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Type 2 diabetes (T2D) is a very prevalent, multisystemic, chronic metabolic disorder closely related to atherosclerosis and cardiovascular diseases. It is characterised by mitochondrial dysfunction and the presence of
oxidative stress. Metformin is one of the safest and most effective anti-hyperglycaemic agents currently employed as first-line oral therapy for T2D. It has demonstrated additional beneficial effects, unrelated to its hypoglycaemic action, on weight loss and several diseases, such as cancer, cardiovascular disorders and metabolic
diseases, including thyroid diseases. Despite the vast clinical experience gained over several decades of use, the
mechanism of action of metformin is still not fully understood. This review provides an overview of the existing
literature concerning the beneficial mitochondrial and vascular effects of metformin, which it exerts by diminishing oxidative stress and reducing leukocyte-endothelium interactions. Specifically, we describe the molecular mechanisms involved in metformin's effect on gluconeogenesis, its capacity to interfere with major
metabolic pathways (AMPK and mTORC1), its action on mitochondria and its antioxidant effects. We also
discuss potential targets for therapeutic intervention based on these molecular actions.

1. Introduction
Type 2 diabetes (T2D) and hyperglycaemia are related to the presence of oxidative stress, caused by increased production of reactive
oxygen species (ROS), among other factors [1,2]. Mitochondria are the
main source of ROS in the majority of cell types [3]; when levels of
glucose are high, mitochondrial ROS production is enhanced, thus inducing oxidative stress, lipid peroxidation and tissue impairment. In
addition, mitochondrial dysfunction is related to the appearance of
insulin resistance (IR), reduced sensitivity of tissues to glucose and its
uptake [4], and several related comorbidities, including cardiovascular

diseases (CVD) [5]. Furthermore, energy status is modulated by mitochondrial homeostasis, while increased ROS production is related to
hyperglycaemic conditions and the development of microvascular
pathologies, including neuropathy, retinopathy and nephropathy, and
macrovascular complications such as myocardial ischaemia and stroke
[6]. These characteristics suggest that T2D and IR are closely linked to
mitochondrial impairment. Mitochondrial homeostasis is strongly
modulated by several mechanisms, including mitochondrial dynamics
i.e. mitochondrial fusion and fission [7]. It is important to highlight that
mitochondria are not static organellae, but rather are extremely dynamic and constantly change in shape, size and location within the
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cells, which confers them high plasticity and metabolic versatility.
Another important mechanism related to cellular homeostasis is mitophagy, by which impaired mitochondria are engulfed by autophagosomes and subsequently degraded within lysosomes [8]. An “adaptive”
increase in mitophagy may delay the progression to T2D by preserving
β-cell function in subjects with prediabetes, a prolonged pathogenic
phase that lasts for 7–10 years [9].
It is patent that diabetes in general, including T2D and type 1 diabetes (T1D), is a serious global health problem affecting more that 400
million people. Its prevalence is increasing due to the current increasingly sedentary life style and obesity, a major risk factor for diabetes.
T1D is an autoimmune disease resulting in an impairment of β-cell
function; its incidence has also increased in the last 30 years, suggesting
that the environment plays a significant role [10,11]. T2D is the most
common type of diabetes, with around 90% of cases resulting in IR. T2D
is increasing worldwide; for example, between 2001 and 2009, the
prevalence of both T1D and T2D among children and adolescents increased around 21% in 5 areas of the USA [12]. In 2018, the prevalence
of diagnosed diabetes among US adults was reported to be 0.5% for T1D
and 8.5% for T2D, and among US adults with diagnosed diabetes, T1D
and T2D accounted for 5.6% and 91.2%, respectively [13]. In addition,
the risk of developing T2D is higher among women with gestational
diabetes. Different clinical trials have shown that glycaemic control is
key to reducing cardiovascular complications associated with diabetes
(UKPDS study). In fact, several studies have demonstrated that metformin and other hypoglycaemic drugs protect the endothelium from
the development of vascular impairment and atherosclerosis [14,15].
The hypoglycaemic effects of metformin or dimethylbiguanide in the
treatment of T2D in humans were demonstrated more than half a
century ago by the French medical doctor Jean Sterne [16]. Nowadays,
metformin is the gold standard drug for the treatment of T2D and other
conditions with IR such as polycystic ovary syndrome (PCOS) [17].

