AMPK) by increasing 

its phosphorylation state and serine-threonine kinase 11 (STK11/LKB1) seems to be implicated in this process. Increased AMPK activity is 

associated with the translocation of glucose transporter (GLUT4) to the membrane and with the stimulation of glucose uptake. Further, 

AMPK inactivates acetyl-CoA carboxylase (ACC), decreasing fatty acid synthesis. Activation of AMPK by metformin also reduces the ex-

pression of sterol response element binding protein-1 (SREBP-1), a transcription factor that induces the expression of lipogenic genes, favor-

ing the inhibition of fatty acid synthesis. Additionally, the activation of AMPK also promotes the inhibition of target of rapamycin (TOR) 

pathway, and, consequently, suppresses gluconeogenesis and protein synthesis. 
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 Diabetic dyslipidaemia is characterized by elevated trigly-
cerides, HDL-cholesterol and accumulation of small dense 
LDL particles, which are particularly susceptible to oxida-
tion. Oxidation of LDL leads to its uptake by monocytes, 
resulting in foam cell formation [105]. The generation of 
oxidized LDL is increased in diabetes as a consequence of 
both increased reactive oxygen species (ROS) generation and 
impaired antioxidant system [106]. In type 2 diabetic pa-
tients, metformin treatment induces decreased levels of 
plasma LDL cholesterol [36,107,108], increased in HDL 
cholesterol levels [36,60,109,110] and decreased levels of 
total cholesterol [36,108,109]. Moreover, metformin dra-
matically decreases plasma VLDL levels [109,111]. Finally, 
it has been shown that this oral antihyperglycemic drug de-
creases plasma FFA [109,112], and lowers lipid oxidation 
[22,113].  

 Type 2 diabetic patients exhibit increased platelet aggre-
gation and plasma levels of clotting factors [111]. Further-
more, elevated levels of plasminogen activator inhibitor 1 
(PAI-1) were described in different insulin resistant condi-
tions, including type 2 diabetes. These elevated levels of 
PAI-1 result in impaired fibrinolysis and increased risk of 
thrombosis [114-123]. It has been reported that metformin 
increases fibrinolysis in patients with type 2 diabetes [124] 
mainly due to a decrease in PAI-1 levels in plasma 
[33,103,125]. Furthermore, this drug affects the coagulation 
system inducing a reduction in fibrinogen [126] and von 
Willebrand factor (vWF) levels [127]. Additionally, met-
formin was also associated with a reduction in coagulation 
factor VII levels [128]. A decrease in platelet aggregation 
was also observed in diabetic patients under metformin 
treatment [129]. Furthermore, in vitro and in vivo studies 
demonstrated that this antihyperglycemic drug improves 
vascular reactivity to the endothelium-dependent vasodilator 
acetylcholine in insulin resistant rats [130,131]. It has also 
been described that metformin improves blood flow [132]. 
Metformin increases haemodynamic responses to L-arginine, 
the precursor of vasodilatory nitric oxide (NO) [129], an 
effect that coud be explained by the observation that metfor-
min lowers levels of asymmetric dimethylarginine (ADMA), 
in patients with type 2 diabetes [133]. ADMA is a mediator 
of endothelial dysfunction and a marker of vascular disease 
that is intimately involved in the pathogenesis of hyperten-

sion and atherosclerosis. Recently, it was demonstrated that 
clinically related concentrations of metformin activate endo-
thelial nitric oxide synthase (eNOS) and NO bioactivity in an 
AMPK-dependent manner [134]. Finally, Mamputo and col-
laborators [135] reported that metformin is able to inhibit 
monocyte adhesion to human endothelial cells and foam cell 
formation.  

 The formation of AGEs has been considered an impor-
tant mediator in diabetes-related complications. Under hy-
perglycemic conditions AGEs accumulate in the vessel wall, 
where they may alter cell structure and function. The recog-
nition and binding of AGEs to the receptor for AGEs 
(RAGE) contribute to the micro- and macrovascular compli-
cations of diabetes [136]. AGEs and activation of RAGE on 
endothelial cells increases oxidative stress and inflammatory 
processes. It has been shown that metformin reduces both 
oxidative stress and C-reactive protein (PCR) levels [137-
139]. Metformin also reduces the levels of soluble intercellu-
lar cell-adhesion molecules (ICAM-1) and soluble vascular 
cell-adhesion molecules (VCAM-1) in subjects with im-
paired glucose tolerance [140]. Moreover, it was reported 
that metformin decreases the levels of soluble VCAM-1 and 
soluble E-selectin in diabetic patients, independent of its ef-
fects on glucose levels [141]. The increased levels of soluble 
forms of these molecules have been associated with increased 
risk of coronary events [142-144]. Furthermore, in vitro
studies demonstrate that metformin prevents formation of 
AGEs and AGE cross-linking [145] in a way independent of 
its antihyperglycemic effects. More recently, Ouslimani and 
co-workers [146] reported that metformin also inhibits the 
cell expression of both RAGE and lectin-like oxidized recep-
tor 1 (LOX-1), two endothelial receptors involved in the ar-
terial endothelial dysfunction. In vitro studies using bovine 
aortic endothelial cells (BAEC) also shown that metformin 
decreases the intracellular production of ROS [147,148] 
through the inhibition of PKC [148]. Further, an in vivo
study performed in Goto-Kakizaki (GK) rats, a model of 
type 2 diabetes, demonstrated that metformin delays the 
manifestation of diabetes and vascular dysfunction by the 
reduction of mitochondrial oxidative stress [139]. Finally, it 
was reported that metformin exerts a cardioprotective effect 
through the Akt-mediated inhibition of mitochondrial per-
meability transition pore (mPTP) opening [149]. Accord-

Fig. (5). Regulation of energy metabolism by AMP-activated protein kinase (AMPK). Activation of AMPK inhibits fatty acid and cho-

lesterol synthesis, gluconeogenesis and glycogen synthesis. On the other hand, AMPK stimulates glucose uptake, glycolysis and fatty acid 

oxidation. 
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ingly, it was also observed that metformin has the capacity to 
regulate mPTP opening in endothelial cells exposed to high 
glucose levels and, consequently, prevents high-glucose-
induced endothelial cell death [150].These evidences support 
the idea that metformin, beyond its antihyperglycemic ac-
tion, possesses antioxidant properties.  

 In conclusion, metformin ameliorates vascular function 
and reduces the incidence of diabetes-associated vascular 
complications by the improvement of glycemic control, insu-
lin resistance, lipid profile, fibrinolitic activity, oxidative 
stress and endothelial function. Altogether, these findings 
suggest that metformin has a potent protective action on vas-
cular cells (Fig. 6).  

COULD METFORMIN EXERT A PROTECTIVE EF-
FECT IN THE BRAIN? 

 Diabetes mellitus is associated with slowly progressive 
changes in the brain [151]. An impaired cognitive function-
ing and an increased risk of dementia and neurodegeneration 
have been reported in patients with type 2 diabetes [152-
155]. The mechanism through which type 2 diabetes affects 
the brain remains uncertain however hyperglycemia, insulin 
resistance, oxidative stress, AGEs formation, inflammatory 
cytokines and vascular complications may be involved 
[152,156]. 

 Recent data from our laboratory showed that metformin, 
beyond its antihyperglycemic properties, is capable to pro-
tect the brain of diabetic GK rats against diabetes-associated 
oxidative stress [157]. Indeed, we observed that metformin 

treatment decreases lipid peroxidation, increases reduced 
glutathione (GSH) levels and normalizes the activities of 
antioxidant enzymes suggesting that this oral antidiabetic 
drug could be a neuroprotective agent [157]. Accordingly, 
El-Mir and collaborators [158] attributed a neuroprotective 
role to metformin and purposed that this drug could function 
as a therapeutic tool for diabetes-associated neurodegenera-
tive disorders. In this work it was observed that metformin 
inhibits the mPTP opening in primary cortical neurons. It has 
also been shown that metformin protects rats against cerebral 
ischemia [159].  

