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Abstract Metformin is one of the most popular oral glucose-
lowering medications, widely considered to be the optimal
initial therapy for patients with type 2 diabetes mellitus.
Interestingly, there still remains controversy regarding the
drug’s precise mechanism of action, which is thought to
involve a reduction in hepatic glucose production. It is now
recommended as first-line treatment in various guidelines,
including that of the EASD and ADA. Its favoured status lies
in its efficacy, low cost, weight neutrality and good safety
profile. Other benefits have also been described, including
improvements in certain lipids, inflammatory markers, and a
reduction in cardiovascular events, apparently independent
from the drug’s glucose-lowering effect. Data have emerged
questioning the previous reluctance to use this agent in those
with mild to moderate chronic kidney disease. Regulations
guiding its use in patients with stable, modest renal
dysfunction have, as a result, become more lenient in recent
years. With no long-term studies comparing it against newer
glucose-lowering drugs, some of which have more robust
evidence for cardioprotection, metformin’s established role
as ‘foundation therapy’ in type 2 diabetes may justifiably be
challenged.
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MALA Metformin-associated lactic acidosis
Metformin XR Extended-release metformin
SGLT2 Sodium−glucose cotransporter 2
UKPDS UK Prospective Diabetes Study

Introduction

Metformin hydrochloride, a biguanide, is the most popular
oral glucose-lowering medication in most countries, widely
viewed as ‘foundation therapy’ for individuals with newly
diagnosed type 2 diabetes mellitus. This reputation has
resulted from its effective glucose-lowering abilities, low cost,
weight neutrality, overall good safety profile (especially the
lack of hypoglycaemia as an adverse effect), and modest
evidence for cardioprotection [1]. A derivative of guanidine,
which was initially extracted from the plantGalega officinalis
or French lilac, metformin was first synthesised in 1922 and
introduced as a medication in humans in 1957, after the
studies of Jean Sterne [2]. Its popularity increased after
eventual approval in the USA in 1994, although it was used
extensively in Europe and other regions of the world prior to
that [3]. The drug’s efficacy has been demonstrated in
monotherapy as well as in combination with other glucose-
lowering medications for type 2 diabetes mellitus. Based on
these important characteristics, there continues to be extensive
interest in this compound, even now, many years after its
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incorporation into the diabetes pharmacopeia. Interestingly,
and despite this popularity, there still remains controversy
about the drug’s precise mechanism of action, although most
data point to a reduction in hepatic glucose production being
predominately involved (described further by Rena et al in this
issue of Diabetologia) [4]; although, recent data suggests that
some of the drug’s effect may involve the stimulation of
intestinal release of incretin hormones. Herein, we will review
the most salient aspects of the clinical use of metformin in
individuals with type 2 diabetes mellitus.

Use as first-line therapy

As noted, metformin is preferred by most guideline
committees as the initial therapy in individuals not able to
achieve glycaemic targets despite diet and other lifestyle
interventions [5]. So widespread is its current use that virtually
all diabetes drug development programmes include a series of
studies involving the addition of the investigational
compound to background metformin therapy. The drug’s
efficacy was best illustrated by DeFronzo et al, in a 1995
report. In ‘protocol 1’ of this study, 289 obese participants
with uncontrolled diabetes, treated with diet alone, were
assigned to receive metformin or placebo (forced titration
from 850 mg daily to 850 mg thrice daily if fasting plasma
glucose exceeded 7.8 mmol/l and side effects were tolerable).
At 29 weeks, metformin resulted in a lower mean fasting
plasma glucose of 10.6 vs 13.7 mmol/l with placebo
(p < 0.001); compared with corresponding baseline values,
fasting plasma glucose was reduced by 2.9 mmol/l in the
metformin group and increased by 0.3 mmol/l in the placebo
group. With metformin, mean HbA1c decreased from 8.4%
(68.3 mmol/mol) to 7.1% (54.1 mmol/mol), while, with
placebo, it increased from 8.2% (66.1 mmol/mol) to 8.6%
(70.5 mmol/mol; p < 0.001) (Fig. 1) [6].