which itself is a product of lipid peroxidation [23]. High levels of these
markers have been described in blood and urine of T2D patients [24].
Furthermore, ROS-mediated protein modifications occur against the
backdrop of lipid peroxidation, including protein glycation, carbonylation, nitrosylation and glutathionylation, among others. The most
common ROS-modified protein biomarker is glycated haemoglobin
(HbA1c), which is routinely used to monitor long-term (3 months)
average levels of glycaemia and is firmly established as a key diagnostic
marker of diabetes [25].
Hyperglycaemia and dyslipidaemia are typical for IR and T2D, and
both are related to oxidative stress. Under these conditions, a decrease
in insulin-stimulated glucose disposal and a drop in ATP levels have
been described [26]. In this context, abnormal lipid metabolism can
undermine insulin signalling and therefore increase IR in different tissues [27]. In line with this idea, Fayyaz et al. demonstrated that palmitate can be metabolized into sphingosine 1-phosphate (S1P) by hepatocytes, which impairs insulin signalling by attenuating insulindependent protein kinase B (Akt) phosphorylation [28].
In addition, IR is induced by multiple mechanisms, including increased levels of serine phosphorylation of insulin receptor substrate
(IRS) [29], decreased activation of insulin downstream signalling molecules such as Akt or PKC [30], enhanced degradation of insulin receptor proteins [31], or elevated activity of phosphatases [32]. Phosphorylation of IRS at key target residues can reduce PI3K activation,
thus playing an important role in the response to insulin levels [32],
and a decrease in IRS tyrosine phosphorylation has been reported in
different animal models of IR and humans [33]. Importantly, ROS
production can modify signals that activate the serine kinases that
phosphorylate IRS proteins [34].
However, in the context of diabetes, ROS should not only be regarded as harmful molecules, but rather as an essential element of
certain biological responses, including insulin secretion by the pancreas, insulin sensing, and glucose uptake by peripheral tissues. For
example, in rat islets an increase in intracellular H2O2 causes a rapid
and transient elevation of intracellular Ca2+ accompanied by insulin
release at non-stimulatory basal glucose concentrations [35]. Furthermore, H2O2 derived from glucose metabolism has been shown to be one
of the metabolic signals of insulin secretion, whereas oxidative stress
may disturb its signalling function [36]. Leloup et al. [37] reported that
mitochondrial ROS are required for hypothalamic glucose sensing. They
found that glucose significantly increased ROS production and that
antioxidants such as catalase and Trolox significantly suppressed arcuate neuronal activity and hypothalamic insulin release in response to
intracarotid glucose infusion. Thus, β-cells and hypothalamus might
share ROS as a common element in glucose sensing. The skeletal muscle
is a major consumer of glucose and its metabolism is tightly related to
diabetes and IR. In contrast to potentially harmful excess mitochondrial
ROS production, the generation of ROS from non-mitochondrial
sources, including NADPH oxidase and xanthine oxidase, has been
shown to be important for insulin signalling in the skeletal muscle [38].
The role of H2O2 in enhanced insulin signalling has been shown to be a
result of the ability of these species to oxidatively modify and inactivate
key protein tyrosine phosphatases (PTEN and PTP1B). Muscle contraction has been highlighted as an important generator of ROS production in the skeletal muscle; of note, skeletal muscle glucose uptake is
normal during exercise in those who suffer from IR and T2D [39]. In
this sense, a list of potential regulators has been drawn up, including
Ca2+ (via CaMK and/or CaMKK), AMPK, ROS, and NO signalling
during exercise un human subjects. In fact, there is a basal generation of
ROS in skeletal muscle, and this generation increases substantially with
contraction [40]. ROS are involved in the activation of glucose transport in isolated muscle preparations [41], although different reviews
suggest this is not the case during light-to-moderate exercise, occurring
instead during intense physical activity [42].
At this point, it is important to highlight the antioxidant properties
of some drugs employed in diabetic patients (reviewed by Ref. [43]).

1.1. Type 2 diabetes and oxidative stress
Hyperglycaemia can induce oxidative stress by different mechanisms, including glucose autoxidation, advanced glycation end (AGE)
product formation, and activation of different enzymes (e.g. NADPH
oxidase), particularly through DAG-PKC-NADPH-oxidase signalling, the
polyol pathway and activation of PKCβ1/2 kinase. Mitochondria are a
major contributor to ROS generation, and their role will be discussed
later. Enhanced free fatty acids, leptin and other circulating factors in
T2D may also contribute to cause ROS overproduction [18]. AGEs are a
result of the binding of ketone or aldehyde groups of glucose with the
free amino groups of proteins, which leads to formation of Schiff-bases,
Amadori products and finally AGEs [19]. Oxidative stress in the circulation of T2D patients is also induced by the polyol pathway, in
which ROS are generated by two enzymes: (i) aldose reductase, which
uses NADPH to convert glucose to sorbitol. While this is a minor reaction in normal physiological conditions, 30%–35% of glucose in T2D
conditions can be metabolized in this way [20]. During sorbitol overproduction, NADPH availability is reduced, as is the regeneration of
glutathione and nitric oxide synthase (NOS) activity, all of which leads
to oxidative stress [20]; and (ii) sorbitol dehydrogenase, which oxidizes
sorbitol to generate fructose concomitant with NADH overproduction,
which is used by NADH oxidases to increase O2.- production.
In clinical settings, it is very difficult to evaluate changes in ROS and
reactive nitrogen species (RNS) levels, because these molecules have a
very short half-life within cells and tissues. Therefore, other techniques
have been employed to assess redox status in patients that usually involve the evaluation of stable oxidative stress by-products in the blood
[21]. Lipid peroxidation is a typical parameter with which to evaluate
the redox state of T2D; it can be assessed by measuring malondialdehyde (MDA), thiobarbituric acid reactive substances (TBARS)
or 8-isoprostane (8-Isp) [22]. 8-Isp can also be generated by other reactive molecules, such as 4-hydroxynonenal (4-HNE), an aldehyde
2
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Specifically, statins, widely employed lipid-lowering agents, have attracted interest, with both in vitro and in vivo studies providing evidence
of their antioxidant properties. Atorvastatin decreases O2.- production
in human endothelial cells exposed to high glucose, and also protects
these cells from H2O2-mediated damage [44]. In human studies, statins
have been shown to protect lymphocytic DNA from oxidative damage,
decrease plasma concentrations of oxidized-LDL and protein-bound
tyrosines, diminish urinary F2-isoprostanes, and increase concentrations of the antioxidant enzyme superoxide dismutase (SOD) in erythrocytes [45]. On the other hand, there are controversies regarding the
effect of statins on plasma tocopherols (vitamin E). For example, a
retrospective study found that metabolic syndrome patients on statin
therapy (simvastatin or atorvastatin) for 6 months or more had significantly higher concentrations of plasma vitamin E and lower concentrations of plasma 8-OHdG compared to metabolic syndrome subjects not treated with statins [46]. The statin-treated group had similar
plasma vitamin E and 8-OHdG concentrations to the healthy control
group. In another study, 12-week treatment of hyper-cholesterolemic
subjects on simvastatin had no effect on their serum ascorbic acid levels, but did decrease serum α-tocopherol by 16.2% and β-carotene by
19.5% [47].