 Since more than 20 syndromes among the significant and 
increasing number of degenerative diseases of neuronal tis-
sues are known to be associated with diabetes mellitus, in-
creased insulin resistance and obesity, disturbed insulin sen-
sitivity, and excessive or impaired insulin secretion [160], 
the potential neuroprotective effects of metformin could be 
of extreme importance. Indeed, a recent study demonstrated 
that metformin therapy significantly prolonged survival in a 
transgenic mouse model of Huntington's disease (HD) [161]. 

 As previously discussed, metformin induces beneficial 
changes in glycemic control, insulin resistance, lipid profile 
and vascular complications that altogether can contribute for 
a positive impact of this drug at the brain level. 

ADVERSE EFFECTS OF METFORMIN THERAPY 

 It has been reported that biguanidines (metformin and 
phenformin) reduce pyruvate dehydrogenase activity and 

Fig. (6).Vasculoprotective effects of metformin. Metformin is able to reduce glycosylated hemoglobin A1C (HbA1C) , low-density lipopro-

tein (LDL), very low-density lipoprotein (VLDL), total cholesterol, plasminogen activator inhibitor 1 (PAI-1), von Willebrand factor (vWF), 

factor VII and C-reactive protein (PCR), soluble endothelial adhesion molecules (vascular cell-adhesion (VCAM), intercellular cell-adhesion 

molecules (ICAM) and E-selectin) and fibrogen levels, platelet aggregation, blood flow, formation of advanced glycation end products 

(AGEs), expression of receptor for advanced glycation end products (RAGE) and reactive oxygen species (ROS). In contrast, metformin 

enhances fibrinolysis, vascular reactivity and high-density lipoprotein (HDL) cholesterol levels. Metformin activates endothelial nitric oxide 

synthase (eNOS) and stimulates nitric oxide (NO) synthesis. Therefore, metformin has a protective action at the vascular level.
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mitochondrial transport of reducing agents enhancing an-
aerobic metabolism [162]. This shift to anaerobic metabo-
lism, in the presence of reduced insulin, increases production 
of precursors for the Krebs cycle [163]. The inhibition of 
pyruvate dehydrogenase results in a decreased ability to 
channel those precursors into aerobic metabolism, which, in 
turn, results in increased metabolism of pyruvate to lactate 
and increases the net lactic acid production. Additionally, 
increased glucose utilization in the small intestine caused by 
biguanides could theoretically increase portal vein lactate 
levels. Phenformin and metformin have a similar mechanism 
of action but phenformin has a much greater propensity to 
cause lactic acidosis [163]. Because of the high incidence of 
lactic acidosis associated with phenformin, this antidiabetic 
agent was removed from clinical use. Compared with met-
formin, patients taking phenformin have a 10 to 20 times 
greater risk of developing lactic acidosis [22]. Due to its 
higher lipophilicity, phenformin has a greater affinity for 
binding to mitochondrial membranes, which could account 
for its greater ability to inhibit aerobic metabolism than met-
formin [162]. Additionally, after phenformin was withdrawn 
from the market, it was found that certain patients have an 
inherited defect in hydroxylation of the drug [164] that could 
have resulted in phenformin accumulation. Metformin, in 
contrast, is not metabolized. The overall average estimated 
incidence of metformin-induced lactic acidosis is rare: 0.03 
cases per 1000 patient-years [22,162,165]. Indeed, a recent 
review show that metformin therapy is not associated with 
increased levels of lactate and risk of lactic acidosis [166]. 
However, metformin is contraindicated in people with any 
condition that could increase the risk of lactic acidosis, 
including kidney disorders (creatinine levels over 150 mol/l 
[167], lung disease and liver disease. Heart failure has long 
been considered a contraindication for metformin use, 
although a 2007 systematic review showed metformin to be 
the only antidiabetic drug not associated with harm in people 
with heart failure [168]. 

 The most common adverse effects of metformin are re-
stricted to digestive tract symptoms such as diarrhea, flatu-
lence, and abdominal discomfort [169-171]. In a clinical trial 
of 286 subjects, 53.2% of the 141 who were given immediate-
release metformin (as opposed to placebo) reported diarrhea, 
versus 11.7% for placebo and 25.5% reported nausea/vomi-
ting, versus 8.3% for those on placebo [172]. This antidia-
betic drug has also been implicated with increased homocys-
teine levels [173] and vitamin B12 deficiency [174-176]. In 
fact, it has been demonstrated that 10-30% of diabetic pa-
tients that received long-term metformin therapy develop 
vitamin B12 malabsorption, indicated by reduced concentra-
tions of total vitamin B12 and its bioavailable form, 
holotranscobalamin. This antidiabetic agent interferes with 
mucosal-cell intracellular calcium handling, leading to a dis-
ruption in calcium-dependent absorption of vitamin B12 in 
the ileum [36,177]. Furthermore, it was reported 2 clinical 
cases of possible metformin-induced hepatotoxicity; both 
patients developed cholestatic jaundice after the initiation of 
metformin treatment suggesting that, although uncommon, 
metformin can induce liver damage/hepatotoxicity [178, 
179]. A recent study showed also that relatively high levels 
of metformin induce liver mitochondria injury [180] support-

ing the idea that the chronic use of this antidiabetic agent 
may predispose to hepatotoxic injury [178,179]. 

 Despite the above mentioned side effects, the benefits of 
metformin treatment are clearly superior and nowadays this 
drug is widely used in the management of type 2 diabetes. 

CONCLUSION 

 Vascular complications are the main cause of premature 
mortality and morbidity in type 2 diabetes. Furthermore, type 
2 diabetes is also related with impaired cognitive functioning 
and increased risk of dementia and neurodegeneration. How-
ever, the incidence of diabetic complications can be reduced 
by tight glycemic control. Metformin is widely used in the 
management of type 2 diabetes. The primary actions of this 
antihyperglycemic drug are suppression of gluconeogenesis 
and improvement of glucose uptake and insulin sensitivity. It 
has been reported that the activation of AMPK mediates 
beneficial metabolic effects of metformin. Indeed, the activa-
tion of AMPK by metformin induces translocation of glu-
cose transporter (GLUT-4) to the membrane, stimulates glu-
cose uptake, and suppresses gluconeogenesis and fatty acid 
and cholesterol synthesis. Additionally, it has been postu-
lated that metformin improves vascular functions and dra-
matically reduces micro- and macrovascular complications 
associated to diabetes. Indeed, metformin is able to reduce 
the levels of HbA1C, LDL particles, total cholesterol, PAI-1, 
vWF, factor VII, PCR, soluble endothelial adhesion mole-
cules and inhibits platelet aggregation and formation of 
AGEs. On the other hand, metformin enhances fibrinolysis, 
vascular reactivity, blood flow and HDL cholesterol levels. 
Furthermore, recent studies reported that metformin exhibits 
antioxidant properties that contribute to ameliorate oxidative 
stress and, therefore, to attenuate the deleterious effects of 
type 2 diabetes. In fact, this antidiabetic drug has the ability 
to reduce ROS production in endothelial cells and to protect 
the brain against diabetes-associated oxidative stress. In 
summary, it is notorious that metformin is a potent anti-
hyperglycemic drug able to counteract some risk factors in-
volved in the onset and progression of diabetes-associated 
complications. 

REFERENCES 

[1] Cheng, D. Prevalence, predisposition and prevention of type II 
diabetes. Nutr. Metab., 2005, 18, 2-29. 

[2] Froguel, P.; Velho, G. Genetic Determinants of Type 2 Diabetes. 
Recent Prog. Horm. Res., 2001, 56, 91-106.  

[3] Kahn, S.E.; Prigeon, R.L.; Schwartz, R.S.; Fujimoto, W.Y.; Knopp, 
R.H.; Brunzell, J.D.; Porte, D. Jr. Obesity, Body Fat Distribution, 

Insulin Sensitivity and Islet -Cell Function as Explanations for 
Metabolic Diversity. J. Nutr., 2001, 131, 354S-360S. 

[4] Ross S.A.; Gulve E.A.; Wang M. Chemistry and biochemistry of 
type 2 diabetes. Chem. Rev., 2004,104, 1255-82.  