The drug’s efficacy is dose-dependent, as demonstrated
by Garber and col leagues, who invest igated the
pharmacodynamic effects with different dosing regimens vs
placebo, over 14 weeks in 451 individuals with type 2
diabetes. The minimal efficacious dose of metformin was
500 mg daily and maximal efficacy was achieved at a dose
of 2000mg daily.While some patients may benefit from doses
as high as 2500 mg daily, in this study, overall, there were no
major differences in fasting plasma glucose and HbA1c when
compared with the proximate lower daily dose of 2000 mg
(Fig. 2). At 500 mg, metformin decreased fasting plasma glu-
cose by an adjusted mean value of 1.1 mmol/l and HbA1c by
0.9% (9.8 mmol/mol; placebo-subtracted); at 2000 mg, the
corresponding reductions were 4.3 mmol/l and 2.0%
(21.9 mmol/mol; p ≤ 0.01) [7]. In both the studies by
DeFronzo et al, and Garber et al, the drug was well tolerated

with mild gastrointestinal (GI) side effects predominating and
no increased risk of hypoglycaemia.

Since these original trials, follow-up and short-term studies
(usually 3–6 months) using metformin have demonstrated
mean HbA1c reductions on the order of 1% (10.9 mmol/mol)
to 1.5% (16.4 mmol/mol), depending, in part, on the baseline
value. In head-to-head trials, the drug has been shown to be
equipotent to sulfonylureas, thiazolidinediones and
glucagon-like peptide-1 (GLP-1) receptor agonists, and, in
general, more potent than dipeptidyl peptidase-4 (DPP-4)
inhibitors [8, 9].

A Diabetes Outcome Progression Trial (ADOPT; 2006)
was a long-term randomised, double-blind, controlled clinical
trial comparing the durability of glycaemic-control efficacy of
a sulfonylurea (glibenclamide, known as glyburide in the
USA and Canada), metformin and a thiazolidinedione
(rosiglitazone), as initial treatment for recently diagnosed type
2 diabetes. After 5 years, progression to monotherapy
‘glycaemic failure’ (liberally defined as fasting plasma
glucose >10.0 mmol/l) was least with rosiglitazone (15% of
participants), intermediate with metformin (21%) and greatest
with glibenclamide (34%). Similar results were found when
using the alternative and perhaps more conventional
glycaemic failure definition of plasma glucose >7.8 mmol/l.
As compared with glibenclamide, metformin was associated
with a 46% (p < 0.001) relative reduction in the risk of
monotherapy failure. However, the durability of glycaemic
control with metformin was not as great as with rosiglitazone
(63% less monotherapy failure than glibenclamide and 32%
less than metformin; p < 0.001 for both). Optimal glucose
control, as measured by the time mean HbA1c was maintained
at <7% (53.0 mmol/mol), was highest with rosiglitazone
(57 months) intermediate for metformin (45 months) and
lowest for glibenclamide (33 months) [10]. This landmark
study once again illustrated the progressive nature of type 2
diabetes, as was initially reported by the UK Prospective
Diabetes Study (UKPDS) in 1998 [11]. It also serves as a
reminder that metformin, though seemingly better in
attenuating this progression than insulin secretagogues, does
not appear to substantially preserve beta cell function. This
could also be considered as one conclusion of the Diabetes
Prevention Program (DPP), which found that the transition
from impaired glucose tolerance to type 2 diabetes was
attenuated the most with lifestyle change, which had nearly
twice as potent an effect as metformin [12].

Use in combination therapy

Metformin is also efficacious when used in various
combination regimens. Such progressive therapy is now
almost the rule in the management of type 2 diabetes because
of the aforementioned decline in beta cell secretory capacity
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characterising this disease. As a result of its unique mechanism
of action and lack of association with hypoglycaemia as an
adverse effect, the drug pairs well with all other glucose-
lowering medications. As noted, all type 2 diabetes drug
development programmes incorporate extensive investigations
of such joint therapies. Indeed, the most common agent
incorporated into single-tablet fixed-dose combination formu-
lations is metformin. In earlier studies involving sulfonylureas,
thiazolidinediones and insulin, the efficacy of metformin was
tested when added to these background therapies. However, as
the biguanide’s popularity as first-line therapy became
established, studies involving more of the recently developed
agents have tested their efficacy when added to a background of

metformin therapy. We briefly review the most popular combi-
nations below. Importantly, however, these trials have all been
relatively short term, focusing predominately on variables of
glycaemic efficacy for purposes of product labelling. More
meaningful long-term microvascular or macrovascular out-
comes have not been assessed.