review has revealed the implication of novel aspects of mitochondrial
biology in the progression of disease, such as mtDNA heteroplasmy,
actions of non-coding RNA (ncRNA), epigenetic modifications of the
mitochondrial genome, and epitranscriptomic regulation of the mtDNAencoded transcriptome [57]. Indeed, there is growing interest in identifying genes and processes that can trigger IR, beyond defects in the
insulin signalling cascade itself. For example [58], identified 286 genes
that are associated simultaneously with insulin signalling and mitochondrial genes, and which, therefore, may act as a molecular bridge
between the two systems. Two strong candidates were highlighted TRAF2 and NFKB1- and their connections to insulin genes and mitochondrial genes were verified based on published literature. TRAF2 is
reported to be connected to the insulin genes MAP3K1 (MEKK1) and
CAV1 (caveolin 1), and to the mitochondrial genes MAP3K5 (ASK1) and
CASP8 (caspase-8). A possible connection to mTOR has also been proposed [58].
Under conditions which induce oxidative stress, different antioxidant systems, such as SOD and catalase, are activated to counteract
ROS production and inhibit the formation of AGE products or the activation of one of the key transcription factors related to inflammation,
nuclear factor kappa B (NF-κB) [59], thus combating the chronic
proinflammatory state and oxidative stress, both which are hallmarks of
diabetes. These effects can activate important cellular metabolic and
energetic mediators such as sirtuins (SIRT1 and 3), PGC-1α or AMPK
(AMP-activated protein kinase), therefore modulating and restoring
mitochondrial function in cells (including β-cells) and tissues such as
adipose tissue, liver and muscle, thereby preventing the development of
CVD [60]. In summary, mitochondrial function depends on different
factors, including OXPHOS and mitochondrial dynamics, and mitochondrial impairment plays a critical role in the development of T2D
and IR-related conditions such as CVD (Fig. 1).

1.2. Type 2 diabetes and mitochondrial dysfunction
A vast body of evidence accumulated over recent decades has shown
that mitochondria play a critical role in the pathophysiology of T2D.
ROS production is directly related to mitochondrial dysfunction and IR
[5], but how and why mitochondria generate more ROS in diabetes is a
fundamental question that still needs answering.
Hyperglycaemia and hyperlipidemia enhance glucose and lipid
catabolism, leading to increased production of NADH and FADH2,
which are used by the mitochondrial electron transport chain (ETC) to
generate ATP [48]. This overproduction of NADH can cause higher
proton gradient production in mitochondria, with the surplus electrons
being transferred to O2 to produce O2.- [49]. Importantly, the NADH
dehydrogenase of the complex I ubiquinone oxidoreductase and complex III cytochrome c reductase are the two main sites of O2.- production
via the ETC [3]. Mitochondria are among the different sources of ROS
that can contribute to ROS-induced phosphorylation of IRS-1 and impair insulin signalling [50]. In this sense, using uncouplers or inhibiting
NADPH oxidase can enhance glucose metabolism and insulin signalling
[51]. In fact, it has been shown that ROS - both total and mitochondrial
- can promote damage in the ETC, mainly at complex I [52], and hyperglycaemia is known to induce metabolic changes in β-cells that
markedly reduce mitochondrial metabolism and ATP synthesis [53].
Mitochondrial impairment, mitochondrial ROS production and
oxidative stress are inter-related. Low levels of ROS can activate signalling pathways to initiate biological processes, while high levels of
ROS can damage DNA, protein and lipids and aggravate the inflammatory process by enhancing IκKβ activation [54]. Furthermore,
studies in humans and animal models have provided evidence of impaired oxidative phosphorylation (OXPHOS) in muscle mitochondria
under conditions of IR. For example [55], studied mitochondria isolated
from human muscle biopsies from T2D, obese, and lean individuals,
demonstrating a reduction in both NADH oxidoreductase and citrate
synthase activity in the mitochondria of diabetic and obese subjects
compared to lean subjects [55]. Moreover, decreased mRNA expression
of several genes associated with OXPHOS has been described in diabetic
patients, including genes regulated by PGC-1α (peroxisome proliferator-activated receptor gamma coactivator 1-alpha) and nuclear
respiratory factors [56]. This has been observed not only in subjects
with T2D, but also in their first-degree relatives.
Mitochondria are known to be susceptible to a variety of genetic and
environmental insults; the accumulation of mtDNA mutations and
mtDNA copy number depletion can help to understand the prevalence
of mitochondria-related diseases such as T2D. In this sense, a recent

1.3. Type 2 diabetes and cardiovascular disease
T2D is a complex and multi-systemic condition that impairs different organs through multiple mechanisms. In relation to diabetesrelated oxidative/nitrosative stress, it is important to note that ROS and
RNS have major functional and dysfunctional roles at the cellular level,
particularly in tissues such as pancreatic islets, adipose, muscle and
liver, which exacerbates T2D. In this way, T2D patients are also at risk
of developing a variety of other diseases related to circulation and
metabolism, including retinopathy, neuropathy, nephropathy, vascular
diseases and cardiomyopathy [23].
In this sense, CVD is one of the main contributors to mortality and
morbidity among T2D patients [61,62]. The endothelium is a glycolytic
tissue, but under hyperglycaemic conditions, glucose can be shunted to
other locations, leading to the generation of AGEs or activation of the
polyol pathway [63]. Activation of PKCβ1/2 activation via diacylglycerol can alter different proteins in the altering hemodynamics, vascular permeability, vascular endothelium growth factor (VEGF) production and redox signaling in the vessels [64]. AGEs are related to the
atherosclerotic process in T2D, and their levels are associated with the
severity of the disease [65]. Furthermore, binding of AGEs to cell surface receptors that are specific for AGE can activate intracellular redox
signaling. This subsequently triggers the expression of redox-sensitive
transcription factors and inflammatory mediators; for example, the
binding of AGEs to their endothelial receptor, which induces the expression of vascular cell adhesion molecule-1 (VCAM-1) in cultured
human endothelial cells and in diabetic mice [66].
Moreover, it has been described that hyperglycaemia is not only
related to mitochondrial ROS production and oxidative stress, but also
affects autophagy and produces endoplasmic reticulum stress [67],
both of which play an important role in the development of vascular
disease and endothelial impairment [68,69,61] (Fig. 1). Alterations in
endothelial function determined by an increase in the release of adhesion molecules such as sICAM-1 (soluble intercellular adhesion
3
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Fig. 1. Pathophysiological mechanisms of Type 2
Diabetes Mellitus (T2D). The onset of T2D and its
complications can lead to an imbalance in cellular
homeostasis such as enhanced oxidative stress levels
due to an increase in ROS production and a decrease
in levels of antioxidant defenses. This can promote
ER stress, which activates the UPR (unfolded protein
response) on the one hand and can increase autophagy on the other hand. CVD, cardiovascular disease;
ER, endoplasmic reticulum; ROS, reactive oxygen
species.