[5] Ferrannini, E. Insulin Resistance versus Insulin Deficiency in Non-
Insulin-Dependent Diabetes Mellitus: Problems and Prospects. En-
docr. Rev., 1998, 19, 477-90. 

[6] Welch, S.; Gebhart, S.S.P.; Bergman, R.N.; Phillips, L.S. Minimal 

model analysis of intravenous glucose tolerance derived insulin 
sensitivity in diabetic subjects. J. Clin. Endocrinol. Metab., 1990,

71, 1508-18. 
[7] International Diabetes Federation. Diabetes e-Atlas. Available at 

http://www.eatlas.idf.org. 
[8] Abuissa, H.; Bel, D.S.; O'keefe, J.H. Jr. Strategies to Prevent Type 

2 Diabetes. Curr. Med. Res. Opin., 2005, 21, 1107-14. 
[9] Ahmann, A.J. Guidelines and performance measures for diabetes. 

Am. J. Manag. Care, 2007, 13, S41-6. 



Mechanisms of Action of Metformin in Type 2 Diabetes Mini-Reviews in Medicinal Chemistry, 2008, Vol. 8, No. 13    1351

[10] Songer, T.J. The economic costs of NIDDM. Diabetes Metab. Rev.,

1992, 8, 389-404. 
[11] Engelgau, M.M.; Geiss, L.S.; Saaddine, J.B.; Boyle, J.P.; Benja-

min, S.M.; Gregg, E.W.; Tierney, E.F.; Rios-Burrows, N.; Mokdad, 
A.H.; Ford, E.S.; Imperatore, G.; Narayan, K.M. The evolving dia-

betes burden in the United States. Ann. Intern. Med., 2004, 140,
945-50.  

[12] O’Brien, J.A.; Patrick, A.R.; Caro, J. Estimates of direct medical 
costs for microvascular and macrovascular complications resulting 

from type 2 diabetes mellitus in the United States in 2000. Clin 
Ther., 2003, 25, 1017-38.  

[13] Nathan, D. M. Long-term complications of diabetes mellitus. N. 
Engl. J. Med., 1993, 328, 1676-85. 

[14] Brownlee, M. Biochemistry and molecular cell biology of diabetic 
complications. Nature, 2001, 414, 813-20.  

[15] Brownlee, M. The pathobiology of diabetic complications: A unify-
ing mechanism. Diabetes, 2005, 54, 1615-25. 

[16] U.K. Prospective Diabetes Study Group. Intensive blood-glucose 
control with sulphonylureas or insulin compared with conventional 

treatment and risk of complications in patients with type 2 diabetes 
(UKPDS 33). Lancet, 1998, 352, 837-53. 

[17] U.K. Prospective Diabetes Study Group. Effect of intensive blood-
glucose control with metformin on complications in overweight pa-

tients with type 2 diabetes (UKPDS 34). Lancet, 1998, 352, 854-
65. 

[18] Stumvoll, M.; Nurjhan, N.; Perriello, G.; Dailey, G.; Gerich, J.E. 
Metabolic effects of metformin in non-insulin-dependent diabetes 

mellitus. N. Engl. J. Med., 1995, 333, 550-4.  
[19] Perriello, G.; Misericordia, P.; Volpi, E.; Santucci, A.; Santucci, C.; 

Ferrannini, E.; Ventura, M.M.; Santeusanio, F.; Brunetti, P.; Bolli, 
G.B. Acute antihyperglycemic mechanisms of metformin in 

NIDDM – evidence for suppression of lipid oxidation and hepatic 
glucose production. Diabetes, 1994, 43, 920-8.  

[20] Galuska, D.; Zierath, J.; Thörne, A.; Sonnenfeld, T.; Wallberg-
Henriksson, H. Metformin increases insulin-stimulated glucose 

transport in insulin-resistant human skeletal muscle. Diabetes Me-
tab., 1991, 17, 159-63.  

[21] Sarabia, V.; Lam, L.; Burdett, E.; Leiter, L.A.; Klip, A. Glucose 
transport in human skeletal muscle cells in culture. Stimulation by 

insulin and metformin. J. Clin. Invest., 1992, 90, 1386-95.  
[22] Bailey, C.J.; Turner, R.C. Metformin N. Engl. J. Med., 1996, 334,

574-9.  
[23] Abbasi, F.; Chu, J.W.; McLaughlin, T.; Lamendola, C.; Leary, 

E.T.; Reaven G.M. Effect of metformin treatment on multiple car-
diovascular disease risk factors in patients with type 2 diabetes 

mellitus. Metabolism, 2004, 53, 159-64.  
[24] Stratton, I.M.; Adler, A.I.; Neil, H.A.; Matthews, D.R.; Manley, 

S.E.; Cull, C.A.; Hadden, D.; Turner, R.C., Holman, R.R. Associa-
tion of glycaemia with macrovascular and microvascular complica-

tions of type 2 diabetes (UKPDS 35): prospective observational 
study. BMJ, 2000, 321, 405-12. 

[25] Cheng, A.Y.; Fantus, I.G. Oral antihyperglycemic therapy for type 
2 diabetes mellitus. CMAJ, 2005, 172, 213-26. 

[26] Lebovitz, H.E. Alpha-glucosidase inhibitors. Endocrinol. Metab. 
Clin. North Am., 1997, 26, 539-52. 

[27] Rendell, M. Advances in diabetes for the millennium: drug therapy 
of type 2 diabetes. MedGenMed., 2004, 6, 9. 

[28] Spiegelman, B.M. PPAR-gamma: adipogenic regulator and thia-
zolidinedione receptor Diabetes, 1998, 47, 507-14. 

[29] Kersten, S.; Desvergne, B.; Wahli, W. Roles of PPARs in health 
and disease. Nature, 2000, 405, 421-4. 

[30] DeFronzo, R.A. Pharmacologic therapy for type 2 diabetes melli-
tus. Ann. Intern. Med., 1999, 131, 281-303. 

[31] Fowler, M.J. Microvascular and Macrovascular Complications of 
Diabetes. Clin. Diabetes, 2008, 26, 77-82.  

[32] Grant, P.J. The effects of high- and medium-dose metformin ther-
apy on cardiovascular risk factors in patients with type II diabetes. 

Diabetes Care, 1996, 19, 64-6.  
[33] Garber, A.J.; Duncan, T.G.; Goodman, A.M.; Mills, D.J.; Rohlf, 

J.L. Efficacy of metformin in type II diabetes: results of a double-
blind, placebo-controlled, dose-response trial. Am. J. Med., 1997,

103, 491-7. 
[34] Johnson, J.A.; Simpson, S.H.; Toth, E.L.; Majumdar, S.R. Reduced 

cardiovascular morbidity and mortality associated with metformin 

use in subjects with type 2 diabetes. Diabet. Med., 2005, 22, 497-

502. 
[35] DeFronzo, R.A.; Goodman, A.M. Efficacy of metformin in patients 

with non-insulin-dependent diabetes mellitus. N. Engl. J. Med.,
1995, 333, 541-9. 

[36] Salpeter, S.R.; Buckley, N.S.; Kahn, J.A.; Salpeter, E.E. Meta-
analysis: metformin treatment in persons at risk for diabetes melli-

tus. Am. J. Med., 2008, 121, 149-57. 
[37]  Desilets, A.R.; Dhakal-Karki, S.; Dunican, K.C. Role of met-

formin for weight management in patients without type 2 diabetes. 
Ann. Pharmacother., 2008, 42, 817-26. 

[38] Tan, B.K.; Heutling, D.; Chen, J.; Farhatullah, S.; Adya, R.; Keay, 
S.D.; Kennedy, C.R., Lehnert, H.; Randeva, H.S. Metformin de-

creases the adipokine vaspin in overweight women with polycystic 
ovary syndrome concomitant with improvement in insulin sensitiv-

ity and a decrease in insulin resistance. Diabetes, 2008, 57, 1501-7. 
[39] Rowan, J.A.; Hague, W.M.; Gao, W.; Battin, M.R.; Moore, M.P.; 

MiG Trial Investigators. Metformin versus insulin for the treatment 
of gestational diabetes. N. Engl. J. Med., 2008, 358, 2003-15. 