Metformin and sulfonylureas The combination of metformin
and a sulfonylurea is amongst the most commonly prescribed.
In ‘protocol 2’ of the aforementioned study by DeFronzo et al,
632 individuals with uncontrolled blood glucose (defined as a
fasting plasma glucose ≥7.8 mmol/l on two occasions) on the
sulfonylurea glibenclamide were randomised to continued
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Fig. 2 Placebo-subtracted adjusted mean changes (± SE) in (a) fasting
plasma glucose and (b) HbA1c over 11 weeks in 451 patients with type 2
diabetes randomised to various metformin doses or placebo. †p = 0.054,
**p < 0.01 and ***p < 0.001 vs placebo. Figure adapted from The

American Journal of Medicine, 103, Garber et al, Efficacy of metformin
in type II diabetes: results of a double-blind, placebo-controlled, dose-
response trial, 491-497, Copyright 1997, with permission from Elsevier
[7]. To convert values for HbA1c in % into mmol/mol, multiply by 10.929
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Fig. 1 Mean changes in (a) fasting plasma glucose and (b) HbA1c in the
Multicenter Metformin Study, Protocol 1. Participants (n = 143) with
uncontrolled type 2 diabetes mellitus randomised metformin (triangles
with solid line) experienced improved glycaemic control vs participants
(n = 146) randomised to placebo (squares with dashed line.) ***p < 0.001
vs placebo. Figure adapted from The New England Journal of Medicine,

DeFronzo et al, Efficacy of metformin in patients with non-insulin-de-
pendent diabetes mellitus, 333:541-549. Copyright © 1995
Massachusetts Medical Society. Reprinted with permission from
Massachusetts Medical Society [6]. To convert values for HbA1c in %
into mmol/mol, multiply by 10.929
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glibenclamide therapy, a switch from glibenclamide to metfor-
min, or the addition of metformin to the sulfonylurea. Over the
course of 29 weeks, better glycaemic outcomes were noted in
the combination group vs glibenclamide alone (mean fasting
plasma glucose, 10.5 vs 14.6 mmol/l [p < 0.001]; HbA1c 7.1%
[54.1 mmol/moL) vs 8.7% [71.6 mmol/mol; p < 0.001]). The
effect of switching to metformin alone was ultimately similar to
remaining on glibenclamide and, therefore, provided no
glycaemic benefit. (Fig. 3) [6].

Similar results were found in another multicentre trial
involving 372 participants on 2250 mg of metformin
monotherapy with inadequately controlled type 2 diabetes.
Herein, the addition of glimepiride to metformin resulted in
superior glycaemic control compared with switching to
glimepiride or remaining on the biguanide. The combination
treatment was significantly more effective at reducing HbA1c

vs metformin alone (−0.74% vs +0.07% [−8.1 vs +0.8 mmol/
mol]; p < 0.001) and vs glimepiride alone (−0.74% vs +0.27%
[−8.1 vs +3.0 mmol/mol]; p < 0.001) [13].

Metformin and insulin In a 16-week randomised clinical trial
involving 390 individuals with type 2 diabetes, compared
with placebo, the addition of metformin to insulin therapy
(basal/bolus regimens) resulted in superior glycaemic control,
improved HbA1c (6.9% [51.9mmol/mol] vs 7.6% [59.6 mmol/
mol], metformin+insulin vs placebo; both from baselines of
approximately 7.9% [62.8 mmol/mol]; p < 0.0001), less
weight gain (+0.4 vs +1.2 kg; p = 0.01) and reduced insulin
requirements (63.8 vs 71.3 units/day; p < 0.0001) [14].

Another RCT evaluated the effects of the combination of
bedtime insulin plus metformin. Ninety-six individuals with
poorly controlled type 2 diabetes on sulfonylurea therapy were

assigned to four groups: (1) bedtime NPH insulin plus
glibenclamide and placebo; (2) bedtime NPH insulin plus met-
formin and placebo; (3) bedtime NPH insulin plus
glibenclamide and metformin; or (4) NPH insulin twice daily.
Participants were followed for 1 year and, at 1 year, body
weight remained unchanged in those receiving bedtime
insulin plus metformin (mean, +0.9 kg), while it increased by
3.9, 3.6 and 4.6 kg in individuals receiving NPH insulin plus
glibenclamide, NPH insulin plus glibenclamide and metfor-
min, and NPH insulin twice daily, respectively (p < 0.001
NPH insulin plus metformin vs all other groups). Moreover,
a statistically significant, greater decrease in HbA1c (from
9.7% [82.5 mmol/mol] to 7.2% [55.2 mmol/mol]) was
observed in the bedtime insulin plus metformin group, as
compared with the other groups, (ranging from 9.8–10.1%
[83.6–86.9 mmol/mol] to 7.5–8.0% [58.5–63.9 mmol/mol];
p < 0.01 for all comparisons.) Hence, it can be concluded that
the combination of bedtime NPH insulin with metformin is
superior with regard to glycaemic control, weight gain and
frequency of hypoglycaemia [15], and, as a result of this and
similar trials, the drug is widely endorsed as an effective
adjunct to insulin in those with more advanced type 2 diabetes.