Metformin is absorbed by enterocytes through the plasma monoamine
transporter (PMAT) and organic cation transporter 3 (OCT3) on the
apical membrane, and leaves the enterocytes to enter the portal vein via
OCT1 on the basolateral membrane. It accumulates significantly in the
intestines, liver, kidneys and bladder, is excreted unchanged in urine,
and does not produce metabolites. Metformin's side effects are mainly
gastrointestinal disturbances, including abdominal pain, nausea, diarrhoea and vomiting, which occur in 20%–30% of patients. Very rarely,
metformin causes lactic acidosis, and the mortality risk is < 1.5/
100,000 patients per year.
Despite vast clinical experience, the mechanism of action of metformin is still not fully understood. In comparison with other drugs,
metformin is given at large doses, in the range of 2 g per day, suggesting
that the effect may not be a result of the drug's interaction with a
specific protein target, but rather due to multiple mechanisms.
Abundant evidence obtained in clinical studies and animal models
suggests that the primary function of metformin in the regulation of
glucose homeostasis; specifically, the inhibition of liver glucose production through downregulation of hepatic gluconeogenesis and glycogenolysis [88,89]. Several mechanisms have been proposed to explain this inhibitory action on hepatic gluconeogenesis, including
changes in enzyme activity [90,91], such as the inhibition of gluconeogenic enzymes in mitochondria, a reduction in hepatic uptake of
gluconeogenic substrates [92], and antagonism of the glucagon signalling pathway [93]. The preferential action of metformin on hepatocytes has been related to the predominantly hepatic expression of
OCT1 and OCT3, the carriers that facilitate cellular uptake of metformin [94]. Consistent with this, more metformin is accumulated in
the liver than in other tissues (2–5 times that of plasma) [95,96,97,94],
reaching hundreds of μM in the periportal area. Metformin is also an
insulin sensitizer, as it improves insulin sensitivity, thus enhancing
peripheral glucose uptake, mainly in the skeletal muscle, and significantly reducing fasting insulin levels in plasma. The improvement in
insulin sensitivity by metformin can be ascribed to its effects on insulin

molecule-1) and sVCAM-1 are key indicators of the development of the
atherosclerotic process and, eventually, CVD [70].
1.4. Metformin: pharmacological characteristics, clinical use and actions
Metformin is one of the most used medications in the world, and is
currently prescribed to nearly 150 million people. It has been recommended as first-line oral therapy for T2D by both the American
Diabetes Association (ADA) and the European Association for the Study
of Diabetes (EASD) since 2009, due to its ability to lower blood glucose
in a safe and effective manner and to its affordable price (it is available
as a generic since 2002). Despite its presence on the market for six
decades now, this compound continues to intrigue researchers, especially due to mounting evidence of its effectiveness in other metabolic
pathologies, such as obesity, PCOS [71], CVD [72], non-alcoholic fatty
liver disease [73], premature puberty [74], kidney disease [75], T1D
[11,76], cancer [77,78] and neurodegenerative diseases [79]. There is a
growing body of evidence showing that metformin can increase healthy
lifespan in vivo in nematodes [80,81] and mice [82,83]. Metformin
originates from galegine, an isoprenyl derivative of guanidine found in
the perennial herb Galega officinalis, known as goat's rue, French lilac,
or Italian fitch, used in popular medicine in Europe during the Middle
Ages. Galegine was tested as a glucose-lowering agent in humans in the
1920s, but was found to be too toxic and limited by its short half-life
and hypoglycaemic lethality at high doses [84,85]. A synthetic derivative of galegine – metformin – was then synthesized and shown to be
effective, but it was not until 1957 that it was introduced as “Glucophage” (coined by Sterne) to treat diabetes [84,86]. The FDA approved it for the treatment of T2D in 1994, after 20 years of use in
Europe. The bioavailability of oral immediate-release metformin in
humans is approximately 70%, reaching plasma concentrations of
40–70 μM in the portal vein and 8–24 μM in the systemic circulation.
For example, after a single 1.5 g dose, plasma concentration peaks at
18 μM at 3 h, and the mean plasma half-life is approximately 20 h [87].
4
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Fig. 2. Molecular mechanisms of the mitochondrial action of metformin. Metformin exerts mild, transient and specific inhibition of complex I (NADH:ubiquinone
oxidoreductase) of the respiratory chain, which leads to a change in both AMP/ATP ratio and NAD+/NADH ratio, effects that lead to downregulation of gluconeogenesis. Metformin also acts as a non-competitive inhibitor of mitochondrial glycerol 3-phosphate dehydrogenase (mGPD), and this inhibition of the glycerolphosphate shuttle can result in impaired respiration, a reduced cytoplasmic NAD+/NADH ratio and undermined glucose production through gluconeogenesis. AMPK,
AMP-activated protein kinase; NAMPT, nicotinamide phosphoribosyltransferase.