[40] Kirpichnikvo, D.; McFarlane, S.I.; Sowers, J.R. Metformin: an
update. Ann. Intern. Med., 2002, 137, 25-33. 

[41] Radziuk, J.; Zhang, Z.; Wiernsperger, N.; Pye, S. Effects of met-
formin on lactate uptake and gluconeogenesis in the perfused rat 

liver. Diabetes, 1997, 46, 1406-13. 
[42] Argaud, D.; Roth, H.; Wiernsperger, N.; Leverve, X.M. Met-

formine decreases gluconeogenesis by enhancing the pyruvate 
kinase flux in isolated rat hepatocytes. Eur. J. Biochem., 1993, 213,

1341-8. 
[43] Cusi, K.; DeFronzo, R.A. Metformin: a review of its metabolic 

effects. Diabetes Rev., 1998, 6, 89-131. 
[44] Hundal, R.S.; Krssak, M.; Dufour, S.; Laurent, D.; Lebon, V.; 

Chandramouli, V.; Inzucchi, S.E.; Schumann, W.C.; Petersen, K.F.; 
Landau, B.R.; Shulman, G.I. Mechanism by which metformin re-

duces glucose production in type 2 diabetes. Diabetes, 2000, 49,
2063-9.  

[45] Jeng, C.Y.; Sheu, W.H., Fuh, M.M.; Chen, Y.D.; Reaven, G.M. 
Relationship between hepatic glucose production and fasting 

plasma glucose concentration in patients with NIDDM. Diabetes,
1994, 43, 1440-4.  

[46] Large, V.; Beylot, M. Modifications of citric acid cycle activity and 
gluconeogenesis in streptozotocin-induced diabetes and effects of 

metformin. Diabetes, 1999, 48, 1251-7. 
[47] Owen, M.R.; Doran, E.; Halestrap, A.P. Evidence that metformin 

exerts its anti-diabetic effects through inhibition of complex 1 of 
the mitochondrial respiratory chain. Biochem. J., 2000, 348, 607-

14.  
[48] El-Mir, M.Y.; Nogueira, V.; Fontaine, E.; Avéret, N.; Rigoulet, M.; 

Leverve, X. Dimethylbiguanide inhibits cell respiration via an indi-
rect effect targeted on the respiratory chain complex I. J. Biol. 
Chem., 2000, 275, 223-8.  

[49] Detaille, D.; Guigas, B.; Leverve, X.; Wiernsperger, N.; Devos, P. 

Obligatory role of membrane events in the regulatory effect of met-
formin on the respiratory chain function. Biochem. Pharmacol.,
2002, 63,1259-72. 

[50] Ebert, B.L.; Firth, J.D.; Ratcliffe, P.J. Hypoxia and mitochondrial 

inhibitors regulate expression of glucose transporter-1 via distinct 
cis-acting sequences. J. Biol. Chem., 1995, 270, 29083-9. 

[51] Gunton, J.E.; Delhanty, P.J.; Takahashi, S.; Baxter, R.C. Met-
formin Rapidly Increases Insulin Receptor Activation in Human 

Liver and Signals Preferentially through Insulin-Receptor Sub-
strate-2. J. Clin. Endocrinol. Metab., 2003, 88, 1323-32. 

[52] Rossetti, L.; De Fronzo, R.A.; Gherzi, R.; Stein, P.; Andraghetti, 
G.; Falzetti, G.; Shulman, G.I., Klein-Robbenhaar, E.; Cordera, R. 

Effect of metformin treatment on insulin action in diabetic rats: in 
vivo and in vitro correlations. Metabolism, 1990, 39, 425-35. 

[53] Bailey, C.J.; Puah, J.A. Effect of metformin on glucose metabolism 
in mouse soleus muscle. Diabetes Metab., 1986, 12, 212-18. 

[54] Johnson, A.B.; Webster, J.M.; Sum, C.F.; Heseltine, L.; Argyraki, 
M.; Cooper, B.G.; Taylor, R. The impact of metformin therapy on 

hepatic glucose production and skeletal muscle glycogen synthase 
activity in overweight type II diabetic patients. Metabolism, 1993,

42, 1217-22. 
[55] Klip, A.; Leiter, R.A. Diabetes Care, 1990, 13, 696. 

[56] Santos, R.F.; Nomizo, R.; Bopsco, A.; Wajchenberg, B.L.; Reaven, 
G.M.; Azhar, S. Diabetes Metab, 1997, 23, 143. 



1352    Mini-Reviews in Medicinal Chemistry, 2008, Vol. 8, No. 13 Correia et al.

[57] Wu, M.S.; Johnston, P.; Sheu, W.H.; Hollenbeck, C.B.; Jeng, C.Y., 

Goldfine, I.D.; Chen, Y.D.; Reaven, G.M. Diabetes Care, 1990, 13,
1. 

[58] Fantus, I.G., Brosseau, R. J. Clin. Endocrinol. Metab., 1986, 63,
898. 

[59] Benzi, L.; Trischitta, V.; Ciccarone, A.; Cecchetti, P.; Brunetti, A.; 
Squatrito, S.; Marchetti, P.; Vigneri, R.; Navalesi, R. Diabetes,
1990, 39, 844. 

[60] Boden, G. Role of fatty acids in the pathogenesis of insulin resis-

tance and NIDDM. Diabetes, 1997, 46, 3-10.  
[61] McGarry, J.D. Dysregulation of fatty acid metabolism in the etiol-

ogy of type 2 diabetes. Diabetes, 2002, 51, 7-18. 
[62] Poitout, V.; Robertson, R.P. Minireview: Secondary ß-Cell Failure 

in Type 2 Diabetes—A Convergence of Glucotoxicity and Lipotox-
icity. Endocrinology, 2002, 143, 339-42. 

[63] Muntoni, S. Metformin and fatty acids. Diabetes Care, 1999, 22,
179-80. 

[64] Driscoll, S.D.; Meininger, G.E.; Ljungquist, K.; Hadigan, C.; Tor-
riani, M.; Klibanski, A.; Frontera, W.R., Grinspoon, S. Differential 

effects of metformin and exercise on muscle adiposity and meta-
bolic indices in human immunodeficiency virus-infected patients.

J. Clin. Endocrinol. Metab., 2004, 89, 2171-8. 
[65] Mathieu-Costello, O.; Kong, A.; Ciaraldi, T.P.; Cui, L.; Ju, Y.; 

Chu, N.; Kim, D.; Mudaliar, S.; Henry, R.R. Regulation of skeletal 
muscle morphology in type 2 diabetic subjects by troglitazone and 

metformin: relationship to glucose disposal. Metabolism,2003, 52,
540-6. 

[66] Zavaroni, I.; Dall'Aglio, E.; Bruschi, F.; Alpi, O.; Coscelli, C.; 
Butturini, U. Inhibition of carbohydrate-induced hypertriglyc-

eridemia by metformin. Horm. Metab. Res., 1984, 16, 85-7. 
[67] Jeppesen, J.; Zhou, M.Y.; Chen, Y.D.; Reaven, G.M. Effect of 

metformin on postprandial lipemia in patients with fairly to poorly 
controlled NIDDM. Diabetes Care, 1994, 17, 1093-9. 

[68] Lupi, R.; Del Guerra, S.; Fierabracci, V.; Marselli, L.; Novelli, M.; 
Patanè, G.; Boggi, U.; Mosca, F.; Piro, S.; Del Prato, S.; Marchetti, 

P. Lipotoxicity in Human Pancreatic Islets and the Protective Effect 
of Metformin. Diabetes, 2002, 51, S134-7.  

[69] Patane, G.; Piro, S.; Rabuazzo, A.M.; Anello, M.; Vigneri, R.; 
Purrello, F. Metformin restores insulin secretion altered by chronic 

exposure to free fatty acids or high glucose: a direct metformin ef-
fect on pancreatic beta-cells. Diabetes, 2000, 49, 735-40. 

