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cardiovascular outcomes with newer classes of antidiabetic therapies. The purpose of

Funding information this review is to summarize the current state of knowledge of metformin's therapeutic
Merck actions on blood glucose and cardiovascular clinical evidence and to consider the
mechanisms that underlie them. The effects of metformin on glycaemia occur mainly
in the liver, but metformin-stimulated glucose disposal by the gut has emerged as an
increasingly import site of action of metformin. Additionally, metformin induces
increased secretion of GLP-1 from intestinal L-cells. Clinical cardiovascular protection
with metformin is supported by three randomized outcomes trials (in newly diagnosed
and late stage insulin-treated type 2 diabetes patients) and a wealth of observational
data. Initial evidence suggests that cotreatment with metformin may enhance the
impact of newer incretin-based therapies on cardiovascular outcomes, an important
observation as metformin can be combined with any other antidiabetic agent. Multi-

ple potential mechanisms support the concept of cardiovascular protection with
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1 | INTRODUCTION

The choice of treatments for type 2 diabetes is wider than ever before,
and several drugs have now been shown to significantly reduce the
risk of major adverse cardiovascular events (MACEs) and/or the risk
of premature mortality in this population. Nevertheless, at the time
of writing, influential diabetes management guidelines continue to
identify metformin as initial antidiabetic pharmacotherapy of choice
(in the absence of contraindications) more than 60 years after its first
therapeutic administration to a person with diabetes.? It is important
to place our knowledge of the actions of metformin within the current
context of increased emphasis on the need to protect the cardiovascu-
lar system in type 2 diabetes. In this review, we provide a concise
snapshot of current knowledge concerning the effects of metformin
on glycaemia and clinical cardiovascular outcomes, together with a
review of the diverse range of proposed mechanisms of action that
underlie such effects.

2 | SEARCH STRATEGY

For this narrative review, we searched PubMed for articles on “metfor-
min” and “cardiovascular,” limited to “randomized controlled trial,” in
order to locate articles describing the effects of metformin on cardio-
vascular outcomes. Additional specific searches (eg, “microbiome”)
were conducted to explore new data on the antihyperglycaemic
mechanisms and potential cardiovascular mechanisms of metformin
to capture latest findings. Review articles and authors' experience pro-
vided additional material.

3 | ANTIHYPERGLYCAEMIC MECHANISMS

3.1 | Systemic actions

The main systemic antihyperglycaemic action of metformin is a reduc-
tion of hepatic glucose production, due to a reduction in gluconeogen-
esis, although some (but not all) studies have identified enhanced
insulin-mediated glucose uptake in muscle during treatment with

metformin (see also Table 1).21° The net result is a clinically significant

metformin beyond those provided by reduced blood glucose, including weight loss,
improvements in haemostatic function, reduced inflammation, and oxidative stress,
and inhibition of key steps in the process of atherosclerosis. Accordingly, metformin
remains well placed to support improvements in cardiovascular outcomes, from diag-
nosis and throughout the course of type 2 diabetes, even in this new age of improved

outcomes in type 2 diabetes.

cardiovascular outcomes, hyperglycaemia, metformin, type 2 diabetes

TABLE 1 Summary of therapeutic mechanisms of metformin
discussed in this review

Glycaemia
Liver—reduction of hepatic glucose production

Activation of AMP kinase secondary to shift in cellular energy
balance due to mild inhibition of mitochondrial respiratory complex |

Functional inhibition of glucagon-induced hepatic gluconeogenesis
due to reduction in cellular cAMP

Muscle—increased glucose uptake

Enhanced action of insulin-induced glucose uptake and disposal in
muscle (probably less important than effects on the liver)

Intestine—increased glucose disposal within the gut wall

Accumulation of metformin in intestinal tissues leads to increased
insulin-independent anaerobic glucose metabolism

Intestine—enhanced GLP-1 secretion
Stimulates glucose-sensitive insulin release in the pancreas
Cardiovascular protection
Weight loss

Mechanism unclear may involve redistribution of fat from central to
less metabolically active visceral depots

Effects on classic cardiovascular risk factors

Modest improvement in lipid parameters (LDL cholesterol and
triglycerides)

Variable effects on blood pressures have been observed.
Improved haemostatic function

Shift toward more efficient fibrinolysis consistent with reduced
tendency to intravascular clot formation

Reduced inflammation/oxidative stress
Reduced formation of free radicals in mitochondria

Enhanced antioxidant defences, direct, insulin-independent
neutralization of key intermediates in the formation of advanced
glycation end products

Direct antiatherogenic effects
Improved endothelial function (in some studies)

Inhibition of conversion of monocytes to macrophages,
reduced invasion of the arterial wall by inflammatory cells, and
reduced lipid uptake by activated macrophages within the
atherosclerotic plaque

Results of clinical studies measuring atherosclerosis have provided
variable results.

Note. See text for references.
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reduction in fasting plasma glucose (FPG) that is similar to that seen
with other agents.!

At a cellular level, in both liver and muscle, the actions of metfor-
min have been associated with activation of the enzyme, AMP kinase
(AMPK), a sensor of energy homoeostasis.!* Activation of AMPK
results in a shift from energy-consuming activities (eg, lipid production
and gluconeogenesis) to energy-sparing/generating activities (eg, glu-
cose uptake and lipid oxidation).2? The activation of AMPK is indirect:
an increase in the ration of AMP and ADP to ATP within the cell, in
turn caused by a mild inhibition by metformin of oxidative phosphory-
lation, particularly respiratory complex 1.13

Most people with type 2 diabetes display a paradoxical increase in
glucagon levels during the postprandial state, rather than the decrease
seen in normoglycaemic individuals.'* Another cellular action
described for metformin is an inhibition of cAMP accumulation, which
leads to reduced activity of adenylate cyclase and a functional inhibi-
tion of the stimulatory effect of glucagon on hepatic glucose produc-
tion.?® Incretin-based therapies and glucagon antagonists (currently
in clinical development for the treatment of type 2 diabetes) improve
glucose homoeostasis at least in part by suppression of glucagon
signalling pathways: this action of metformin may therefore have
important functional significance.**

3.2 | The intestine as a site of action of metformin

3.2.1 | Intestinal disposal of glucose

Observations on increased uptake of metformin into the intestines of
rodents were made first in the early 1990s.2*® More recently, a ran-
domized trial in newly diagnosed type 2 diabetes patients showed that
metformin increased glucose uptake into the intestine by twofold to
threefold (depending on the part of the intestine studied), while
rosiglitazone had limited effect.!’ Experimental data from the same
publication confirmed that the uptake occurred in the mucosal layer,
as described previously.?® A retrospective evaluation of patients who
underwent *8F-fluorodeoxyglucose (FDG) PET-CT scans for diagnostic
purposes also showed that metformin but not insulin or sulphonylurea
increased FDG uptake into all parts of the intestine.?° Finally, a recent
pilot study in 12 people with diabetes or metabolic syndrome showed
that the uptake of metformin into the colon was 150-fold greater than
into the plasma.?* The intestinal uptake of metformin appears to be
mediated by a range of cation transporters (reviewed elsewhere??).
Genetic variations in these proteins have been associated with altered
tissue uptake of metformin, but this effect may be more important for
modulating the gastrointestinal side effects of metformin than altering
its effects on plasma glucose.?2?® Metformin may also alter glucose
uptake into the gut via effects on glucose transporters, including
SGLT1 and GLUT transporters.?42°

Increased intestinal glucose uptake during treatment with
metformin appears to be functionally significant, as it is accompanied
by an increase in anaerobic glucose metabolism, sufficient in magni-
tude to account for a clinically significant proportion of the overall

antihyperglycaemic action of metformin.***8 It has been suggested

that this anaerobic metabolism, which generates relatively little ATP,
effectively amounts to a futile cycle of glucose metabolism that may
contribute to weight loss commonly observed during metformin
treatment.?>2% Conversely, prospective data from nondiabetic sub-
jects showed that uptake of metformin into the gut was not associated
with increased energy expenditure and thus may not contribute to the
weight loss that has been observed during treatment with
metformin.?”