receptor expression and tyrosine kinase activity. In contrast to other
antidiabetic drugs, metformin does not stimulate endogenous insulin
production; therefore, it is not generally associated with a risk of hypoglycaemia [98] and, importantly, exerts a positive or neutral effect
on body weight. Furthermore, an important contribution to antihyperglycaemic efficacy and other beneficial metabolic actions of
metformin arise from its modulation of the incretin axis. In this regard,
within the gut, metformin has been shown to increase the secretion of
glucagon-like peptide 1 (GLP-1), a glucose-lowering gut incretin hormone that is secreted in response to food ingestion and normalizes
postprandial glycaemia by stimulating glucose-dependent secretion of
insulin and inhibiting glucagon release from the pancreas [99]. Related
to this gut-mediated mechanism of metformin action, a gut–brain–liver
crosstalk has been identified in rats linking intestinal metformin exposure to the suppression of hepatic glucose production via the nucleus
tractus solitarius and nervus vagus efferents through AMPK and GLP-1
receptor activation [100]. Furthermore, the glucose-lowering effect of
metformin has also been linked to its interaction with gut microbiota,
leading to a rescue from dysbiosis associated with T2D, possibly
through the regulation of metal homeostasis [101]. In line with this, a
very recent landmark study on drug-nutrient-microbe interactions has
revealed that gut microbes integrate cues from treatment with metformin and diet through the phosphotransferase signaling pathway that
converges on the bacterial transcriptional regulators Crp and ArgR
[102].
Metformin is widely regarded as a drug with pleiotropic effects. The
number of effects and mechanisms involved in its hepatic and extrahepatic response is constantly growing. Apart from its action on specific
targets of the metabolism, it also increases antioxidant protection and
regulates cell death processes [79,77]. Metformin favourably influences
various metabolic and cellular processes, such as autophagy [103,104]
and cellular senescence [105,106], which are closely linked to the development of age-related conditions. Metformin has also been shown to

have direct effects on inflammation [107]; it acts on NF-κB signalling
and differentiation of monocytes into macrophages [108] and is able to
suppress several inflammatory cytokines in the plasma of non-diabetic
individuals [109].
1.5. Molecular mechanisms involved in the actions of metformin
While it is clear that metformin's primary action is the suppression
of hepatic glucose production, its secondary mechanisms are a subject
of controversy, with various targets and signalling pathways having
been proposed. The variety of actions and discrepancies described in
the literature is probably due to the prolonged use of metformin at
supratherapeutic doses/concentrations in animal and in vitro studies,
which has somewhat obscured the physiological and clinical relevance
of the reported findings. Moreover, cell and tissue responses are not
only a product of dose, but also of treatment duration, and studies vary
considerably in this respect. An additional factor is that many studies
have been performed with phenformin, an analogue of metformin that
was popular in the 1960s, but which was withdrawn in the early 1970s
due to its capacity to cause lactic acidosis and increased cardiac mortality. Phenformin's actions are similar to those induced by metformin;
however, it displays several characteristics that are not shared. For
example, it shows greater lipid solubility than metformin, but is a better
substrate of OCT, including OCTN1, which is located in the inner mitochondrial membrane (IMM). It is also a more effective inhibitor of
complex I of the ETC, and thus about 20 times more likely to cause
lactic acidosis in humans, which is the reason for its prohibition for
human use in most countries.
1.5.1. Metformin and gluconeogenesis
A vast body of evidence supports the idea that the major mechanism
of the hepatic effect of metformin occurs via or originates from its
mitochondrial action (Fig. 2). Metformin-mediated ETC complex I
5
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inhibition (revised below) suppresses ATP production, which leads to
an increase in cellular AMP and ADP levels and alters the AMP/ATP
ratio. In fact, even modest decreases in ATP production can result in
relative increases in AMP or ADP. An elevated AMP/ATP ratio triggers
the activation of AMPK, the main bioenergetic sensor in eukaryotic
cells, which promotes catabolic reactions that generate more ATP and
inhibit energy-consuming anabolic pathways, including gluconeogenesis. Low intracellular energy levels can also suppress gluconeogenesis
without lowering gluconeogenic enzyme expression; this can occur
through the activation of the competing pathway of hepatic glycolysis,
but whether this is the case for metformin is unclear. Alternatively,
AMP can participate in the acute inhibition of gluconeogenesis via allosteric regulation of key enzymes in this pathway; e.g., AMP synergizes
with fructose 2,6-bisphosphate to stimulate phosphofructokinase and
inhibit fructose-1,6-bisphosphatase. The role of bioenergetic stress as
the underlying mechanism of metformin's actions has also been challenged, as some studies have failed to detect any changes in the cellular
ADP/ATP ratio after metformin treatment, while others have found that
metformin suppresses glucose production in primary hepatocytes
without altering either ATP levels or the AMP/ATP ratio [110]. Another
signalling pathway that metformin may interfere with is the generation
of cAMP, as increased AMP levels inhibit adenylyl cyclase [93]. However, the fact that this is achieved with high, probably suprapharmacological concentrations of metformin, together with metformin's
ability to inhibit glucose production stimulated by dibutyryl-cAMP, a
hydrolysis-resistant cAMP analog [110,111], challenges the cAMP hypothesis concerning the clinical action of metformin. On the other
hand, lowering cAMP levels blocks the cAMP-PKA pathway. In a selfamplifying loop, this pathway may exert a negative effect on AMPK
activation, as PKA phosphorylates the AMPKα subunit at S173, S485
and S497, reducing T172 phosphorylation and AMPK activity.