[70] Ikeda, T.; Iwata, K.; Murakami, H. Inhibitory effect of metformin 
on intestinal glucose absorption in the perfused rat intestine - Inhi-

bition of sugar transport. Biochem. Pharmacol., 2000, 59, 887-90.  
[71] Wilcock, C.; Bailey, C.J. Reconsideration of inhibitory effect of 

metformin on intestinal glucose absorption. J. Pharm. Pharmacol.,
1991, 43, 120-1.  

[72] Musi, N.; Hirshman, M.F.; Nygren, J.; Svanfeldt, M.; Bavenholm, 
P.; Rooyackers, O.; Zhou, G.; Williamson, J.M.; Ljunqvist, O.; 

Efendic, S.; Moller, D.E.; Thorell, A.; Goodyear, L.J. Metformin 
increases AMP-activated protein kinase activity in skeletal muscle 

of subjects with type 2 diabetes. Diabetes, 2002, 51, 2074-81.  
[73] Zhou, G.; Myers, R.; Li, Y.; Chen, Y.; Shen, X.; Fenyk-Melody, J.; 

Wu, M.; Ventre, J.; Doebber, T.; Fujii, N.; Musi, N.; Hirshman, 
M.F.; Goodyear, L.J.; Moller, D.E. Role of AMP-activated protein 

kinase in mechanism of metformin action. J. Clin. Invest., 2001,
108, 1167-74. 

[74] Woods, A.; Johnstone, S.R.; Dickerson, K.; Leiper, F.C.; Fryer, 
L.G.; Neumann, D.; Schlattner, U.; Wallimann, T.; Carlson, M.; 

Carling, D. LKB1 is the upstream kinase in the AMP-activated pro-
tein kinase cascade. Curr. Biol., 2003, 13, 2004-8.  

[75] Fryer, L.G.; Parbu-Patel, A.; Carling, D. The anti-diabetic drugs 
rosiglitazone and metformin stimulate AMP-activated protein 

kinase through distinct signaling mechanism. J. Biol. Chem., 2002,
277, 25226-32. 

[76] Shaw, R.J.; Lamia, K.A.; Vasquez, D.; Koo, S.H.; Bardeesy, N.; 
Depinho, R.A.; Montminy, M.; Cantley, L.C. The Kinase LKB1 

Mediates Glucose Homeostasis in Liver and Therapeutic Effects of 
Metformin. Science, 2005, 310, 1642-6.  

[77] Hardie, D.G. AMP-activated protein kinase as a drug target. Annu. 
Rev. Pharmacol. Toxicol., 2007, 47, 185-210. 

[78] Winder, W.W.; Hardie, D.G. AMP-activated protein kinase, a 
metabolic master switch: possible roles in type 2 diabetes. Am. J. 
Physiol., 1999, 277, E1-10. 

[79] Chen, Z.P.; McConnell, G.K.; Michell, B.J.; Snow, R.J.; Canny, 

B.J.; Kemp, B.E. AMPK signaling in contracting human skeletal 
muscle: acetyl-CoA carboxylase and NO synthase phosphorylation. 

Am. J. Physiol. Endocrinol. Metab., 2000, 279, E1202-6. 
[80] Zang, M.; Zuccollo, A.; Hou, X.; Nagata, D.; Walsh, K.; Hersco-

vitz, H.; Brecher, P.; Ruderman, N.B.; Cohen, R.A. AMP-activated 
protein kinase is required for the lipid-lowering effect of metformin 

in insulin-resistant human HepG2 cells. J. Biol. Chem., 2004, 279,
47898-905. 

[81] Shimomura, I.; Matsuda, M.; Hammer, R.E., Bashmakov, Y.; 
Brown, M.S.; Goldstein, J.L. Decreased IRS-2 and increased 

SREBP-1c lead to mixed insulin resistance and sensitivity in livers 
of lipodystrophic and ob/ob mice. Mol. Cell., 2000, 6, 77-86. 

[82] Kakuma, T.; Lee, Y.; Higa, M.; Wang, Z.; Pan, W.; Shimomura, I.; 
Unger, R.H. Leptin, troglitazone, and the expression of sterol regu-

latory element binding proteins in liver and pancreatic islets. Proc. 
Natl. Acad. Sci. USA, 2000, 97, 8536-41. 

[83] Blagosklonny, M.V. An anti-aging drug today: from senescence-
promoting genes to anti-aging pill. Drug Discov. Today, 2007, 12,

218-24. 
[84] Curtis, R.; Geesaman, B.J.; DiStefano, P.S. Ageing and metabo-

lism: drug discovery opportunities. Nat. Rev. Drug. Discov., 2005,
4, 569-80. 

[85] Inoki, K.; Zhu, T.; Guan, K.L. TSC2 mediates cellular energy re-
sponse to control cell growth and survival. Cell, 2003, 115, 577-90. 

[86] Shu, Y.; Sheardown, S.A.; Brown, C.; Owen, R.P.; Zhang, S.; 
Castro, R.A.; Ianculescu, A.G.; Yue, L.; Lo, J.C.; Burchard, E.G.; 

Brett, C.M.; Giacomini, K.M. Effect of genetic variation in the or-
ganic cation transporter 1 (OCT1) on metformin action. J. Clin. In-
vest., 2007, 117, 1422-31. 

[87] Zhou, M.; Xia, L.; Wang, J. Metformin transport by a newly cloned 

proton-stimulated organic cation transporter (plasma membrane 
monoamine transporter) expressed in human intestine. Drug. Me-
tab. Dispos., 2007, 35, 1956-62. 

[88] Kim, J.; Koh, K.K.; Quon, M.J. The Union of Vascular and Meta-

bolic Actions of Insulin in Sickness and in Health. Arterioscler. 
Thromb. Vasc. Biol., 2005, 25, 889-91. 

[89] Garcia, M. J.; McNamara, P. M.; Gordon, T.; Kannel, W. B. Mor-
bidity and mortality in diabetics in the Framingham population. 

Sixteen year follow-up study. Diabetes, 1974, 23, 105-11. 
[90] Mokdad, A.H.; Ford, E.S.; Bowman, B.A.; Dietz, W.H.; Vinicor, 

F.; Bales, V.S.; Marks, J.S. Prevalence of obesity, diabetes, and 
obesity-related health risk factors. JAMA, 2003, 289, 76-9. 

[91] Krauss, R.M. Lipids and lipoproteins in. patients with type 2 diabe-
tes. Diabetes Care, 2004, 27, 1496-504. 

[92] Arauz-Pacheco, C.; Parrott, M.A.; Raskin, P. Hypertension man-
agement in adults with diabetes. Diabetes Care, 2004, 27, S65-7.  

[93] Eckel, R.H.; Grundy, S.M.; Zimmet, P.Z. The metabolic syndrome. 
Lancet, 2005, 365, 1415-28. 

[94] Fonseca, V.A.; Theuma, P.; Mudaliar, S.; Leissinger, C.A.; Clejan, 
S.; Henry, R.R. Diabetes treatments have differential effects on 

nontraditional cardiovascular risk factors. J. Diabetes Complica-
tions, 2006, 20, 14-20.  

[95] Schachinger, V.; Britten, M.B.; Zeiher, A.M. Prognostic impact of 
coronary vasodilator dysfunction on adverse long-term outcome of 

coronary heart disease. Circulation, 2000, 101, 1899-906. 
[96] Halcox, J.P.; Schenke, W.H.; Zalos, G.; Mincemoyer, R.; Prasad, 

A.; Waclawiw, M.A.; Nour, K.R.; Quyyumi, A.A. Prognostic value 
of coronary vascular endothelial dysfunction. Circulation, 2002,

106, 653-8. 
[97] Granberry, M.C.; Fonseca, V.A. Cardiovascular risk factors associ-

ated with insulin resistance: Effects of oral antidiabetic agents. Am. 
J. Cardiovasc. Drugs, 2005, 5, 201-9. 