Metformin and thiazolidinediones The first combination-
therapy trial of metformin with a drug other than an insulin-
providing agent involved the original thiazolidinedione,
troglitazone. In the initial phase of this small but important
trial, both drugs reduced fasting plasma glucose to an
equivalent degree. Mechanistic studies incorporated into this
trial revealed that the biguanide’s main effect was to reduce
hepatic glucose production, whereas the thiazolidinedione
mainly improved peripheral glucose disposal. Thus, while
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Fig. 3 Mean changes in (a) fasting plasma glucose and (b) HbA1c in the
Multicenter Metformin Study, Protocol 2. Participants (n = 213) with
uncontrolled type 2 diabetes mellitus on glibenclamide monotherapy
randomised to combination glibenclamide plus metformin therapy (trian-
gles with dotted line) experienced improved glycaemic control vs the two
monotherapy groups; the first of the monotherapy groups was comprised
of 209 participants who remained on glibenclamide (circles with solid
line) and the second was comprised of 210 participants who were

switched from glibenclamide to metformin (squares with dashed line).
**p < 0.01, ***p < 0.001 metformin vs glibenclamide; †††p < 0.001
combination therapy vs glibenclamide. Figure adapted from The New
England Journal of Medicine, DeFronzo et al, Efficacy of metformin in
patients with non-insulin-dependent diabetes mellitus, 333:541-549.
Copyright © 1995 Massachusetts Medical Society. Reprinted with per-
mission from Massachusetts Medical Society [6]. To convert values for
HbA1c in % into mmol/mol, multiply by 10.929
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both drugs could be considered insulin sensitisers, they acted
predominately in different organs (metformin in the liver,
troglitazone in skeletal muscle). Next, when the drugs were
combined for 3 months, both fasting plasma glucose and
postprandial glucose were reduced further, reinforcing the
notion that combined therapy using drugs with complementary
mechanisms of action results in added glucose-lowering effect
[16]. Similar glycaemic outcomes were subsequently found
when pioglitazone and rosiglitazone were added to metformin
[17, 18].

Metformin andDPP-4 inhibitors, GLP-1 receptor agonists
and sodium−glucose cotransporter 2 (SGLT2) inhibitors
Most combination therapy studies involving metformin with
members of newer glucose-lowering drug classes, DPP-4
inhibitors, GLP-1 receptor agonists and SGLT2 inhibitors,
have simply added the investigational compound (or placebo)
to background metformin therapy. In general, the changes in
HbA1c changes recapitulated the approximate glucose-
lowering effect of these drugs as monotherapy. Such studies,
therefore, provide little insight into metformin itself, other
than the observation that these respective combinations are
effective, well tolerated and without any substantial added risk
of hypoglycaemia [19–25]. Other investigations have
examined initial combination therapy, mainly in treatment-
naive individuals; these have further reinforced the concept
that combining two drugs with distinct mechanisms of action
leads to greater glucose-lowering potential than the
constituents alone [23], allowing patients to better achieve
HbA1c targets.

Non-glycaemic effects

Once the cardiovascular benefits of metformin were suggested
following clinical trials [26], interest into the pleiotropic
effects of the drug arose. It has been proposed that its overall
benefits are not solely the consequence of improved glucose
control. This was evidenced in the UKPDS, where the
biguanide was associated with reduced macrovascular
complications, likely independent from glucose lowering
since they were not observed with sulfonylureas or insulin
treatment, which had, if anything, greater effects on blood
glucose levels. In the 10-year follow-up of the UKPDS cohort,
these cardiovascular benefits also appeared to be sustained
[27]. Furthermore, in short-term studies, weight loss of up to
4 kg after 16–29 weeks of treatment with metformin has
been reported [28, 29]. This effect may be mediated through
carbohydrate malabsorption, enhanced carbohydrate
utilization in the GI tract itself, or reduced calorie intake from
mild anorexia [30]. In the longer-term UKPDS study,
metformin was merely weight neutral, yet, this was in contrast
to the predictable weight gain observed in those assigned to

sulfonylureas or insulin. The effect of metformin on other
cardiovascular risk markers and clinical events is discussed
further by Griffin et al in this issue of Diabetologia [26].