the abundant bibliography that support the implication of AMPK, there
is still controversy surrounding the absolute requirement of AMPK for
metformin-induced suppression of glucose production [111], with the
number of reports of the AMPK-independent actions of metformin increasing over the years [87].
1.5.3. Inhibition of mTORC1
The other major pathway affected by metformin is the mTORC1
pathway. The mTORC1 complex is the master regulator of protein
synthesis through its main downstream target, S6 kinase, which initiates translation and protein synthesis. mTORC1 activation requires
Rheb (Ras homolog enriched in the brain) which becomes active when
bound to GTP and inactive when bound to GDP. Under starvation
conditions, mTORC1 is negatively regulated by tuberous sclerosis
complex 2 (TSC2), a GTP exchange factor for Rheb and a direct target of
AMPK. There is evidence that metformin inhibits the mTORC1 complex
in both AMPK-dependent and -independent manners [111,117]. AMPKdependent mechanisms involve the activation of AMPK, which activates
TSC2, the negative regulator of mTORC1. Additionally, AMPK can directly phosphorylate Raptor, a subunit of mTORC1, thus inhibiting
mTORC1 activity. However, the AMPK-independent mechanism is less
clear, and one of the actions to have been proposed involves localization of the mTORC1 complex in late endosomes/lysosomes. This is
supported by the fact that metformin interacts with organelle Na+/H+
exchangers (eNHE) and the V type ATPase (VATPase) at the late endosome/lysosome [118].
1.6. Metformin and mitochondria
Many of the hepatic effects of metformin have been explained by its
interference with mitochondria. As gluconeogenesis is an energy-intensive programme, these organelles are fundamental in providing the
necessary ATP. The most intensively studied mitochondrial action of
metformin is the mild, transient and specific inhibition of complex I
(NADH:ubiquinone oxidoreductase) of the respiratory chain, which was
first discovered in 2000 [119] and has since been demonstrated by
numerous studies (for a detailed list see the comprehensive review by
Fontaine [120]). Incubation of isolated mitochondria with mM concentrations of metformin leads to a fast (within a few minutes) inhibition of complex I. The major criticism of the authenticity of this
mechanism has been the requirement of high extracellular concentrations (mM) for these rapid effects to be observed. Other consequences of
the respiratory chain inhibition besides ATP production, such as
changes in the NAD+/NADH ratio, may also contribute to the effects of
metformin on gluconeogenesis [119]. When complex I is inhibited,
electrons from NADH cannot be transferred to molecular oxygen
(electron acceptor) to form water and regenerate NAD+. The mechanism by which metformin affects the activity of complex I is still
largely debated. One notion is that it occurs differently to that of the
reference complex I inhibitor rotenone. The inhibitory action of metformin is milder, and it significantly reduces mitochondrial ROS production by selective inhibition of the reverse electron flow through
complex I, whereas rotenone triggers ROS production by increasing
forward electron flow. Although the metformin binding site at complex
I is not yet determined, it seems that it inhibits a rate-limiting step
coupled to ubiquinone reduction. While some suggest that it does not
competitively bind to the ubiquinone-binding site in complex I [121],
others point to the 49 kDa subunit containing the ubiquinone binding
site on the matrix side as the location of guanidine binding [122]. Some
of the discrepancies regarding metformin's interference with complex I
arise from the use of different models; i.e., intact cells, isolated mitochondria, isolated complex I, perfused organ or live animal. Despite
the considerable amount of published evidence of metformin's interference with complex I, the extent to which this is physiologically relevant is still unclear. Some studies suggest that complex I is only affected by high, supratherapeutic concentrations of metformin [123].

1.5.2. Activation of AMPK
Numerous studies have shown that metformin activates AMPK, but
how exactly this occurs is still to be determined. Apart from triggering
the activation of AMPK through the energetic dysbalance (increased
AMP/ATP ratio), metformin has been reported to activate AMPK by
increasing phosphorylation of the AMPK catalytic α subunit at Thr172
in primary hepatocytes [112]. At least a part of this response is mediated through the serine/threonine kinase LKB1, the upstream kinase for
AMPKα phosphorylation at Thr172 [113]. As the activity of LKB1 is
constitutive, it is possible that metformin mediates AMPK activation by
promoting the binding of LKB to AMPK. AMPK activation results in
inhibition of gluconeogenesis, an anabolic process mainly regulated
through cAMP response element-binding (CREB) co-activator complex,
a pivotal regulator of hepatic glucose output, by directing transcriptional activation of the gluconeogenic genes, especially phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-phosphatase
(G6Pase). The effect of metformin in this regard is extremely complex
and occurs at multiple levels. AMPK activation results in phosphorylation of CREB-binding protein (CBP) at Ser436, which leads to disassembly of the CREB co-activator complex and the subsequent inhibition of gluconeogenic gene expression [114]. It also promotes the
phosphorylation (Ser171) and nuclear exclusion (inactivation) of the
transcriptional coactivator CREB-regulated transcription coactivator 2
(CRTC2), otherwise referred to as TORC2 [113]. An alternative mechanism for the inhibitory action of metformin on CRTC2-mediated
gluconeogenesis involves deacetylation of CRTC2 by the NAD+-dependent protein deacetylase sirtuin 1 (SIRT1) through AMPK-mediated
induction of nicotinamide phosphoribosyltransferase (NAMPT), the
rate-limiting enzyme for NAD+ biosynthesis [115]. Metformin-activated AMPK has also been shown to mediate upregulation of the orphan
nuclear receptor small heterodimer partner (SHP), which operates as a
transcriptional repressor, as it inhibits CREB-dependent hepatic gluconeogenic gene expression via direct interaction with CREB and competition with CRTC2 binding in the CREB-CBP complex [116]. Despite
6