[98] Saenz, A.; Fernandez-Esteban, I.; Mataix, A.; Ausejo, M.; Roque, 
M.; Moher, D. Metformin monotherapy for type 2 diabetes melli-

tus. Cochrane Database Syst. Rev., 2005, 20, CD002966. 
[99] Brown, D.L.; Brillon, D. New directions in type 2 diabetes melli-

tus: an update of current oral antidiabetic therapy. J. Natl. Med. As-
soc., 1999, 91, 389-95. 

[100] Coutinho, M.; Gerstein, H.C.; Wang, Y.; Yusuf, S. he relationship 
between glucose and incident cardiovascular events: A metaregres-

sion analysis of published data from 20 studies of 95783 individu-
als followed for 12.4 years. Diabetes Care, 1999, 22, 233-40. 

[101] Lawes, C.M.; Parag, V.; Bennett, D.A.; Suh, I.; Lam, T.H.; Whit-
lock, G.; Barzi, F.; Woodward, M.; Asia Pacific Cohort Studies 



Mechanisms of Action of Metformin in Type 2 Diabetes Mini-Reviews in Medicinal Chemistry, 2008, Vol. 8, No. 13    1353

Collaboration. Blood glucose and risk of cardiovascular disease in 

the Asia Pacific region. Diabetes Care, 2004, 27, 2836-42. 
[102] Turner, R.C.; Millns, H.; Neil, H.A.; Stratton, I.M.; Manley, S.E.; 

Matthews, D.R.; Holman, R.R. Risk factors for coronary artery dis-
ease in non-insulin dependent diabetes mellitus: United Kingdom 

Prospective Diabetes Study (UKPDS: 23). BMJ, 1998, 316, 823-8. 
[103] Nagi, D.; Yudkin, J. Effect of metformin on insulin resistance, risk 

factors for cardiovascular disease, and plasminogen activator in-
hibitor in NIDDM subjects: a study of two ethnic group. Diabetes 
Care, 1993, 16, 621-9. 

[104] Johansen, K. Efficacy of metformin in the treatment of NIDDM: 

meta-analysis. Diabetes Care, 1999, 22, 33-7. 
[105] Picard, S. Lipoprotein glyco-oxidation. Diabetes Metab., 1995, 21,

89-94. 
[106] Madamanchi, N.R.; Hakim, Z.S.; Runge, M.S. Oxidative stress in 

atherogenesis and arterial thrombosis: the disconnect between cel-
lular studies and clinical outcomes. J. Thromb. Haemost., 2005, 3,

254-67. 
[107] Tankova, T. Current indications for metformin therapy. Rom. J. 

Intern. Med., 2003, 41, 215-25. 
[108] Landin, K.; Tengborn, L.; Smith, U. Treating insulin resistance in 

hypertension with metformin reduces both blood pressure and 
metabolic risk factors. J. Intern. Med., 1991, 229, 181-7. 

[109] Reaven, G.M.; Johnston, P.; Hollenbeck, C.B.; Skowronski, R.; 
Zhang, J.C.; Goldfine, I.D.; Chen, Y.D. Combined metformin-

sulfonylurea treatment of patients with noninsulin-dependent diabe-
tes in fair to poor glycemic control. J. Clin. Endocrinol. Metab.,

1992, 74, 1020-6. 
[110] Semplicini, A.; Del Prato, S.; Giusto, M.; Campagnolo, M.; 

Palatini, P.; Rossi, G.P.; Valle, R.; Dorella, M.; Albertin, G.; Pes-
sina, A.C. Short-term effects of metformin on insulin sensitivity 

and sodium homeostasis in essential hypertensives. J. Hypertens. 
Suppl., 1993, 11, S276-7. 

[111] Schneider, J.; Erren, T.; Zöfel, P.; Kaffarnik, H. Metformin-
induced changes in serum lipids, lipoproteins, and apoproteins in 

non-insulin-dependent diabetes mellitus. Atherosclerosis, 1990, 82,
97-103. 

[112] Abbasi, F.; Kamath, V.; Rizvi, A.A.; Carantoni, M.; Chen, Y.D.; 
Reaven, G.M. Results of a placebo-controlled study of the meta-

bolic effects of the addition of metformin to sulfonylurea-treated 
patients. Evidence for a central role of adipose tissue. Diabetes 
Care, 1997, 20, 1863-9. 

[113] Carr, M.E. Diabetes mellitus: a hypercoagulable state. J. Diabetes 
Complications, 2001, 15, 44-54. 

[114] Grant, P.J. Diabetes mellitus as a prothrombotic condition. J. In-
tern. Med., 2007, 262, 157-72. 

[115] Hogikyan, R.V.; Galecki, A.T.; Pitt, B.; Halter, J.B.; Greene, D.A.; 

Supiano, M.A. Specific impairment of endothelium-dependent 
vasodilation in subjects with type 2 diabetes independent of obe-

sity. J. Clin. Endocrinol. Metab., 1998, 83, 1946-52.  
[116] Meigs, J.B.; Mittleman, M.A.; Nathan, D.M.; Tofler, G.H.; Singer, 

D.E.; Murphy-Sheehy, P.M.; Lipinska, I.; D’Agostino, R.B.; Wilson, 
P.W.F. Hyperinsulinemia, Hyperglycemia, and Impaired Hemostasis: 

The Framingham Offspring Study. JAMA, 2000, 283, 221-8.  
[117] Caballero, A.E.; Arora, S.; Saouaf, R.; Lim, S.C.; Smakowski, P.; 

Park, J.Y.; King, G.L.; LoGerfo, F.W.; Horton, E.S.; Veves, A. Mi-
crovascular and macrovascular reactivity is reduced in subjects at 

risk for type 2 diabetes. Diabetes, 1999, 48, 1856-62.  
[118] Weyer, C.; Yudkin, J.S.; Stehouwer, C.D.; Schalkwijk, C.G.; Prat-

ley, R.E.; Tataranni, P.A. Humoral markers of inflammation and 
endothelial dysfunction in relation to adiposity and in vivo insulin 

action in Pima Indians. Atherosclerosis, 2002, 161, 233-42.  
[119] Festa, A.; D’Agostino, R. Jr.; Tracy, R.P.; Haffner, S.M. Elevated 

levels of acute-phase proteins and plasminogen activator inhibitor-
1 predict the development of type 2 diabetes: the insulin resistance 

atherosclerosis study. Diabetes, 2002, 51, 1131-7.  
[120] Meigs, J.B.; Hu, F.B.; Rifai, N.; Manson, J.E. Biomarkers of endo-

thelial dysfunction and risk of type 2 diabetes mellitus. JAMA,
2004, 291, 1978-86.  

[121] Ajjan, R.A.; Grant, P.J. Cardiovascular disease prevention in pa-
tients with type 2 diabetes: the role of oral anti-diabetic agents. 

Diab. Vasc. Dis. Res., 2006, 3, 147-58. 
[122] Shen, T.; Bai, H.; Liu, B.; Liu, Y.; Zhang, Z.; Deng, Z. Plasma 

haemostatic and fibrinolytic activities and their relationship to lev-
els of serum lipids and apolipoproteins in endogenous hypertriglyc-

eridemic patients. Sichuan Da Xue Xue Bao Yi Xue Ban, 2003, 34, 
405-8. 

[123] Sadananda, B.; Yesikar, S.S.; Misra, N.P.; Misra, S.M. Effect of 

metformin on fibrinolytic activity in diabetes mellitus. J. Diabet. 
Assoc. India, 1974, 14, 33-8. 

[124] Cho, Y.W.; Yang, D.H.; Oh, D.Y.; Baick, S.H.; Kim, S.K.; Kim, 
S.J.; Hong, S.Y. Plasma t-PA and PAI-1 antigen concentrations in 

non-insulin dependent diabetic patients: effects of treatment modal-
ity on fibrinolysis. Korean J. Intern. Med., 1992, 7, 81-6. 

[125] Grant, P.J.; Stickland, M.H.; Booth, N.A.; Prentice, C.R.M. Met-
formin causes a reduction in basal and post-venous occlusion plas-

minogen activator inhibitor-1 in type 2 diabetic patients. Diabet. 
Med., 1991, 8, 361-5. 