Clinical studies have confirmed that the antihyperglycaemic action
of immediate-release?® or prolonged-release?’ metformin on blood
glucose is dose-dependent but not related clearly to systemic expo-
sure to metformin, as measured by plasma concentration-time
curves.C This is especially so at higher metformin doses, consistent
with a local antihyperglycaemic effect of unabsorbed metformin within
the intestine.*° In addition, metformin is known to accumulate in intes-
tinal tissues after dosing, as described above. These observations are
consistent with a clinically significant antihyperglycaemic action of
metformin in the gut. Finally, a delayed-release formulation of metfor-
min has been developed. This preparation delivers metformin to the
distal intestine, mostly avoiding absorption of the drug, which occurs
in a restricted portion of the upper intestine. Delayed-release metfor-
min has been shown to induce clinically significant effects on blood
glucose and enhanced secretion of incretin peptide hormones, despite

minimal systemic exposure.>?

3.2.2 | Enhanced GLP-1 secretion

A number of studies have demonstrated increased secretion of GLP-1
(including the active form of the peptide), following administration of
metformin to people with or without type 2 diabetes.?3> The
increased GLP-1 secretion may arise in part from reduced glucose
absorption in the gut during metformin treatment, so that more glu-
cose reaches the L-cells in the distal intestine that secrete GLP-1.%¢
Such a mechanism would be consistent with the observed reduction
in SGLT1 activity described above.?> However, clinical observations
of increased GLP-1 secretion with a delayed-release formulation of
metformin (associated with very limited systemic exposure) suggest a
direct action of metformin in the distal exposure unrelated to effects
on glucose.3' One study showed that metformin enhanced GLP-1
secretion induced by bile acids, without an effect of metformin alone
on GLP-1 secretion.®” A synergistic®® or additive®® effect of metformin
coadministered with a DPP4 inhibitor in increasing GLP-1 levels has

also been shown in people with type 2 diabetes.

Importantly, effects of metformin on GLP-1 secretion appear well
maintained, as shown by the 18-month CAMERA study, where
placebo-subtracted total GLP-1 was increased during metformin treat-
ment, by 21% at 6 months, 27% at 12 months, and 19% at 18 months.>?
These changes were independent of changes in glycaemia or weight
and independent of other cardiometabolic confounders.
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3.2.3 | The intestinal microbiome

The gut microbiome contains more than 1000-fold more genes than
the human genome,*® and new research is elucidating its role in health
and disease. Alterations in gut microbiota have been associated with
dysglycaemia, including on people with prediabetes.** Treatment with
type 2 diabetes patients with metformin has been shown to alter the
relative abundance of individual microbial species within the gut, par-
ticularly increasing the number of bacteria that produce short-chain

fatty acids*>%°

or reduce the abundance of bacteria producing
branched amino acids associated with insulin resistance.*® A recent
randomized trial demonstrated altered gut microbiota during metfor-
min treatment of antidiabetic drug-naive type 2 diabetes patients.*”
Interestingly, this study confirmed the effect on microbiota by repro-
ducing the effect in patients switched from placebo to metformin
and confirmed an association with effects on glycaemia by demon-
strating improved glucose tolerance in rodents that received transfers
of faecal samples from patients at baseline and after treatment.
Addition of a commercially available modulator of the microbiome to
metformin (claimed to increase the provision of short-chain fatty acids
by gut bacteria) improved the gastrointestinal tolerability of metformin
in a randomized placebo-controlled trial.*® Experimental data suggest
that alterations to the gut microbiome in rodents by metformin treat-

ment modulate a glucose-sensing glucoregulatory system mediated via

expression of the sodium-glucose transporter, SGLT1, in the upper
intestine.*?

Accordingly, the gut microbiome appears to be an important, if cur-
rently incompletely understood, site of action of metformin. This action
of metformin may be relevant not only to its antihyperglycaemia
effects but also to other pathologies including disorders of the immune

system and cancer.°

4 | CARDIOVASCULAR PROTECTION WITH
METFORMIN

4.1 | Overview of evidence for cardiovascular
protection

Table 2 summarizes details of the three randomized controlled trials
that provide the most important evidence for cardiovascular protec-
tion with metformin.>*>® The principal evidence for cardiovascular
protection by metformin arises from the UK Prospective Diabetes
Study (UKPDS 34).5! In this study, 1704 overweight patients (>120%
ideal body weight) within the overall UKPDS population of 4075
patients were randomized to a diet control intervention (the “conven-

Iu

tional” treatment policy of the time) or to intensive blood glucose con-

trol with metformin, glibenclamide (glyburide), chlorpropamide, or

TABLE 2 Randomized controlled parallel-group cardiovascular outcomes trials that evaluated metformin in populations with type 2 diabetes

|52

Trial UKPDS 34 (main analysis?)°* Kooy et a

Patients Overweight (>120% ideal weight),

newly diagnosed T2D patients

Treatment
allocation

342 randomized to metformin,
411 randomized to diet-based
treatment for median 10.7 y

Key outcomes  RRR vs control for the following:

o Any diabetes-related endpoint
(0.68 [0.53-0.87]; P = .0023)

e MI (0.61 [0.41-0.89]; P = .01)

e Diabetes-related mortality (0.58
[0.37-0.91]; P = .017)

e All-cause mortality (0.64
[0.45-0.91]; P = .011)

Note. Figures in square brackets are 95% ClI.

Insulin-treated T2D (diabetes duration >13 y)

390 randomized to additional metformin
(<2550 mg/d) or placebo for median 4.3 y

Significant benefit for metformin on secondary
macrovascular composite endpoint®
(HR 0.60 [0.40-0.92]; P = .04)

No significant effect on primary composite of
macrovascular + microvascular® endpoints (plus
death by other cause) or on composite of
microvascular endpoints®

Hong et al*®

T2D patients with CAD (history of Ml
or at least 50% stenosis of one
coronary artery)

304 randomized to metformin 1500 mg/d
or glipizide 30 mg/d for median 5y

Significant benefit for metformin on
primary CV composite endpoint:
HR 0.54 [0.30-0.90]; P = .026)

Abbreviations: CAD, coronary artery disease; CV, cardiovascular; HR, hazard ratio; RRR, relative risk reduction; T2D, type 2 diabetes; UKPDS, UK Prospec-

tive Diabetes Study.

2CV benefits persisted after 10 years posttrial follow-up (“legacy” effect; see text).

"The composite macrovascular endpoint contained myocardial infarction®; heart failure®; ECG changes (Minnesota scores 1.1-1.3, 4.1-4.3, 5.1-5.3, and 7.1);
admission for acute coronary syndrom®; admission for diabetic foot®; stroke®; transient ischaemic attack®; peripheral arterial disease on angiography; periph-
eral arterial reconstruction’; coronary revascularisation®; nontraumatic amputationf; sudden death.

“The composite microvascular endpoint contained progression of retinopathy, nephropathy, and neuropathy.

4The composite macrovascular endpoint contained recurrent cardiovascular events, including nonfatal myocardial infarction, nonfatal stroke, arterial revas-

cularization, death from a cardiovascular cause, and death from any cause.

¢Diagnoses documented by appropriately competent physician (cardiologist, internist, surgeon, or neurologist, as appropriate).

Determined by a physician and well documented in the original medical record and in the case record form.