Redox Biology 34 (2020) 101517

N. Apostolova, et al.

Another aspect of debate is the capacity of metformin to enter and
accumulate inside mitochondria, which is related to its peculiar physicochemical characteristics. As a biguanide, it is a hydrophilic compound charged positively at a physiological pH. Due to its hydrophilicity, its permeability through lipid membranes is limited, and
transport of metformin in and out of cells (particularly liver, small intestine and kidney) is possible through several transporters, including
OCTs and multidrug and toxin extrusion (MATE) transporters [124],
whose genomic variations in humans affect pharmacokinetics and
metformin concentration in tissues [125]. However, among the numerous mitochondrial carriers recognized, none has yet been identified
specifically for metformin in the IMM. In addition, its apolar hydrocarbon side-chain is likely to promote its binding to hydrophobic
structures, such as the constitutive phospholipids of mitochondrial
membranes. Some studies have shown that metformin accumulates
inside mitochondria, reaching concentrations up to 1,000-fold higher
than in the extracellular medium; this is a result of metformin's positive
charge, which enables the molecule to enter mitochondria using the
IMM potential [121,126,127]. If metformin does accumulate within
mitochondria, it is comprehensible that high (millimolar) concentrations of the drug are necessary to inhibit complex I in isolated mitochondria, while, when used at a therapeutic dose, the plasma metformin concentration remains in the micromolar range in both humans
and animals [125,128,97]. However, metformin's accumulation in mitochondria has been challenged more than once. Firstly, drugs that are
extensively sequestered in cells and, thus, in organellae have a very
large apparent volume of distribution and a prolonged half-life in vivo,
which is not the case of metformin, whose volume of distribution is
1.12 ± 0.08 L/kg [129], with a half-life of 1.74–7.3 h [129,97,94].
Secondly, the accumulation of numerous positive charges in the matrix,
compensated by proton extrusion by the respiratory chain, should lead
to a collapse of mitochondrial membrane potential; however, metformin does not depolarize isolated mitochondria [130]. Lastly, assuming that the total mitochondrial volume represents approximately
20% of the total cellular volume of hepatocytes, a 1,000-fold accumulation of metformin inside mitochondria would represent approximately a 200-fold accumulation in the liver (without accounting for its
accumulation in the cytosol), which is 2 times higher than that reported
by more than one study [96,97,94].
The mitochondrial interference of metformin seems to occur beyond
ETC complex I. It has been suggested that direct binding of metformin
to mitochondrial copper ions accounts for the metabolic effects of the
drug [131]. Metformin also acts as a non-competitive inhibitor of mitochondrial glycerol 3-phosphate dehydrogenase (GPD2) (Fig. 2), as
shown with the purified enzyme of different species. This inhibition of
the glycerol-phosphate shuttle would result in impaired respiration, a
reduced cytoplasmic NAD+/NADH ratio and undermined glucose production from both glycerol and lactate [123], which endorses the hypothesis that a change in cellular redox potential, rather than energy
charge, underlies metformin's mechanism of action. GPD2 resides on
the outer surface of the IMM, and, despite having no known transmembrane domain, it oxidizes glycerol 3-phosphate to produce dihydroxyacetone phosphate. Of note, GPD2′s location allows metformin to
bind to it without having to pass through the IMM. However, several
questions about this mechanism have been raised, which calls for a
more profound analysis of its physiological relevance [132]. Firstly, the
glycerophosphate shuttle is quantitatively much less important in hepatocytes than the malate-asparate shuttle, and contributes very little to
ATP production (~0.5%). Secondly, lactate-driven gluconeogenesis
may be unaffected, since the NADH produced by lactate-to-pyruvate
conversion will be consumed by GAPDH in the gluconeogenic pathway.
Also, if lactate and glycerol transformation to glucose in the liver are
impaired, these metabolites should accumulate in the plasma; however,
this does not seem to occur in metformin-treated T2D patients. Another
argument against GPD2 as the primary target of metformin is the fact
that GPD2 knockout mice have slightly lower fasting blood glucose

levels than control animals [133].
1.7. Metformin as a promoter of antioxidant actions
Substantial and varied evidence shows that metformin exerts antioxidant effects. This has not been demonstrated purely in the field of
diabetes, but also in various pathophysiological settings unrelated to
diabetes, both in vivo and in vitro; e.g. liver damage induced by chemicals or bile duct ligation, global cerebral ischaemia or ischaemia/
reperfusion, Parkinson's disease and sepsis-induced organ failure,
among others [134,135,136]. Given that the antioxidant activity of
metformin per se is minor, it is important to address which molecular
mechanisms are responsible for its antioxidant actions. While multiple
reports provide evidence that markers of oxidative stress unequivocally
decrease in metformin-treated patients and animals, how exactly metformin promotes its antioxidants effects independently of its metabolic
and hypoglycaemic actions remains a mystery. In one recent study that
employed a rat model of arsenic-induced diabetes, metformin reversed
oxidative stress in rat pancreas mitochondria via a Sirt3-dependent
pathway [137]. Moreover, both in diabetic rats [138] and newly diagnosed diabetic patients [139] metformin has been shown to restore
the activity of PON1 (paraoxonase 1), an antioxidant that circulates in
association with HDL and hydrolyzes lipid peroxides within lipoproteins, mainly LDL. On a cellular level, it has been described that metformin reduces intracellular ROS levels by upregulating expression of
the antioxidant protein thioredoxin via the AMPK-FOXO3 pathway, as
observed in primary human aortic endothelial cells exposed to palmitic
acid [140]. In rats exposed to the prooxidant rotenone, metformin cotreatment was found to block ROS production and maintain redox
homeostasis by improving the function of antioxidant machinery and
transporter proteins, thus reducing the osmotic fragility of erythrocytes
[141]. Several studies employing very different experimental models
have proven the capacity of metformin to downregulate NADPH oxidase, one of the major producers of cellular ROS [142,143,144,145].
Altogether, it seems that metformin exerts its role as an antioxidant
through several mechanisms, including: 1) the direct trapping of hydroxyl radicals, though this is thought to be a minor and insignificant
action [146]; 2) (more likely) by enhancing the endogenous antioxidant
system, including the activity of antioxidant enzymes such as glutathione reductase, catalase and superoxide dismutase, or GSH content;
and 3) by downregulating NADPH oxidase.
1.8. Metformin and leukocyte-endothelium interactions
Endothelial dysfunction and atherosclerosis have been related to
T2D. In the early stages of atherosclerosis, activated leukocytes roll
along the wall of these activated vessels, adhering to it and eventually
transmigrating to the inflammatory focus. During this process, endothelial recruitment of leukocytes is mediated by adhesion molecules
that are expressed on either leukocytes or endothelial cells. There are
many adhesion molecules implicated in the atherogenic process, including VCAM-1, ICAM-1 and selectins [147].
As mentioned before, metformin has been widely used in the
treatment of T2D due to its glucose-lowering properties. In addition, it
exerts anti-inflammatory and antioxidant effects in T2D patients [148].
Its anti-inflammatory effects and protective actions in CVDs are mediated by multiple mechanisms (Fig. 3), including improvement of endothelial function in patients with IR - not only T2D patients, but also
patients with metabolic syndrome [15]. In addition, multiple studies
have highlighted the importance of hyperglycaemia and IR in exacerbated ROS production by leukocytes, decrease of antioxidant content, increase of proinflammatory cytokines, and a high incidence of
leukocyte-endothelium interactions [149,150].
Metformin has demonstrated beneficial effects in redox balance in
different studies, such as that by Ref. [151]; which reported that metformin-treated T2D patients exhibited decreased mitochondrial ROS
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Fig. 3. Beneficial effects of metformin on cardiovascular system. Metformin inhibits lipogenesis by downregulation of sterol regulatory element-binding protein
(SREBP) expression and activity; it confers protection from lipoapoptosis by alleviating ER stress; it ameliorates cardiovascular system function by preventing
abnormal vascular smooth muscle cell (VSMCs) proliferation and migration and by increasing AMPK signalling and nitric oxide (NO) production in endothelial
vascular cells. Metformin ameliorates tissue insulin sensitivity, which leads to a decrease in glucose serum levels and inhibits NF-κB pathway signalling, thus
diminishing inflammation; it prevents the conversion of monocytes into macrophages; it increases ATP cassette transporter type 1 (ABCA-1) activity, promoting the
export of cholesterol from lipid-rich macrophages and ameliorating high-density lipoprotein cholesterol (HDL-c) function, thus reducing leukocyte-endothelium
interactions and atherosclerotic risk.