[126] Chakrabarti, R.; Hocking, E.D.; Fearnley, G.R. Fibrinolytic effect 
of metformin in coronary-artery disease. Lancet, 1965, 2, 256-9. 

[127] Charles, M.A.; Morange, P.; Eschwège, E.; André, P.; Vague, P.; 
Juhan-Vague, I. Effect of weight change and metformin on fibri-

nolysis and the von Willebrand factor in obese nondiabetic sub-
jects: the BIGPRO1 Study. Biguanides and the Prevention of the 

Risk of Obesity. Diabetes Care, 1998, 21, 1967-72.  
[128] Grant, P.J. Metformin reduces circulating factor VII concentrations 

in patients with type 2 diabetes mellitus. Thromb. Haemost., 1998,
80, 209-10. 

[129] Marfella, R.; Acampora, R.; Verrazzo, G.; Ziccardi, P.; De Rosa, 
N.; Giunta, R.; Giugliano, D. Metformin improves hemodynamic 

and rheological responses to L-arginine in NIDDM patients. Diabe-
tes Care, 1996, 19, 934-9. 

[130] Mather, K.J.; Verma, S.; Anderson, T.J. Improved endothelial 
function with metformin in type 2 diabetes mellitus. J. Am. Coll. 
Cardiol., 2001, 37, 1344-50. 

[131] Katakam, P.V.G.; Ujhelyi, M.R.; Hoenig, M.; Miller, A.W. Met-

formin Improves Vascular Function in Insulin Resistant Rats. Hy-
pertension, 2000, 35, 108-12. 

[132] Magalhães, F.O.; Gouveia, L.M.; Torquato, M.T.; Paccola, G.M.; 
Piccinato, C.E.; Foss, M.C. Metformin increases blood flow and 

forearm glucose uptake in a group of non-obese type 2 diabetes pa-
tients. Horm. Metab. Res., 2006, 38, 513-7. 

[133] Asagami, T.; Abbasi, F.; Stuelinger, M.; Lamendola, C.; McLaugh-
lin, T.; Cooke, J.P.; Reaven, G.M., Tsao, P.S. Metformin treatment 

lowers asymmetric dimethylarginine concentrations in patients with 
type 2 diabetes. Metabolism, 2002, 51, 843-6. 

[134] Davis, B.J.; Xie, Z.; Viollet, B.; Zou, M.H. Activation of the AMP-
activated kinase by antidiabetes drug metformin stimulates nitric 

oxide synthesis in vivo by promoting the association of heat shock 
protein 90 and endothelial nitric oxide synthase. Diabetes, 2006,

55, 496-505.  
[135] Mamputo, J.C.; Wiernsperger, N.; Renier, G. Metformin inhibits 

monocyte adhesion to endothelial cells and foam cell formation. 
Br. J. Diabetes Vasc. Dis., 2003, 3, 302-10. 

[136] Brownlee, M. Advanced protein glycosylation in diabetes and 
aging. Annu. Rev. Med., 1995, 46, 223-34. 

[137] Chu, N.V.; Kong, A.P.; Kim, D.D.; Armstrong, D.; Baxi, S.; 
Deutsch, R.; Caulfield, M.; Mudaliar, S.R.; Reitz, R.; Henry, R.R.; 

Reaven, P.D. : Differential effects of metformin and troglitazone on 
cardiovascular risk factors in patients with type 2 diabetes. Diabe-
tes Care, 2002, 25, 542-9. 

[138] Carter, A.M.; Bennett, C.E., Bostock, J.A.; Grant, P.J. Metformin 

reduces C-reactive protein but not complement factor C3 in over-
weight patients with Type 2 diabetes mellitus. Diabet. Med., 2005,

22, 1282-4. 
[139] Rösen, P.; Wiernsperger, N.F. Metformin delays the manifestation 

of diabetes and vascular dysfunction in Goto-Kakizaki rats by re-
duction of mitochondrial oxidative stress. Diabetes Metab. Res. 
Rev., 2006, 22, 323-30. 

[140] Caballero, A.E.; Delgado, A.; Aguilar-Salinas, C.A.; Herrera, A.N.; 

Castillo, J.L.; Cabrera, T.; Gomez-Perez, F.J.; Rull, J.A. The differ-
ential effects of metformin on markers of endothelial activation and 

inflammation in subjects with impaired glucose tolerance: a pla-
cebo-controlled, randomized clinical trial. J. Clin. Endocrinol. Me-
tab., 2004, 89, 3943-8. 

[141] De Jager, J.; Kooy, A.; Lehert, P.; Bets, D.; Wulffele, M.G.; Teer-

link, T.; Scheffer, P.G.; Schalkwijk, C.G.; Donker, A.J.; Stehou-
wer, C.D. Effects of short-term treatment with metformin on mark-

ers of endothelial function and inflammatory activity in type 2 dia-



1354    Mini-Reviews in Medicinal Chemistry, 2008, Vol. 8, No. 13 Correia et al.

betes mellitus: a randomized, placebo-controlled trial. J. Intern. 
Med., 2005, 257, 100-9.  

[142] Ridker, P.M.; Hennekens, C.H.; Rotiman-Johnson, B.; Stampfer, 

M.J.; Allen, J. Plasma concentration of soluble intercellular adhe-
sion molecule 1 and risks of future myocardial infarction in appar-

ently healthy men. Lancet, 1998, 351, 88-92.  
[143] Hwang, S.J.; Ballantyne, C.M.; Sharrett, R.; Smith, L.C.; Davis, 

C.E.; Gotto, A.M. Jr.; Boerwinkle, E. Circulating adhesion mole-
cules VCAM-1, ICAM-1 and E-selectin in carotid atherosclerosis 

and incident coronary heart disease cases: The Atherosclerosis Risk 
In Communities (ARIC) Study. Circulation, 1997, 96, 4219-25.  

[144] Jager, A.; van Hinsberg, V.W.M.; Kostenese, P.J.; Emeis, J.J.; 
Nijpels, G.; Dekker, J.M.; Heine, R.J.; Bouter, L.M.; Stehouwer, 

C.D. Increased levels of soluble vascular cell adhesion molecule 1 
are associated with risk of cardiovascular mortality in type 2 diabe-

tes. The Hoorn Study.Diabetes, 2000, 49, 485-91. 
[145] Rahbar, S.; Natarajan, R.; Yerneni, K.; Scott, S.; Gonzales, N.; 

Nadler, J.L. Evidence that pioglitazone, metformin and pentoxifyl-
line are inhibitors of glycation. Clin. Chim. Acta, 2000, 301, 65-77.  

[146] Ouslimani, N.; Mahrouf, M.; Peynet, J.; Bonnefont-Rousselot, D.; 
Cosson, C.; Legrand, A.; Beaudeux, J.L. Metformin reduces endo-

thelial cell expression of both the receptor for advanced glycation 
end products and lectin-like oxidized receptor 1. Metabolism, 2007,

56, 308-13. 
[147] Ouslimani, N.; Peynet, J.; Bonnefont-Rousselot, D.; Thérond, P.; 

Legrand, A.; Beaudeux, J.L. Metformin decreases intracellular pro-
duction of reactive oxygen species in aortic endothelial cells. Me-
tabolism, 2005, 54, 829-34. 

[148] Mahrouf, M.; Ouslimani, N.; Peynet, J.; Djelidi, R.; Couturier, M.; 

Therond, P.; Legrand, A.; Beaudeux, J.L. Metformin reduces an-
giotensin-mediated intracellular production of reactive oxygen spe-

cies in endothelial cells through the inhibition of protein kinase C. 
Biochem. Pharmacol., 2006, 72, 176-83. 

[149] Bhamra, G.S.; Hausenloy, D.J.; Davidson, S.M.; Carr, R.D.; Paiva, 
M.; Wynne, A.M.; Mocanu, M.M.; Yellon, D.M. Metformin pro-

tects the ischemic heart by the Akt-mediated inhibition of mito-
chondrial permeability transition pore opening. Basic Res. Cardiol.,
2007, 103, 274-84. 