ZILOV ET AL

WILEY—2912

insulin. The comparison between metformin and control included 753
patients. There were clinically and statistically significant reductions
for metformin vs the control treatment for any diabetes-related end-
point (relative risk reduction [RRR] -32%), diabetes-related death
(RRR -42%), myocardial infarction (RRR -39%), and all-cause death
(RRR -36%).>! Observational/epidemiologic follow-up of the UKPDS
10 years after the end of randomized treatment (20 y of treatment
in all) showed that significant benefits persisted in terms of reduced
risk of any diabetes-related endpoint (RRR 21%), myocardial infarction
(RRR 33%), and death from any cause (RRR 27%).54

This main analysis of the study reported 20 years ago,’* yet some
myths about the trial persist.>> For example, some contend that the
evaluation of metformin was conducted in a substudy (eg, in this
article,®® from 2017) but metformin was included within the primary
randomization of the trial, although restricted to overweight
participants. Second, the trial is regarded as small and has been so
described in a transatlantic management guideline for type 2 diabe-
tes.5” This is true, compared with the current generation of outcomes
trials for new antidiabetes agents, which mostly have trial populations
of several thousand patients.> Nevertheless, it is worth noting that,
while the population of 342 patients randomized to metformin is
often cited in this context, the number of patients randomized
increases to 753 when the diet-treated control group is included, as
it should be.>*

Two other prospective randomized trials (Table 2) have also
demonstrated improved cardiovascular outcomes with metformin.
One study randomized 390 insulin-treated type 2 diabetes patients
to additional metformin or placebo for a mean®? of 4.3 years. Here,
the other compared metformin with glipizide on patients with type 2
diabetes and coronary artery disease.>®

Many observational studies have also reported cardiovascular ben-
efits of metformin, and these have been reviewed elsewhere.’®°° Of
note, receipt of metformin vs no metformin has been associated in
observational studies or systematic reviews with reduced risk of
adverse cardiovascular outcomes or death in the primary care set-
ting,60 in cohorts with elevated cardiovascular risk indicated by the
presence of established atherosclerosis,®* coronary heart disease,0%%°
and elevated cardiac biomarkers®* or smoking,®> and in populations

with congestive heart failure (CHF),6%:6¢71

chronic kidney disease
(CKD),°%% or chronic liver disease.®® Analysis of cardiovascular out-
comes trials of dipeptidyl peptidase-4 inhibitors has suggested that
coadministration of metformin may mitigate the observed increase in
the risk of developing CHF associated with the agents (reviewed by

Packer elsewhere”?).

Observational studies also demonstrated improved clinical out-
comes in patients receiving metformin compared with sulphony-

66687378 4carbose,”? or lifestyle intervention®® in people with

lurea,
type 2 diabetes. And metformin also reduced the risk of stroke in
one large database study.®! Post hoc analyses of cardiovascular
outcomes trials with DPP4 inhibitors have also suggested improved
clinical outcomes in metformin- vs nonmetformin-treated patients,?
including in subgroups with CHF or CKD, consistent with the studies

described above.®®

The current transatlantic guideline for the management of type 2
diabetes! notes that a meta-analysis of randomized trials that evaluated
metformin®* did not demonstrate a reduction in cardiovascular disease.
Overall, the results of meta-analyses of the effects of metformin vs
other diabetes medications on clinical outcomes have been conflict-
ing.848 These meta-analyses included mostly short-term studies, while
the cardiovascular benefit for metformin vs the control population in
the UKPDS did not emerge until after several years of treatment.

Finally, metformin did not significantly reduce the incidence of
microvascular complications in the randomized or posttrial phases of
the UKPDS.>*5

4.2 | Mechanisms of metformin proposed to protect
the cardiovascular system

Table 1 provides an overview of mechanisms of action that have
been reported to explain the effects of metformin on glycaemia and
on the cardiovascular system. These mechanisms are explained briefly
below.

4.2.1 | Endothelial function and haemostasis

The vascular endothelium is intimately involved in the regulation of
cardiovascular function, with a central role in regulating vascular tone
and haemostasis. Alterations in haemostasis, such as decreased activ-
ity of tissue plasminogen activator (tPA), cluster with cardiovascular
risk factors associated with the metabolic syndrome and signify an
increased risk of intravascular thrombus. Randomized controlled stud-
ies have demonstrated reduced plasminogen activator inhibitor-1 (PAI-
1) following administration of metformin to people with type 2 diabe-
tes.8792 Other studies have demonstrated potentially beneficial
effects of metformin on other components of the haemostatic system,
such as factors VII and XIIL7%%* It has been suggested that an
overall improvement in thrombolysis may underlie the reduction of
ischaemia-reperfusion injury by metformin in animal models or myo-
cardial infarction and that prospective clinical study of this phenome-
non is warranted.”>?¢

Metformin also reduced the expression of markers of activation
of the endothelium (an early step in atherogenesis)®” and improved
the vascular response to endothelium-dependent vasodilators in
controlled trials in type 2 diabetes patients, suggesting improved vas-
cular function.””?® Not all randomized controlled trials have shown

improvement in endothelial function with metformin however.”?

4.2.2 | Body weight, fat distribution, and other
classical cardiovascular risk factors

Many studies have reported weight loss with metformin, although this
has not been seen reliably in placebo-controlled trials.*°® Also, signifi-
cant weight loss for metformin vs placebo was found to be an impor-
tant factor in reducing the risk of type 2 diabetes in metformin-treated
patients in the Diabetes Prevention Program (where weight loss

accounted for 64% of the overall effect of metformin in preventing
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conversion of impaired glucose tolerance to clinical diabetes).*°!

Recent meta-analyses have demonstrated clinically significant weight
loss with metformin in nondiabetic populations with conditions associ-
ated with weight gain, ie, women with gestational diabetes,'°2 women
with polycystic ovary syndrome,*®® and in people receiving atypical
antipsychotic medications.2®*1%% Decreased food intake has been pro-
posed as the main mechanisms for metformin-associated weight loss,
arising from numerous mechanisms operating in the brain and
periphery.t%®

Regional fat deposition has emerged as an important driver of
cardiovascular risk, with deposition of central (visceral) adiposity
associated strongly with insulin resistance and adverse cardiovascular
risk. Studies reported in abstract form have associated metformin
treatment with redistribution of fat from central to subcutaneous

196 and with a reduction in the thickness of epicardial adipose

depots
tissue in people with type 2 diabetes.*®”

Metformin treatment also modestly improves the lipid profile
where, typically, small reductions in LDL cholesterol and triglycerides
are seen, with little effect on HDL cholesterol.1%811° A meta-analysis
concluded that blood pressure was essentially unaffected by metfor-

min in people with diabetes,**°

although a second meta-analysis
demonstrated an average reduction in systolic blood pressure of about
2 mmHg, with larger effects seen in subjects with impaired glucose tol-

erance or obesity.**!

4.2.3 | Cellular antiatherogenic effects

The binding of monocytes to the activated endothelium is an early
event in the development of atherosclerosis. The subsequent infiltra-
tion of monocytes into the vascular wall, and their differentiation into
macrophages, sets the scene for the development of the mature
atherosclerotic plaque. Recent experimental data have shown that
metformin inhibited the conversion of monocytes to macrophages
and inhibited angiotensin Il-induced atherosclerotic plaque formation,
in a strain of genetically engineered mice prone to atherosclerosis.**?
Reduced infiltration of macrophages into the vascular wall, with
reduced secretion of inflammatory cytokines, was also observed in a
rabbit model of atherogenesis.!*® The effect on angiogenesis in one
of these studies!* and in and in other experimental studies!*>*%¢
was associated with stimulation of the AMPK/inhibition of mTOR by
metformin, which suggests that such a mechanism may be of relevance
to the clinical therapeutic action of metformin. Other potentially vas-
cular protective mechanisms described for metformin in experimental

117

studies include reduced cholesterol uptake™* or enhanced cholesterol

efflux from macrophages,**® inhibition of fission of mitochondria in

119

endothelial cells, protection of mitochondrial function during and

after myocardial ischaemia,?° and reduced formation of foam cells??
or neointima?? in the developing plaque.

These mechanisms have been studied in experimental systems, and
their clinical relevance remains to be determined. To date, some but
not all studies have demonstrated evidence of reduced atherosclerotic
burden in type 2 diabetes patients receiving metformin.*2>12> One of

these, the REducing With MetfOrmin Vascular Adverse Lesions in

Type 1 Diabetes (REMOVAL) study, demonstrated a minor and tran-
sient reduction for metformin vs placebo of one measure of carotid
atherosclerosis in people with type 1 diabetes with cardiovascular risk

factors during 3 years of randomized treatment.?®

4.24 | Glycoxidation

Chronic exposure to hyperglycaemia causes sugar moieties to become
attached to proteins, which can impair their function, and is believed
to represent an important cellular mechanism for the development of
long-term complications of diabetes.*?® The formation of these
advanced glycation end products (AGE) activates a specific receptor
(RAGE), which in turn promotes a toxic combination of oxidative stress
and inflammation, a process that has been termed “glycoxidation.”
Metformin interacts chemically with key a-dicarbonyl intermediates
in the formation of AGE (to form triazepinone compounds) and neu-
tralizes them, thus inhibiting the formation of AGE.*?7

Two studies suggest that this phenomenon may be clinically rele-
vant. First, dose-dependent reductions in the levels of two of these
dicarbonyls (glyoxal and methylglyoxal) were seen during metformin
treatment in people with type 2 diabetes.'?® Second, the presence of
triazepinones has been demonstrated in the urine of metformin-
treated type 2 diabetes patients, suggesting that metformin does
indeed neutralize these toxic metabolites in the therapeutic setting.*2’