Adverse effects

GI effects The most common side effects of metformin are GI
in nature: diarrhoea, nausea and/or abdominal discomfort.
They are usually mild, transient and dose-related, but can
occur in up to 50% of patients taking the medication. About
5% of individuals cannot tolerate the drug, even at low doses
[31]. Symptoms can be mitigated by gradual titration or
reduction in dose [32]. These side effects may relate to drug
accumulation in the enterocytes of the small intestine.
Slow-release formulations (extended-release metformin
[metforminXR]) are associatedwith fewer GI symptoms [33].

Lactic acidosis A much rarer but more concerning adverse
consequence of biguanide therapy is lactic acidosis. In the
1970s, use of an earlier member of this class, phenformin
was discontinued because of this association. A potentially
lethal side effect, lactic acidosis has been ascribed to the
promotion of anaerobic metabolism through interference with
mitochondrial respiration, resulting in increased lactate
generation. This is particularly the case when drug levels
climb into the toxic range (> 5.0 mg/l [therapeutic levels,
0.5–2.0 mg/l]) [34], owing to decreased renal clearance, such
as in advanced chronic kidney disease or acute kidney injury.
Recognition of this risk substantially delayed the approval of
metformin in the USA in the early 1990s [35]. Metformin-
associated lactic acidosis (MALA) is actually rare, with an
estimated incidence of 3–10 per 100,000 person-years.
[36] Of note, the risk of developing lactic acidosis from
metformin has been calculated to be 20 times less frequent
than with phenformin [37]. Other risk factors for MALA
include states that result in increased lactate production, such
as sepsis, cardiogenic shock and alcoholism.

The US Food and Drug Administration (FDA) originally
recommended against the use of metformin in individuals
with renal impairment (i.e. serum creatinine ≥114 μmol/l in
men, ≥ 107 μmol/l in women), or those over age 80 years with
abnormal creatinine clearance, to minimise the likelihood of
developing lactic acidosis. However, subsequent
investigations have strongly suggested that the risk of lactic
acidosis is extremely small and likely no different in users of
metformin vs other glucose-lowering agents. In line with this,
in an often-cited meta-analysis involving prospective and
retrospective studies, the risk of MALAwith metformin was
found to be negligible. In fact, in most circumstances, so long
as the estimated GFR (eGFR) was >30 ml min−1 [1.73 m]−2,
circulating drug levels remained within the safe range [38].
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Based on these data and two citizen petitions, in April
2016, the FDA changed the labelling of all metformin-
containing medications in the USA for use in individuals with
mild and moderate impairment in kidney function [39]. The
changes allowed for more widespread use of the drug, more
akin to standards in place in the UK. Subsequently, the
European Medicines Agency (EMA) also adopted these more
liberal prescribing guidelines [40]. It is now recommended to
use eGFR (which incorporates age, sex and race), instead of
plasma creatinine concentration alone, in the assessment of
renal function to determine whether the drug can be safely
prescribed. Metformin use is now allowed when the eGFR
falls below 60 ml min−1 [1.73 m]−2; under 45 ml min−1

[1.73 m]−2, a careful risk:benefit analysis should be conducted
for each patient, but the medication may be cautiously
continued (we advise a reduced dose at this juncture);
metformin remains contraindicated when the eGFR falls
under 30 ml min−1 [1.73 m]−2 [41]. Of course, in individuals
with labile renal disease, especially if frequent deteriorations
in kidney function occur, this drug is a poor choice. The
updated FDA guidelines also specify that metformin use
should be withheld before iodinated contrast procedures if
eGFR is 30–60 ml min−1 [1.73 m]−2, in the setting of liver
disease, alcoholism, or heart failure, or if intra-arterial contrast
is used. The eGFR should then be checked 48 h later and the
drug restarted if renal function remains stable.