[150] Detaille, D.; Guigas, B.; Chauvin, C.; Batandier, C.; Fontaine, E.; 

Wiernsperger, N.; Leverve, X. Metformin Prevents High-Glucose–
Induced Endothelial Cell Death Through a Mitochondrial Perme-

ability Transition-Dependent Process. Diabetes, 2005, 54, 2179-87. 
[151] Biessels, G.J.; Kappelle, A.C.; Bravenboer, B.; Erkelens, D.W.; 

Gispen, W.H. Cerebral function in diabetes mellitus. Diabetologia,
1994, 37, 643-50. 

[152] Whitmer, R.A. Type 2 diabetes and risk of cognitive impairment 
and dementia. Curr. Neurol. Neurosci. Rep., 2007, 7, 373-80. 

[153] Allen, K.V.; Frier, B.M.; Strachan, M.W. The relationship between 
type 2 diabetes and cognitive dysfunction: longitudinal studies and 

their methodological limitations. Eur. J. Pharmacol., 2004, 490,
169-75.  

[154] Biessels, G.J.; Staekenborg, S.; Brunner, E.; Brayne, C.; Scheltens, 
P. Risk of dementia in diabetes mellitus: a systematic review. Lan-
cet Neurol., 2006, 5, 64-74.  

[155] Stewart, R.; Liolitsa, D. Type 2 diabetes, cognitive impairment and 

dementia. Diabet. Med., 1999, 16, 93-112.  
[156] Biessels, G.J.; van der Heide, L.P.; Kamal, A.; Bleys, R.L.; Gispen, 

W.H. Ageing and diabetes: implications for brain function. Eur. J. 
Pharmacol., 2002, 441, 1-14.  

[157] Correia, S.; Carvalho, C.; Santos, M.S.; Proença, T.; Nunes, E.; 
Duarte, A.I.; Monteiro, P.; Seiça, R.; Oliveira, C.R.; Moreira, P.I. 

Metformin Protects the Brain Against the Oxidative Imbalance 
Promoted by Type 2 Diabetes. Med. Chem., 2008, 4, 358-64. 

[158] El-Mir, M.Y.; Detaille, D.; R-Villanueva, G.; Delgado-Esteban, 
M.; Guigas, B.; Attia, S.; Fontaine, E.; Almeida, A.; Leverve, X. 

Neuroprotective role of antidiabetic drug metformin against apop-
totic cell death in primary cortical neurons. J. Mol. Neurosci., 2008,

34, 77-87.  

[159] Rapin, J.R.; Lamproglou, I.; Jacques, V.; Leponcin, M. Effects of 

metformin on metabolic indices of cerebral and peripheral ischae-
mia. Diabetes Metab., 1988, 14, 587-90. 

[160] Ristow, M. Neurodegenerative disorders associated with diabetes 
mellitus. J. Mol. Med., 2004, 82, 510-29. 

[161] Ma, T. C.; Buescher, J. L.; Oatis, B.; Funk, J.A.; Nash, A.J.; Car-
rier, R.L.; Hoyt, K.R. Metformin therapy in a transgenic mouse 

model of Huntington's disease. Neurosci. Lett., 2007, 411, 98-103. 
[162] Lee, A.J. Metformin in noninsulin-dependent diabetes mellitus. 

Pharmacotherapy, 1996, 16, 327-51.  
[163] McGuinness, M.E., Talbert, R.L. Phenformin-induced lactic acido-

sis: a forgotten adverse drug reaction. Ann. Pharmacother., 1993,
27, 1183-7.  

[164] Oates, N.S., Shah, R.R.; Idle, J.R., Smith, R.L. Influence of oxida-
tion polymorphism on phenformin kinetics and dynamics. Clin. 
Pharmacol. Ther., 1983, 34, 827-34.  

[165] Gan, S.C.; Barr, J.; Arieff, A.I.; Pearl, R.G. Biguanide-associated 

lactic acidosis. Case report and review of the literature. Arch. In-
tern. Med., 1992, 152, 2333-6.  

[166] Lalau, J.D.; Lacroix, C.; Compagnon, P.; de Cagny, B.; Rigaud, 
J.P.; Bleichner, G.; Chauveau, P.; Dulbecco, P.; Guérin, C.; Haegy, 

J.M. Role of metformin accumulation in metfornin-associated lac-
tic acidosis. Diabetes Care, 1995, 18, 779-84.  

[167] Jones, G.; Macklin, J.; Alexander, W. Contraindications to the use 
of metformin. BMJ, 2003, 326, 4–5. 

[168] Eurich, D.T.; McAlister, F.A.; Blackburn, D.F.; Majumdar, S.R.; 
Tsuyuki, R.T.; Varney, J.; Johnson, J.A. Benefits and harms of 

antidiabetic agents in patients with diabetes and heart failure: 
systematic review. BMJ, 2007, 335, 497. 

[169] Hermann, L.S.; Scherstén, B.; Bitzén, P.O.; Kjellström, T.; 
Lindgärde, F.; Melander, A. Therapeutic comparison of metformin 

and sulfonylurea alone and in various combinations. Diabetes 
Care, 1994, 17, 1100-9. 

[170] Davidson, M.B.; Peters, A.L. An overview of metformin in the 
treatment of type 2 diabetes mellitus. Am. J. Med., 1997, 102, 99-

110. 
[171] Haupt, E.; Knick, B.; Koschinsky, T.; Liebermeister, H.; Schneider, 

J.; Hirche, H. Oral diabetic combination therapy with sulphony-
lureas and metformin. Diabetes Metab., 1991, 17, 224-31. 

[172] Bolen, S., Feldman, L.; Vassy, J.; Wilson, L.; Yeh, H.C.; Mari-
nopoulos, S.; Wiley, C.; Selvin, E.; Wilson, R.; Bass, E.B.; Bran-

cati, F.L. Systematic review: comparative effectiveness and safety 
of oral medications for type 2 diabetes mellitus. Ann. Intern. Med., 

2007, 147, 386–99. 
[173] Wulffele, M.G.; Kooy, A.; Lehert, P.; Bets, D.; Ogterop, J.C.; Bor-

ger van der Burg, B.; Donker, A.J.; Stehouwer, C.D. Effects of 
short-term treatment with metformin on serum concentrations of 

homocysteine, folate and vitamin B12 in type 2 diabetes mellitus: a 
randomized, placebo-controlled trial. J. Intern. Med., 2003, 254,

455-63. 
[174] Andrès, E.; Noel, E.; Goichot, B. Metformin-associated vitamin 

B12 deficiency. Arch. Intern. Med., 2002, 162, 2251-2.  
[175] Gilligan, M. Metformin and vitamin B12 deficiency. Arch. Intern. 

Med., 2002, 162, 484-5.  
[176] Ting, R.; Szeto, C.; Chan, M.; Ma, K.; Chow, K. Risk factors of 

vitamin B(12) deficiency in patients receiving metformin. Arch. In-
tern. Med., 2006, 166, 1975-9. 

[177] Bauman, W.A.; Shaw, S.; Jayatilleke, E.; Spungen, A.M.; Herbert, 
V. Increased intake of calcium reverses vitamin B12 malabsorption 

induced by metformin. Diabetes Care, 2000, 23, 1227-31. 
[178] Nammour, F.E.; Fayad, N.F.; Peikin, S.R. Metformin-induced 

cholestatic hepatitis. Endocr. Pract., 2003, 9, 307-9. 
[179] Kutoh, E. Possible metformin-induced hepatotoxicity. Am. J. Geri-

atr. Pharmacother., 2005, 3, 270-3. 
[180] Carvalho, C.; Correia, S.; Santos, M.S.; Seiça, R.; Oliveira, C.R.; 

Moreira, P.I. Metformin promotes isolated rat liver mitochondria 
impairment. Mol. Cell. Biochem., 2008, 308, 75-83. 

Received: 24 March, 2008 Revised: 05 August, 2008 Accepted: 06 August, 2008 