Other clinical evidence further suggests a potentially beneficial
effect of metformin on parameters related to oxidative stress and
inflammation in people with type 2 diabetes. This includes improve-
ments in the levels of metabolites believed to act as antioxidant

0

defence mechanisms,*®® reduced peroxidation of circulating lipids

) 131
f

(oxidization of lipids increases their atherogenicity and reduced

production superoxide free radicals, which is likely related to the mild

inhibition by metformin of respiratory complex | (see above).**2

425 | Glycaemia

The so-called mega-trials, such as ACCORD, VADT, ADVANCE, etc,
did not demonstrate a cardiovascular benefit for intensive vs moderate
glycaemic control; however, a large meta-analyses of these and other
studies showed that tight glycaemic control (difference in HbA1c for
active comparators vs controls of 0.9%) reduced the relative risk of
coronary heart disease events by 15% and of nonfatal myocardial
infarction by 17%.23 An observational study in a cohort of metformin
initiators for type 2 diabetes showed that a larger initial fall in HbAlc
and maintenance of lower HbA1c levels for the first 6 months of ther-
apy were associated with improved cardiovascular outcomes.*** Such
a benefit may, in principle, apply to any antihyperglycaemic agent, as
long as it did not bring side effects deleterious to the cardiovascular
system.

Indeed, observational/epidemiologic follow-up studies to the
UKPDS (sulphonylurea/insulin vs diet in people with type 2 diabe-
tes)®* and the Diabetes Control and Complications Trial (more vs less
intensive application of insulin in people with type 1 diabetes)*®®

showed that initial randomization to more vs less intensive glycaemic
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control was associated with reduced risk of adverse cardiovascular
outcomes many years after the end of randomized treatment. This
was despite the fact that average HbAlc levels had become similar
for the groups previously randomized to each treatment arm. These
“legacy effects” in populations with relatively early diabetes suggest
that hyperglycaemia at this time sets in motion long-term adverse
effects on cardiovascular tissues and that achievement of glycaemic
control is especially important for cardiovascular protection in this
population, as long as this can be achieved safely and without exces-

sive hypoglycaemia.

5 | CURRENT AND FUTURE PERSPECTIVES

Improvements in cardiovascular outcomes in type 2 diabetes patients
randomized to SGLT2 inhibitors and some members of the GLP-1
agonist class (reviewed elsewhere'®¢1%8) have been received with
considerable (and justified) excitement. This review has sought to
review outcomes and mechanisms for metformin, a much older
antidiabetes medication, and indeed one that has been clinically avail-
able for 60 years.>?

The key to a successful outcome in type 2 diabetes is successful
individualization of therapy, matching the right regimen to the patient.
In addition, type 2 diabetes is a lifelong disease, and the needs of the
patient change, from the newly diagnosed setting where the risk of a
cardiovascular event is rather low to the late, perhaps insulin-requiring
stage, where cardiovascular risk is much higher. The evidence
that metformin improves cardiovascular outcomes in people with
diabetes is substantial and has been seen in randomized trials and
observational studies in people with early- and late-stage diabetes,
as described above. In addition, metformin can be combined with
any other antidiabetic agent, and this therapy can be continued for
patients without contraindications as newer medications are added
on. In this way, adequate glycaemic control can be maintained using
a metformin-based regimen over the long-term, maintaining protec-
tion from microvascular complications in addition to the cardiovascular
benefits of metformin. In the opinion of the authors, this evidence
base justifies the retention of metformin as initial pharmacologic
antidiabetes therapy.

The era of regulator-mandated cardiovascular outcomes trials is a
recent phenomenon, and the randomized outcomes trials with
metformin described above predate this era. Modern cardiovascular
outcomes trials usually employ a primary outcome of three-point
MACEs, with hierarchical statistical analysis protocols, rather than
the more complex designs (with a larger number of endpoints) used
by the UKPDS and other studies. Thus, it is difficult to compare side
by side the outcomes trials with metformin with the studies of the
modern era in diabetes research, and we lack a truly definitive
randomized outcomes trial with metformin that employs a modern
design. A review of experience from trials in heart failure has also
emphasized the importance of the use of a definitive trial design to
assess important clinical outcomes,*®° and the changing nature of trials

in diabetes tends to favour newer agents over older generic agents

such as metformin. Accordingly, further evaluation of the cardiovascu-
lar benefits of metformin in randomized trials will be welcome, as
called for by expert societies.! Another recent review has noted the
evidence for diverse potentially cardioprotective effects of metformin
in people with and without type 2 diabetes, arising from various
antiatherosclerotic mechanisms.'“® These authors echo the call for fur-
ther rigorous study of the effects of metformin on hard clinical out-
comes, including in people without type 2 diabetes at risk of
cardiovascular events.

Ideally, active-controlled studies are called for as metformin repre-
sents the standard of care for initial antidiabetic pharmacotherapy (in
the absence of contraindications), withholding this treatment in
favour of a placebo presents ethical difficulties. A placebo-controlled
study is being planned to evaluate the effects of metformin on clinical
cardiovascular outcomes in prediabetic subjects: the Investigation of
Metformin in Pre-Diabetes on Atherosclerotic Cardiovascular OuT-
comes study (VA-IMPACT, NCT02915198) is currently recruiting
patients in the United States and will evaluate metformin XR on clin-
ical cardiovascular outcomes in people with prediabetes. VA-IMPACT
and perhaps other trials will help in future to define the potential of
metformin to improve clinical cardiovascular outcomes. Only new clin-
ical data can provide definitive answer to the ongoing debate on the
place of metformin within the management algorithm for type 2
diabetes.

ACKNOWLEDGEMENTS

A medical writer (Dr Mike Gwilt, GT Communications, funded by
Merck) provided editorial assistance in the development of the
manuscript. The authors retained full control over the content of the
manuscript.

Dr Salim Mihson Alruba, a leading diabetes physician in Iraq,
contributed importantly to the ideas behind this article but sadly
passed away before its preparation. We, the authors, acknowledge

his contribution, and our thoughts and prayers are with his family.

AUTHOR CONTRIBUTIONS

All authors (Alexey V Zilov, Sulaf Ibrahim Abdelaziz, Afaf AlShammary,
Ali Ashraf Amir , Samir Helmy Assaad Khalil, Kerstin Brand, Nabil
Elkafrawy, Ahmed AK Hassoun, Adel Jahed, Nadim Jarrah, Sanaa
Mrabeti, and Imran Paruk) participated in a meeting to discuss the pro-
posed scope and content of the article before drafting. Alexey V Zilov
chaired this meeting. Additionally, Sanaa Mrabeti (corresponding
author), supported by Samir Helmy Assaad Khalil, oversaw production
of the first draft and coordinated contacts between authors during
manuscript development. Kerstin Brand provided information on the
status of ongoing studies on metformin for consideration of inclusion.
All authors reviewed and commented on the manuscript, and all

approved the final version.



sof12 | \WiLEY

ZILOV ET AL.

DUALITY OF INTEREST

This review arose from a meeting funded by Merck (all co-authors thus

acted as honorary consultants to Merck). K.B. and S.M. are employees
of Merck.

ORCID

Sanaa Mrabeti

https://orcid.org/0000-0003-4324-645X

REFERENCES

1.

10.

11.

12.

13.

14.

15.

Davies MJ, D'Alessio DA, Fradkin J, et al. Management of
hyperglycaemia in type 2 diabetes, 2018. A consensus report by the
American Diabetes Association (ADA) and the European Association
for the Study of Diabetes (EASD). Diabetologia. 2018;61(12):
2461-2498.

. Hundal RS, Krssak M, Dufour S, et al. Mechanism by which metformin

reduces glucose production in type 2 diabetes. Diabetes. 2000;49:
2063-2069.

. Takahara M, Kaneto H, Katakami N, Matsuhisa M, Shimomura I. Effect

of metformin on hepatic glucose production in Japanese patients with
type 2 diabetes mellitus. Endocr J. 2012;59:845-847.

. Basu R, Shah P, Basu A, et al. Comparison of the effects of pioglita-

zone and metformin on hepatic and extra-hepatic insulin action in
people with type 2 diabetes. Diabetes. 2008;57(1):24-31.