muscle SIRT3 and AMPK. SIRT3 is an NAD+-dependent deacetylase
specifically located in the mitochondria that, when overexpressed, reduces ROS production in several tissues. Of note, metformin has been
shown to enhance the mRNA expression of SIRT3, while increased
SIRT3 activity leads to a reduction of mitochondrial ROS levels. In
addition, it seems the drug increases the expression of Gpx1, thus
protecting leukocytes against oxidative stress and hyperglycaemia
through a reduction of hydroperoxides. Metformin has also been shown
to protect the endothelium by improving endothelium-dependent vascular responses [15]. Mather et al. provided the first in vivo evidence
that, compared to a placebo, 12-week metformin therapy significantly
improved acetylcholine-stimulated, endothelium-dependent vasodilation in T2D patients. The authors proposed mechanisms for metformin's
beneficial effects (other than glucose-lowering), including a reduction
of IR, antioxidant effects, favorable effects on lipids and free fatty acids,
and direct vasodilatory effects.
Metformin can also modulate the impact of hyperglycaemia on
endothelial function in aortic tissue and microvascular endothelial cells
by increasing phosphorylation of eNOS and Akt [155]. In line with this,
one report demonstrated that metformin exerts its protective cardiovascular effect by reducing the activity of poly (ADP-ribose) polymerase
1 (PARP1) via the AMPK-PARP1 cascade in vascular endothelial cells,

production, an increase in different antioxidant mRNA levels, including
those of Gpx1 and SIRT3, and a decrease in leukocyte-endothelium
interactions, as well as lower levels of ICAM-1 and P-selectin with respect to non-metformin-treated T2D patients. Metformin has also demonstrated beneficial effects on cholesterol metabolism in diabetic
patients, such as HDL and LDL lipoprotein subfractions, by decreasing
the risk of atherogenesis and reducing LDL levels [152]. It is widely
accepted that oxidative stress and the atherosclerotic process are related to leukocyte recruitment to the arterial wall, processes that contribute to the development of vascular diseases. These results are in line
with those of other studies showing that metformin exerts antioxidant
effects by decreasing ROS from different sources, including mitochondria and NADPH oxidase in aortic endothelial cells [153]. Furthermore,
metformin has beneficial effects by modulating ROS production by
mitochondrial complex I, improving mitochondrial function and vascular homeostasis. Moreover, one study has demonstrated that metformin modulates the expression of the deacetylase SIRT3, whose activity promotes antioxidant effects in the cell and normalizes
pulmonary hypertension associated with heart failure involving preserved ejection fraction [154]. In the study in question, injection of
metformin reduced pulmonary pressure and vascular remodelling in a
rat model of metabolic syndrome with a high activation of skeletal
8
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diabetic and hypertensive rodent models, and AMPKα2-knockout mice
[156]. All of these features suggest that metformin has beneficial effects
by preventing the atherosclerotic process and, consequently, CVD.
In leukocyte-endothelium interactions, a key role is played by soluble adhesion molecules, including ICAM-1, E-selectin and VCAM-1,
which are expressed by endothelial cells and/or leukocytes in response
to inflammation. These molecules are key markers of endothelial activation, as they play an important role in the recruitment of leukocytes
to the site of inflammation. Moreover, it has been demonstrated that
impaired endothelial activation is related to increased susceptibility to
infection and, therefore, morbidity. Of note, several studies have described increased levels of adhesion molecules and proinflammatory
cytokines in T2D patients [157,158], and it has been suggested that the
beneficial effects of metformin on oxidative stress, mitochondrial
function, endothelial function, and leukocyte-endothelium interactions
may be key to preventing the vascular damage and development of an
atherogenic process in T2D [159,160]. More specifically [160], demonstrated that metformin suppresses diabetes-accelerated atherosclerosis via the inhibition of Drp1-mediated mitochondrial fission in
streptozotocin (STZ)-induced diabetic ApoE-/- mice and in endothelial
cells exposed to high levels of glucose. In summary, metformin is
beneficial in the treatment of diabetes not only due to its hypoglycaemic capacity, but also because of its direct and indirect protective
effects on leukocyte-endothelium.
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