B12 deficiency Vitamin B12 malabsorption is another potential
side effect of metformin, now convincingly demonstrated
through multiple case reports and cross-sectional and
longitudinal studies. In one randomised trial involving 256
participants over 52 months, 19 individuals (9.9%) randomised
to metformin therapy developed vitamin B12 deficiency
(<150 pmol/l) vs five (2.7%) in the placebo group; another 35
individuals (18.2%) in the metformin group, compared with 13
individuals (7.0%) in the placebo group, developed a low
vitamin B12 concentration (150–220 pmol/l) [42]. The
Diabetes Prevention Program Outcomes Study (DPPOS) also
reported an increased risk of low vitamin B12 levels with
long-term treatment with the biguanide. Moreover, a higher
prevalence of peripheral neuropathy (as assessed by
monofilament testing) was reported in metformin-treated
DPPOS participants who developed low vitamin B12 levels,
but with very small numbers (n = 13). There is a paucity of other
data showing that drug-associated changes in vitamin B12
concentrations result in any clinical symptoms. Nonetheless,
based on the biochemical changes and given the potential
irreversible neurological sequelae from unrecognised vitamin
B12 deficiency, it is suggested that periodic testing of vitamin
B12 levels be performed in patients on long-term metformin
therapy, especially in those with anaemia or peripheral
neuropathy [43]. Alternatively, prophylactic oral vitamin B12
supplements could simply be advised.

Dosing considerations

In order to minimise GI side effects, metformin should be
taken with meals and initiated at a low dose, typically
500 mg once or twice daily with gradual increases (i.e. weekly)
to the maximally tolerated dose, up to 2000 mg per day, given
as 1000 mg twice daily [32]. As previously noted, more than
50% of the drug’s efficacy is observed at 1000 mg [7].
Accordingly, in those patients having difficulty with higher
doses, daily amounts of 1000–1500 mg should be considered
substantially effective.

Various preparations of the drug exist, with immediate-
release formulations being the most conventional, available
in 500, 850 and 1000 mg tablets. The compound is absorbed
largely in the proximal small intestine. This formulation
requires twice- (or thrice-) daily dosing, which can
compromise drug compliance. Metformin XR, and related
products, is an extended-release formulation, available in
500, 750 and 1000 mg tablets. It has a dual polymer matrix,
which slowly releases the active drug. It enables slower drug
absorption in the upper GI tract, providing a once-daily dosing
option, while also decreasing the frequency and severity of
GI side effects [44]. In a randomised, double-blind trial
involving 701 participants, the efficacy and safety of the
extended-release formulation was found to be similar to the
twice-daily immediate release drug [45].

Guidelines

Metformin is recommended as a first-line drug for the
management of type 2 diabetes in most treatment guidelines
[11], a position based on its efficacy, low cost, relative safety
and the cardiovascular benefits shown by the UKPDS. The
American Diabetes Association (ADA) and the European
Association for the Study of Diabetes (EASD), in their joint
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position statement in 2012 and its update in 2015, recommend
metformin as initial monotherapy to control HbA1c levels
in all individuals with type 2 diabetes unless there is
demonstrated drug intolerance or any prevail ing
contraindication. These currently include advanced kidney
or liver disease, acute unstable congestive heart failure,
conditions marked by decreased perfusion or haemodynamic
instability, major alcohol abuse, or conditions characterised by
acidosis. If HbA1c is not controlled, one of six other drug
categories should then be added to the treatment regimen,
such as a sulfonylurea, a thiazolidinedione, a DPP-4 inhibitor,
an SGLT2 inhibitor, a GLP-1 receptor agonist or basal insulin,
individualised to the patient and their disease features. If
HbA1c is greater than 9% (74.9 mmol/mol) at baseline,
initiating dual combination therapy, i.e. metformin plus one
of a member of these classes, is reasonable. Similar
recommendations come from the National Institute of Health
and Care Excellence (NICE) in the UK, the International
Diabetes Federation (IDF) and the American College of
Physicians [46–48]. However, beyond comparisons with
sulfonlylureas and insulin, there are no long-term data
comparing metformin as first-line treatment with other
glucose-lowering agents (e.g. thiazolidinediones, SGLT2
inhibitors and GLP-1 receptor agonists) that also do not
increase the risk of hypoglycaemia. Members of several of
these drug classes have recently been demonstrated to have
cardiovascular benefits [49]; how this biguanide would fare
against these as monotherapy is unknown.

Future directions

Several recent, large cardiovascular outcome safety trials have
found significant cardiovascular and, in some circumstances,
renal benefits from non-biguanide therapies (e.g. specific
thiazolidinediones, SGLT-2 inhibitors and GLP-1 receptor
agonists) in individuals with type 2 diabetes at high
cardiovascular disease risk. Therefore, an argument can now
be made for a large outcomes trial to compare one or more of
these agents with metformin as initial therapy.