. Magalhaes FO, Gouveia LM, Torquato MT, Paccola GM, Piccinato CE,

Foss MC. Metformin increases blood flow and forearm glucose uptake
in a group of non-obese type 2 diabetes patients. Horm Metab Res.
2006;38(8):513-517.

. Natali A, Ferrannini E. Effects of metformin and thiazolidinediones on

suppression of hepatic glucose production and stimulation of glucose
uptake in type 2 diabetes: a systematic review. Diabetologia. 2006;49
(3):434-441.

. Sarnblad S, Kroon M, Aman J. Metformin as additional therapy in

adolescents with poorly controlled type 1 diabetes: randomised
placebo-controlled trial with aspects on insulin sensitivity. Eur J
Endocrinol. 2003;149:323-329.

. Gin H, Messerchmitt C, Brottier E, Aubertin J. Metformin improved

insulin resistance in type |, insulin-dependent, diabetic patients.
Metabolism. 1985;34(10):923-925.

. Stumvoll M, Nurjhan N, Perriello G, Dailey G, Gerich JE. Metabolic

effects of metformin in non-insulin-dependent diabetes mellitus. N
Engl J Med. 1995;333(9):550-554.

Hallsten K, Virtanen KA, Lonnqgvist F, et al. Rosiglitazone but not
metformin enhances insulin- and exercise-stimulated skeletal muscle
glucose uptake in patients with newly diagnosed type 2 diabetes.
Diabetes. 2002;51(12):3479-3485.

Zhou G, Myers R, Li Y, et al. Role of AMP-activated protein kinase in
mechanism of metformin action. J Clin Invest. 2001;108(8):
1167-1174.

Long YC, Zierath JR. AMP-activated protein kinase signaling in meta-
bolic regulation. J Clin Invest. 2006;116(7):1776-1783.

Foretz M, Guigas B, Bertrand L, Pollak M, Viollet B. Metformin: from
mechanisms of action to therapies. Cell Metab. 2014;20(6):953-966.

Haedersdal S, Lund A, Knop FK, Vilsbgll T. The role of glucagon in the
pathophysiology and treatment of type 2 diabetes. Mayo Clin Proc.
2018;93(2):217-239.

Viollet B, Foretz M. Revisiting the mechanisms of metformin action in
the liver. Ann Endocrinol (Paris). 2013;74(2):123-129.

16.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

Bailey CJ, Mynett KJ, Page T. Importance of the intestine as a site of
metformin-stimulated glucose utilization. Br J Pharmacol. 1994;112
(2):671-675.

. Bailey CJ, Wilcock C, Day C. Effect of metformin on glucose metabo-

lism in the splanchnic bed. Br J Pharmacol. 1992;105(4):1009-1013.

Wilcock C, Bailey CJ. Reconsideration of inhibitory effect of
metformin on intestinal glucose absorption. J Pharm Pharmacol.
1991;43(2):120-121.

Koffert JP, Mikkola K, Virtanen KA, et al. Metformin treatment
significantly enhances intestinal glucose uptake in patients with type
2 diabetes: results from a randomized clinical trial. Diabetes Res Clin
Pract. 2017;131:208-216.

Bahler L, Stroek K, Hoekstra JB, Verberne HJ, Holleman F. Metfor-
min-related colonic glucose uptake; potential role for increasing
glucose disposal?—a retrospective analysis of (18)F-FDG uptake in
the colon on PET-CT. Diabetes Res Clin Pract. 2016;114:55-63.

Paleari L, Burhenne J, Weiss J, et al. High accumulation of metformin
in colonic tissue of subjects with diabetes or the metabolic syndrome.
Gastroenterology. 2018;154(5):1543-1545.

McCreight LJ, Bailey CJ, Pearson ER. Metformin and the gastrointes-
tinal tract. Diabetologia. 2016;59(3):426-435.

Dujic T, Zhou K, Tavendale R, Palmer CN, Pearson ER. Effect of
serotonin transporter 5-HTTLPR polymorphism on gastrointestinal
intolerance to metformin: a GoDARTS Study. Diabetes Care.
2016;39(11):1896-1901.

Sakar Y, Meddah B, Faouzi MA, Cherrah Y, Bado A, Ducroc R.
Metformin-induced regulation of the intestinal D-glucose trans-
porters. J Physiol Pharmacol. 2010;61:301-307.

Lenzen S, Lortz S, Tiedge M. Effect of metformin on SGLT1, GLUT2,
and GLUT5 hexose transporter gene expression in small intestine
from rats. Biochem Pharmacol. 1996;51(7):893-896.

Schommers P, Thurau A, Bultmann-Mellin |, et al. Metformin causes a
futile intestinal-hepatic cycle which increases energy expenditure and
slows down development of a type 2 diabetes-like state. Mol Metab.
2017;6(7):737-747.

Bahler L, Holleman F, Chan MW, Booij J, Hoekstra JB, Verberne HJ.
18F-FDG uptake in the colon is modulated by metformin but not
associated with core body temperature and energy expenditure. PLoS
ONE. 2017;12(5):e0176242.

Garber AJ, Duncan TG, Goodman AM, Mills DJ, Rohlf JL. Efficacy of
metformin in type Il diabetes: results of a double-blind, placebo-
controlled, dose-response trial. Am J Med. 1997;103(6):491-497.

Fujioka K, Brazg RL, Raz |, et al. Efficacy, dose-response relationship
and safety of once-daily extended-release metformin (Glucophage
XR) in type 2 diabetic patients with inadequate glycaemic control
despite prior treatment with diet and exercise: results from two
double-blind, placebo-controlled studies. Diabetes Obes Metab.
2005;7(1):28-39.

Chung H, Oh J, Yoon SH, Yu KS, Cho JY, Chung JY. A non-linear
pharmacokinetic-pharmacodynamic relationship of metformin in
healthy volunteers: an open-label, parallel group, randomized clinical
study. PLoS ONE. 2018;13(1):e0191258.

DeFronzo RA, Buse JB, Kim T, et al. Once-daily delayed-release met-
formin lowers plasma glucose and enhances fasting and postprandial
GLP-1 and PYY: results from two randomised trials. Diabetologia.
2016;59(8):1645-1654.

Preiss D, Dawed A, Welsh P, et al. Sustained influence of metformin
therapy on circulating glucagon-like peptide-1 levels in individuals
with and without type 2 diabetes. Diabetes Obes Metab. 2017;19(3):
356-363.


https://orcid.org/0000-0003-4324-645X

ZILOV ET AL

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Mannucci E, Tesi F, Bardini G, et al. Effects of metformin on glucagon-
like peptide-1 levels in obese patients with and without type 2 diabe-
tes. Diabetes Nutr Metab. 2004;17:336-342.

Svendsen PF, Nilas L, Madsbad S, Holst JJ. Incretin hormone secretion
in women with polycystic ovary syndrome: roles of obesity, insulin
sensitivity, and  treatment with  metformin.  Metabolism.
2009;58:586-593.

Mannucci E, Ognibene A, Cremasco F, et al. Effect of metformin on
glucagon-like peptide 1 (GLP-1) and leptin levels in obese nondiabetic
subjects. Diabetes Care. 2001;24:489-494.

Wu T, Xie C, Wu H, Jones KL, Horowitz M, Rayner CK. Metformin
reduces the rate of small intestinal glucose absorption in type 2 diabe-
tes. Diabetes Obes Metab. 2017;19(2):290-293.

Brgnden A, Albér A, Rohde U, et al. Single-dose metformin enhances
bile acid-induced glucagon-like peptide-1 secretion in patients with
type 2 diabetes. J Clin Endocrinol Metab. 2017;102(11):4153-4162.

Rhee SJ, Choi Y, Lee S, et al. Pharmacokinetic and pharmacodynamic
interactions between metformin and a novel dipeptidyl peptidase-4
inhibitor, evogliptin, in healthy subjects. Drug Des Devel Ther.
2016;10:2525-2534.

Migoya EM, Bergeron R, Miller JL, et al. Dipeptidyl peptidase-4 inhib-
itors administered in combination with metformin result in an additive
increase in the plasma concentration of active GLP-1. Clin Pharmacol
Ther. 2010;88(6):801-808.

Qin J, Li R, Raes J, et al. A human gut microbial gene catalogue
established by metagenomic sequencing. Nature. 2010;464(7285):
59-67.

Allin KH, Tremaroli V, Caesar R, et al. Aberrant intestinal microbiota in
individuals with prediabetes. Diabetologia. 2018;61:810-820.

de la Cuesta-Zuluaga J, Mueller NT, Corrales-Agudelo V, et al.
Metformin is associated with higher relative abundance of mucin-
degrading Akkermansia muciniphila and several short-chain fatty
acid-producing microbiota in the gut. Diabetes Care. 2017;40(1):
54-62.

Rosario D, Benfeitas R, Bidkhori G, et al. Understanding the represen-
tative gut microbiota dysbiosis in metformin-treated type 2 diabetes
patients using genome-scale metabolic modeling. Front Physiol.
2018;9:775.

Forslund K, Hildebrand F, Nielsen T, et al. Disentangling type 2 diabe-
tes and metformin treatment signatures in the human gut microbiota.
Nature. 2015;528(7581):262-266.

Tong X, Xu J, Lian F, et al. Structural alteration of gut microbiota dur-
ing the amelioration of human type 2 diabetes with hyperlipidemia by
metformin and a traditional Chinese herbal formula: a multicenter,
randomized, open label clinical trial. MBio. 2018;9. pii:e02392-17.
https://doi.org/10.1128/mBi0.02392-17

Pedersen HK, Gudmundsdottir V, Nielsen HB, et al. Human gut
microbes impact host serum metabolome and insulin sensitivity.
Nature. 2016;535(7612):376-381.

Wu H, Esteve E, Tremaroli V, et al. Metformin alters the gut
microbiome of individuals with treatment-naive type 2 diabetes,
contributing to the therapeutic effects of the drug. Nat Med.
2017;23(7):850-858.

Burton JH, Johnson M, Johnson J, Hsia DS, Greenway FL,
Heiman ML. Addition of a gastrointestinal microbiome modulator to
metformin improves metformin tolerance and fasting glucose levels.
Diabetes Sci Technol. 2015;9(4):808-814.

Bauer PV, Duca FA, Waise TMZ, et al. Metformin alters upper small
intestinal microbiota that impact a glucose-SGLT1-sensing
glucoregulatory pathway. Cell Metab. 2018;27:101-117.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

WILEY—2°12

Pollak M. The effects of metformin on gut microbiota and the immune
system as research frontiers. Diabetologia. 2017;60(9):1662-1667.

UK Prospective Diabetes Study Group. Effect of intensive blood-
glucose control with metformin on complications in overweight
patients with type 2 diabetes (UKPDS 34). Lancet. 1998;352:854-865.

Kooy A, de Jager J, Lehert P, et al. Long-term effects of metformin on
metabolism and microvascular and macrovascular disease in patients
with type 2 diabetes mellitus. Arch Intern Med. 2009;169(6):616-625.

Hong J, Zhang Y, Lai S, et al. Effects of metformin versus glipizide on
cardiovascular outcomes in patients with type 2 diabetes and
coronary artery disease. Diabetes Care. 2013;36(5):1304-1313.

Holman RR, Paul SK, Bethel MA, Matthews DR, Neil HA. 10-year
follow-up of intensive glucose control in type 2 diabetes. N Engl J
Med. 2008;359(15):1577-1589.

Gwilt M. This house believes that sulphonylureas should not be used
routinely as second-line treatments for patients with type 2 diabetes.
A debate between Dr Robert EJ Ryder (for the motion) and Professor
Rury R Holman (against the motion). Br J Diabetes Vasc Dis.
2016;15:88-92.

Livingstone R, Boyle JG, Petrie JR, REMOVAL Study Team. A new
perspective on metformin therapy in type 1 diabetes. Diabetologia.
2017;60(9):1594-1600.

Inzucchi SE, Bergenstal RM, Buse JB, et al. Management of
hyperglycaemia in type 2 diabetes, 2015: a patient-centred approach.
Update to a position statement of the American Diabetes Association
and the European Association for the Study of Diabetes. Diabetologia.
2015;58:429-442.

Bailey CJ, Campbell IW, Chan JCN, Davidson JA, Howlett HCS, Ritz P.
Metformin: The Gold Standard. A Scientific Handbook. Chichester (UK):
Wiley; 2007.

Campbell IW, Howlett HCS, Holman RR, Bailey CJ (Eds). Metfor-
min: 60 Years of Clinical Experience. Addendum to the Scientific
Handbook. Weinheim (Germany): WILEY-VCH Verlag GmbH & Co.
KGaA; 2016.

MacDonald MR, Eurich DT, Majumdar SR, et al. Treatment of type 2
diabetes and outcomes in patients with heart failure: a nested case-
control study from the U.K. General Practice Research Database. Dia-
betes Care. 2010;33(6):1213-1218.

Roussel R, Travert F, Pasquet B, et al. Metformin use and mortality
among patients with diabetes and atherothrombosis. Arch Intern
Med. 2010;170:1892-1899.

Mellbin LG, Malmberg K, Norhammar A, Wedel H, Rydén L. Prognos-
tic implications of glucose-lowering treatment in patients with acute
myocardial infarction and diabetes: experiences from an extended
follow-up of the Diabetes Mellitus Insulin-Glucose Infusion in Acute
Myocardial Infarction (DIGAMI) 2 Study. Diabetologia. 2011;54(6):
1308-1317.

Kao J, Tobis J, McClelland RL, et al. Relation of metformin treatment
to clinical events in diabetic patients undergoing percutaneous inter-
vention. Am J Cardiol. 2004;93(11):1347-1350.

Wurm R, Res M, Neuhold S, et al. Cardiovascular safety of metformin
and sulfonylureas in patients with different cardiac risk profiles. Heart.
2016;102(19):1544-1551.

Paul SK, Klein K, Majeed A, Khunti K. Association of smoking and con-
comitant metformin use with cardiovascular events and mortality in
people newly diagnosed with type 2 diabetes. J Diabetes. 2016;8
(3):354-362.

Crowley MJ, Diamantidis CJ, McDuffie JR, et al. Clinical outcomes of
metformin use in populations with chronic kidney disease, congestive


https://doi.org/10.1128/mBio.02392-17

10 of 12 Wl LEY

67.

68.

69.

70.
71.
72.

73.

74.

75.

76.

77.

78.

79.

80.

ZILOV ET AL.

heart failure, or chronic liver disease: a systematic review. Ann Intern
Med. 2017;166(3):191-200.

Johnson JA, Simpson SH, Toth EL, Majumdar SR. Reduced cardiovas-
cular morbidity and mortality associated with metformin use in
subjects with type 2 diabetes. Diabet Med. 2005;22(4):497-502.

Eurich DT, Majumdar SR, McAlister FA, Tsuyuki RT, Johnson
JA. Improved clinical outcomes associated with metformin in
patients with diabetes and heart failure. Diabetes Care. 2005;28:
2345-2351.

Aguilar D, Chan W, Bozkurt B, Ramasubbu K, Deswal A. Metformin
use and mortality in ambulatory patients with diabetes and heart
failure. Circ Heart Fail. 2011;4(1):53-58.

Evans JM, Ogston SA, Emslie-Smith A, Morris AD. Risk of mortality
and adverse cardiovascular outcomes in type 2 diabetes: a compari-
son of patients treated with sulfonylureas and metformin.
Diabetologia. 2006;49(5):930-936.

Andersson C, Olesen JB, Hansen PR, et al. Metformin treatment is
associated with a low risk of mortality in diabetic patients with heart
failure: a retrospective nationwide cohort study. Diabetologia.
2010;53(12):2546-2553.

Packer M. Worsening heart failure during the use of DPP-4 inhibitors:
pathophysiological mechanisms, clinical risks, and potential influence
of concomitant antidiabetic medications. JACC Heart Fail. 2018;6
(6):445-451.

Bannister CA, Holden SE, Jenkins-Jones S, et al. Can people with type
2 diabetes live longer than those without? A comparison of mortality
in people initiated with metformin or sulphonylurea monotherapy and
matched, non-diabetic controls. Diabetes Obes Metab. 2014;16(11):
1165-1173.