Conclusions

With widespread use for more than two decades, metformin
remains ensconced as an essential drug in the growing
pharmacopeia for type 2 diabetes. It has established efficacy
in both monotherapy and combination therapy regimens, is
generally well tolerated and may have intrinsic cardiovascular
benefits. Its role, however, as the optimal first-line glucose-
lowering agent may now at least be legitimately challenged,
since it has not yet been tested in long-term studies against
newer drugs, some of which carry more robust proof of

cardiovascular effectiveness, at least in individuals with
established cardiovascular disease [49]. Until new evidence
to the contrary is available, metformin will likely remain the
‘foundation therapy’ in type 2 diabetes.

Funding This work received no specific grant from any funding agency
in the public, commercial or not-for-profit sectors.

Duality of interest ES-R has nothing to disclose. SEI has served as a
consultant to Merck, Janssen, Sanofi/Lexicon, and vTv Therapeutics. He
has participated on clinical trial steering, executive or publications
committees for Boehringer Ingelheim, AstraZeneca, and Daiichi
Sankyo. He has served as a member of data monitoring committees for
Novo Nordisk and Intarcia.

Contribution statement Both authors were responsible for drafting the
article and revising it critically for important intellectual content. Both
authors approved the version to be published.

References

1. Inzucchi SE, Bergenstal RM, Buse JB et al (2015) Management of
hyperglycemia in type 2 diabetes, 2015: a patient-centered ap-
proach. Update to a position statement of the American Diabetes
Association and the European Association for the Study of
Diabetes. Diabetologia 58:429–442

2. Sterne J (1957) Du nouveau dans les antidiabétiques. La NN
dimethylamine guanyl guanide N.N.D.G. Maroc Med 36:1295–
1296

3. Pryor R, Cabreiro F (2015) Repurposing metformin: an old drug
with new tricks in its binding pockets. Biochem J 471:307–322

4. Rena G, Hardie DG, Pearson ER (2017) The mechanisms of action
of metformin. Diabetologia. doi:10.1007/s00125-017-4342-z

5. Williams G (1994) Management of non-insulin-dependent diabetes
mellitus. Lancet 343:95–100

6. DeFronzo RA, Goodman AM, The Multicenter Metformin Study
Group (1995) Efficacy of metformin in patients with non-insulin-
dependent diabetes mellitus. N Engl J Med 333:541–549

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

8. Bennett WL, Maruthur NM, Singh S et al (2011) Comparative
effectiveness and safety of medications for type 2 diabetes: an up-
date including new drugs and 2-drug combinations. Ann Intern
Med 154:602–613

9. Russell-Jones D, Cuddihy RM, Hanefeld M et al (2012) Efficacy
and safety of exenatide once weekly versus metformin, pioglita-
zone, and sitagliptin used as monotherapy in drug-naive patients
with type 2 diabetes (DURATION-4): a 26-week double-blind
study. Diabetes Care 35:252–258

10. Kahn SE, Haffner SM, Heise MA et al (2006) Glycemic durability
of rosiglitazone, metformin, or glyburide monotherapy. N Engl J
Med 355:2427–2443

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

12. Knowler WC, Barrett-Connor E, Fowler SE et al (2002) Reduction
in the incidence of type 2 diabetes with lifestyle intervention or
metformin. N Engl J Med 346:393–403

1592 Diabetologia (2017) 60:1586–1593

http://dx.doi.org/10.1007/s00125-017-4342-z


13. Charpentier G, Fleury F, KabirM, Vaur L, Halimi S (2001) Improved
glycaemic control by addition of glimepiride tometforminmonother-
apy in type 2 diabetic patients. Diabet Med 18:828–834

14. WulffeleMG, KooyA, Lehert P et al (2002) Combination of insulin
andmetformin in the treatment of type 2 diabetes. Diabetes Care 25:
2133–2140

15. Yki-Jarvinen H, Ryysy L, Nikkila K, Tulokas T, Vanamo R,
Heikkila M (1999) Comparison of bedtime insulin regimens in
patients with type 2 diabetes mellitus. A randomized, controlled
trial. Ann Intern Med 130:389–396

16. Inzucchi SE, Maggs DG, Spollett GR et al (1998) Efficacy and
metabolic effects of metformin and troglitazone in type II diabetes
mellitus. N Engl J Med 338:867–872

17. Fonseca V, Rosenstock J, Patwardhan R, Salzman A (2000) Effect
of metformin and rosiglitazone combination therapy in patients
with type 2 diabetes mellitus: a randomized controlled trial.
JAMA 283:1695–1702