Morgan CL, Mukherjee J, Jenkins-Jones S, Holden SE, Currie CJ.
Association between first-line monotherapy with sulphonylurea ver-
sus metformin and risk of all-cause mortality and cardiovascular
events: a retrospective, observational study. Diabetes Obes Metab.
2014;16(10):957-962.

Roumie CL, Hung AM, Greevy RA, et al. Comparative effectiveness of
sulfonylurea and metformin monotherapy on cardiovascular events in
type 2 diabetes mellitus: a cohort study. Ann Intern Med. 2012;157
(9):601-610.

Schramm TK, Gislason GH, Vaag A, et al. Mortality and cardiovascular
risk associated with different insulin secretagogues compared
with metformin in type 2 diabetes, with or without a previous
myocardial infarction: a nationwide study. Eur Heart J. 2011;32(15):
1900-1908.

Azoulay L, Schneider-Lindner V, Dell'aniello S, Schiffrin A, Suissa S.
Combination therapy with sulfonylureas and metformin and the pre-
vention of death in type 2 diabetes: a nested case-control study.
Pharmacoepidemiol Drug Saf. 2010;19(4):335-342.

Yu OH, Yin H, Azoulay L. The combination of DPP-4 inhibitors versus
sulfonylureas with metformin after failure of first-line treatment in the
risk for major cardiovascular events and death. Can J Diabetes.
2015;39(5):383-389.

Chang CH, Chang YC, Lin JW, Chen ST, Chuang LM, Lai MS.
Cardiovascular risk associated with acarbose versus metformin as
the first-line treatment in patients with type 2 diabetes: a
nationwide cohort study. J Clin Endocrinol Metab. 2015;100(3):
1121-1129.

Fung CS, Wan EY, Wong CK, Jiao F, Chan AK. Effect of metformin
monotherapy on cardiovascular diseases and mortality: a retrospec-
tive cohort study on Chinese type 2 diabetes mellitus patients.
Cardiovasc Diabetol. 2015;14(1):137.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Cheng YY, Leu HB, Chen TJ, et al. Metformin-inclusive therapy
reduces the risk of stroke in patients with diabetes: a 4-year follow-
up study. J Stroke Cerebrovasc Dis. 2014;23(2):e99-e105.

Crowley MJ, Williams JW Jr, Kosinski AS, D'Alessio DA, Buse JB. Met-
formin use may moderate the effect of DPP-4 inhibitors on
cardiovascular outcomes. Diabetes Care. 2017;40(12):1787-1789.

Bergmark BA, Bhatt D, McGuire D, et al. Metformin use and clinical
outcomes among patients with diabetes mellitus and heart failure or
kidney dysfunction—observations from the SAVOR-TIMI 53 Trial.
Circulation. 2016;134(Suppl 1):A16764. (abstract)

Griffin SJ, Leaver JK, Irving GJ. Impact of metformin on cardiovascular
disease: a meta-analysis of randomised trials among people with type
2 diabetes. Diabetologia. 2017;60(9):1620-1629.

Lamanna C, Monami M, Marchionni N, Mannucci E. Effect of
metformin on cardiovascular events and mortality: a meta-analysis
of randomized clinical trials. Diabetes Obes Metab. 2011;13(3):
221-228.

Campbell JM, Bellman SM, Stephenson MD, Lisy K. Metformin
reduces all-cause mortality and diseases of ageing independent of its
effect on diabetes control: a systematic review and meta-analysis.
Ageing Res Rev. 2017;40:31-44.

De Jager J, Kooy A, Lehert P, et al. Effects of short-term treatment
with metformin on markers of endothelial function and inflammatory
activity in type 2 diabetes mellitus: a randomized, placebo-controlled
trial. J Intern Med. 2005;257(1):100-109.

Grant PJ, Stickland MH, Booth NA, Prentice CR. Metformin causes a
reduction in basal and post-venous occlusion plasminogen activator
inhibitor-1 in type 2 diabetic patients. Diabet Med. 1991;8:361-365.

de Jager J, Kooy A, Schalkwijk C, et al. Long-term effects of metfor-
min on endothelial function in type 2 diabetes: a randomized
controlled trial. J Intern Med. 2014;275(1):59-70.

Nagi DK, Yudkin JS. Effects of metformin on insulin resistance, risk
factors for cardiovascular disease, and plasminogen activator inhibitor
in NIDDM subjects. A study of two ethnic groups. Diabetes Care.
1993;16(4):621-629.

Grant PJ. The effects of high- and medium-dose metformin therapy
on cardiovascular risk factors in patients with type Il diabetes. Diabe-
tes Care. 1996;19(1):64-66.

Derosa G, Mugellini A, Ciccarelli L, Crescenzi G, Fogari R. Comparison
of glycaemic control and cardiovascular risk profile in patients with
type 2 diabetes during treatment with either repaglinide or metfor-
min. Diabetes Res Clin Pract. 2003;60(3):161-169.

Standeven KF, Ariens RA, Whitaker P, Ashcroft AE, Weisel JW, Grant
PJ. The effect of dimethylbiguanide on thrombin activity, FXIII activa-
tion, fibrin polymerization, and fibrin clot formation. Diabetes.
2002;51(1):189-197.

Grant PJ. Metformin reduces circulating factor VII concentrations in
patients with type 2 diabetes mellitus. Thromb Haemost. 1998;80(1):
209-210.

Bromage DI, Yellon DM. The pleiotropic effects of metformin: time
for prospective studies. Cardiovasc Diabetol. 2015;14(1):109.

Kovacs IB, Gorog DA, Yamamoto J. Enhanced spontaneous thrombol-
ysis: a new therapeutic challenge. J Thromb Thrombolysis. 2006;21(3):
221-227.

Natali A, Baldeweg S, Toschi E, et al. Vascular effects of improving
metabolic control with metformin or rosiglitazone in type 2 diabetes.
Diabetes Care. 2004;27(6):1349-1357.

Mather KJ, Verma S, Anderson TJ. Improved endothelial function with
metformin in type 2 diabetes mellitus. J Am Coll Cardiol. 2001;37:
1344-1350.



ZILOV ET AL

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

Kitao N, Miyoshi H, Furumoto T, et al. The effects of vildagliptin com-
pared with metformin on vascular endothelial function and metabolic
parameters: a randomized, controlled trial (Sapporo Athero-Incretin
Study 3). Cardiovasc Diabetol. 2017;16(1):125.

Golay A. Metformin and body weight. Int J Obes (Lond). 2008;32
(1):61-72.

Lachin JM, Christophi CA, Edelstein SL, et al. Factors associated with
diabetes onset during metformin versus placebo therapy in the diabe-
tes prevention program. Diabetes. 2007;56(4):1153-1159.

Feng Y, Yang H. Metformin—a potentially effective drug for
gestational diabetes mellitus: a systematic review and meta-analysis.
J Matern Fetal Neonatal Med. 2017;30(15):1874-1881.

Naderpoor N, Shorakae S, de Courten B, Misso ML, Moran LJ, Teede
HJ. Metformin and lifestyle modification in polycystic ovary
syndrome: systematic review and meta-analysis. Hum Reprod Update.
2015;21(5):560-574.

Bjorkhem-Bergman L, Asplund AB, Lindh JD. Metformin for weight
reduction in non-diabetic patients on antipsychotic drugs: a system-
atic review and meta-analysis. J Psychopharmacol. 2011;25(3):
299-305.

Malin SK, Kashyap SR. Effects of metformin on weight loss: potential
mechanisms. Curr Opin Endocrinol Diabetes Obes. 2014;21(5):323-329.

Kurukulasuriya R, Banerji MA, Chaiken R, Lebovitz H. Selective
decrease in visceral fat is associated with weight loss during metfor-
min treatment in African Americans with type 2 diabetes. Diabetes.
1999;48:SA315.

Ziyrek M, Kahraman S, Ozemir E, Dogaii A. Effect of metformin
monotherapy on epicardial adipose tissue thickness in newly diag-
nosed type 2 diabetes mellitus. Anatol J Cardiol. 2016;16(Suppl 1):35.

Woulffele MG, Kooy A, de Zeeuw D, Stehouwer CD, Gansevoort RT.
The effect of metformin on blood pressure, plasma cholesterol and
triglycerides in type 2 diabetes mellitus: a systematic review. J Intern
Med. 2004;256(1):1-14.

Saenz A, Fernandez-Esteban |, Mataix A, Ausejo M, Roque M, Moher
D. Metformin monotherapy for type 2 diabetes mellitus. Cochrane
Database Syst Rev. 2005;CD002966. https://doi.org/10.1002/
14651858.CD002966.pub3

Schéfers RF. Do effects on blood pressure contribute to improved
clinical outcomes with metformin? Diabetes Metab. 2003;29:
6562-S70.

Zhou L, Liu H, Wen X, Peng Y, TianY, Zhao L. Effects of metformin on
blood pressure in nondiabetic patients: a meta-analysis of randomized
controlled trials. J Hypertens. 2017;35(1):18-26.

Vasamsetti SB, Karnewar S, Kanugula AK, Thatipalli AR, Kumar JM,
Kotamraju S. Metformin inhibits monocyte-to-macrophage differenti-
ation via AMPK-mediated inhibition of STAT3 activation: potential
role in atherosclerosis. Diabetes. 2015;64(6):2028-2041.

Yang Q, Yuan H, Chen M, et al. Metformin ameliorates the progres-
sion of atherosclerosis via suppressing macrophage infiltration and
inflammatory responses in rabbits. Life Sci. 2018;198:56-64.

Ma Y-L, Li W-D, Lei F-R, et al. Metformin inhibits angiogenesis in
endothelial progenitor cells through inhibiting MMP2, MMP9 and
uPA expression via AMPK-mTOR-autophagy pathway. Int J Clin Exp
Med. 2017;10:958-964.

Kurdi A, De Meyer GR, Martinet W. Potential therapeutic effects of
mTOR inhibition in atherosclerosis. Br J Clin Pharmacol. 2016;82(5):
1267-1279.

Ma C, Zhang W, Yang X, et al. Functional interplay between liver X
receptor and AMP-activated protein kinase a inhibits atherosclerosis

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131

132.

133.

Wl LEY 11 of 12

in apolipoprotein E-deficient mice—a new anti-atherogenic strategy.
Br J Pharmacol. 2018;175(9):1486-1503.

Gopoju R, Panangipalli S, Kotamraju S. Metformin treatment prevents
SREBP2-mediated cholesterol uptake and improves lipid homeostasis
during oxidative stress-induced atherosclerosis. Free Radic Biol Med.
2018;118:85-97.

Luo F, GuoY, Ruan G, Li X. Metformin promotes cholesterol efflux in
macrophages by up-regulating FGF21 expression: a novel anti-
atherosclerotic mechanism. Lipids Health Dis. 2016;15(1):109.

Wang Q, Zhang M, Torres G, et al. Metformin suppresses diabetes-
accelerated atherosclerosis via the inhibition of Drp1-mediated mito-
chondrial fission. Diabetes. 2017;66:193-205.

Sun D, Yang F. Metformin improves cardiac function in mice with heart
failure after myocardial infarction by regulating mitochondrial energy
metabolism. Biochem Biophys Res Commun. 2017;486(2):329-335.

Mamputu JC, Wiernsperger N, Renier G. Metformin inhibits mono-
cyte adhesion to endothelial cells and foam cell formation. Br J
Diabetes Vasc Dis. 2003;3(4):302-310.

Lu J, Ji J, Meng H, et al. The protective effect and underlying mecha-
nism of metformin on neointima formation in fructose-induced insulin
resistant rats. Cardiovasc Diabetol. 2013;12(1):58.

Mary A, Hartemann A, Liabeuf S, et al. Association between metfor-
min use and below-the-knee arterial calcification score in type 2
diabetic patients. Cardiovasc Diabetol. 2017;16(1):24.

Lundby-Christensen L, Tarnow L, Boesgaard TW, et al. Metformin
versus placebo in combination with insulin analogues in patients with
type 2 diabetes mellitus-the randomised, blinded Copenhagen Insulin
and Metformin Therapy (CIMT) Trial. BMJ Open. 2016;6(2):e008376.

Petrie JR, Chaturvedi N, Ford |, et al. Cardiovascular and metabolic
effects of metformin in patients with type 1 diabetes (REMOVAL): a
double-blind, randomised, placebo-controlled trial. Lancet Diabetes
Endocrinol. 2017;5(8):597-609.

Katakami N. Mechanism of development of atherosclerosis and car-
diovascular disease in diabetes mellitus. J Atheroscler Thromb.
2018;25(1):27-39.

Beisswenger P, Ruggiero-Lopez D. Metformin inhibition of glycation
processes. Diabetes Metab. 2003;29:6595-65103.

Beisswenger PJ, Howell SK, Touchette AD, Lal S, Szwergold BS. Met-
formin reduces systemic methylglyoxal levels in type 2 diabetes.
Diabetes. 1999;48:198-202.

Beisswenger PJ, Howell SK, Ruggiero-lopez D, Szwergold BS,
Weirnsperger N. Triazepinone is a marker for metformin-
methylglyoxal condensation in type 2 diabetes. 63rd Scientific ses-
sions of the American Diabetes Association, New Orleans, USA,
June 13-17 2003, abstract 473-P.

Pavlovi¢ D, Koci¢ R, Koci¢ G, et al. Effect of four-week metformin
treatment on plasma and erythrocyte antioxidative defense enzymes
in newly diagnosed obese patients with type 2 diabetes. Diabetes
Obes Metab. 2000;2(4):251-256.

Tessier D, Maheux P, Khalil A, Fulop T. Effects of gliclazide versus
metformin on the clinical profile and lipid peroxidation markers in
type 2 diabetes. Metabolism. 1999;48(7):897-903.

Gargiulo P, Caccese D, Pignatelli P, et al. Metformin decreases plate-
let superoxide anion production in diabetic patients. Diabetes Metab
Res Rev. 2002;18(2):156-159.

Ray KK, Seshasai SR, Wijesuriya S, et al. Effect of intensive control of
glucose on cardiovascular outcomes and death in patients with diabe-
tes mellitus: a meta-analysis of randomised controlled trials. Lancet.
2009;373(9677):1765-1772.


https://doi.org/10.1002/14651858.CD002966.pub3
https://doi.org/10.1002/14651858.CD002966.pub3

12 of 12 Wl LEY

134.
135.

136.

137.

ZILOV ET AL.

Svensson E, Baggesen LM, Johnsen SP, et al. Early glycemic control
and magnitude of HbAlc reduction predict cardiovascular events
and mortality: population-based cohort study of 24,752 metformin
initiators. Diabetes Care. 2017;40(6):800-807.

The Diabetes Control and Complications Trial/Epidemiology of Diabe-
tes Interventions and Complications (DCCT/EDIC) Study Research
Group. Intensive diabetes treatment and cardiovascular disease in
patients with type 1 diabetes. N Engl J Med. 2005;353:2643-2653.

Schernthaner G, Khunti K, Lotan C, Burnier M, Drexel H, Prazny M.
Relevance of positive cardiovascular outcome trial results in clinical
practice: perspectives from the Academy for Cardiovascular Risk,
Qutcomes and Safety Studies in Type 2 Diabetes (ACROSS T2D). Ther
Clin Risk Manag. 2017;13:1569-1576.

Zelniker TA, Braunwald E. Cardiac and renal effects of sodium-

glucose co-transporter 2 inhibitors in diabetes: JACC State-of-the-
Art Review. J Am Coll Cardiol. 2018;72(15):1845-1855.

138. Carbone S, Dixon DL, Buckley LF, Abbate A. Glucose-lowering thera-

pies for cardiovascular risk reduction in type 2 diabetes mellitus:
state-of-the-art review. Mayo Clin Proc. 2018;93(11):1629-1647.

139. Packer M. Double vision: replicating a trial showing a survival benefit.

JACC Heart Fail. 2017;5:232-235.

140. Jenkins AJ, Welsh P, Petrie JR. Metformin, lipids and atherosclerosis

prevention. Curr Opin Lipidol. 2018;29(4):346-353.

How to cite this article: Zilov AV, Abdelaziz SI, AlShammary
A, et al. Mechanisms of action of metformin with special refer-
ence to cardiovascular protection. Diabetes Metab Res Rev.
2019;35:€3173. https://doi.org/10.1002/dmrr.3173



https://doi.org/10.1002/dmrr.3173


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier (FOGRA1)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG (Modified PDFX1a settings for Blackwell publications)
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