18. Einhorn D, Rendell M, Rosenzweig J et al (2000) Pioglitazone
hydrochloride in combination with metformin in the treatment of
type 2 diabetes mellitus: a randomized, placebo-controlled study.
Clin Ther 22:1395–1409

19. Deacon CF, Mannucci E, Ahren B (2012) Glycaemic efficacy of
glucagon-like peptide-1 receptor agonists and dipeptidyl peptidase-4
inhibitors as add-on therapy to metformin in subjects with type 2
diabetes-a review andmeta analysis. DiabetesObesMetab 14:762–767

20. Arechavaleta R, Seck T, Chen Yet al (2011) Efficacy and safety of
treatment with sitagliptin or glimepiride in patients with type 2
diabetes inadequately controlled on metformin monotherapy: a ran-
domized, double-blind, non-inferiority trial. Diabetes Obes Metab
13:160–168

21. Scott R, Loeys T, Davies MJ, Engel SS (2008) Efficacy and safety
of sitagliptin when added to ongoing metformin therapy in patients
with type 2 diabetes. Diabetes Obes Metab 10:959–969

22. Bolli G, Dotta F, Rochotte E, Cohen SE (2008) Efficacy and toler-
ability of vildagliptin vs. pioglitazone when added to metformin: a
24-week, randomized, double-blind study. Diabetes Obes Metab
10:82–90

23. Rosenstock J, Chuck L, Gonzalez-Ortiz M et al (2016) Initial com-
bination therapy with canagliflozin plus metformin versus each
component as monotherapy for drug-naive type 2 diabetes.
Diabetes Care 39:353–362

24. Bailey CJ, Gross JL, Pieters A, Bastien A, List JF (2010) Effect of
dapagliflozin in patients with type 2 diabetes who have inadequate
glycaemic control with metformin: a randomised, double-blind,
placebo-controlled trial. Lancet 375:2223–2233

25. Softeland E, Meier JJ, Vangen B, Toorawa R, Maldonado-
LutomirskyM, Broedl UC (2017) Empagliflozin as add-on therapy
in patients with type 2 diabetes inadequately controlled with
linagliptin and metformin: a 24-week randomized, double-blind,
parallel-group trial. Diabetes Care 40:201–209

26. Griffin SJ, Leaver JK, Irving GJ (2017) Impact of metformin on
cardiovascular disease: a meta-analysis of randomised trials among
people with type 2 diabetes. Diabetologia. doi:10.1007/s00125-
017-4337-9

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

28. Stumvoll M, Nurjhan N, Perriello G, Dailey G, Gerich JE (1995)
Metabolic effects of metformin in non-insulin-dependent diabetes
mellitus. N Engl J Med 333:550–554

29. Clarke BF, Duncan LJ (1968) Comparison of chlorpropamide and
metformin treatment on weight and blood-glucose response of un-
controlled obese diabetics. Lancet 1:123–126

30. Palumbo PJ (1998) Metformin: effects on cardiovascular risk fac-
tors in patients with non-insulin-dependent diabetes mellitus. J
Diabetes Complications 12:110–119

31. BouchouchaM,Uzzan B, Cohen R (2011)Metformin and digestive
disorders. Diabetes Metab 37:90–96

32. Davidson MB, Peters AL (1997) An overview of metformin in the
treatment of type 2 diabetes mellitus. Am J Med 102:99–110

33. McCreight LJ, Bailey CJ, Pearson ER (2016) Metformin and the
gastrointestinal tract. Diabetologia 59:426–435

34. DeFronzo R, Fleming GA, Chen K, Bicsak TA (2016) Metformin-
associated lactic acidosis: current perspectives on causes and risk.
Metabolism 65:20–29

35. Bailey CJ, Turner RC (1996)Metformin. N Engl JMed 334:574–579
36. Richy FF, Sabido-Espin M, Guedes S, Corvino FA, Gottwald-

Hostalek U (2014) Incidence of lactic acidosis in patients with type
2 diabetes with and without renal impairment treated with metfor-
min: a retrospective cohort study. Diabetes Care 37:2291–2295

37. Chan NN, Brain HP, Feher MD (1999) Metformin-associated lactic
acidosis: a rare or very rare clinical entity? Diabet Med 16:273–281

38. Inzucchi SE, Lipska KJ, Mayo H, Bailey CJ, McGuire DK (2014)
Metformin in patients with type 2 diabetes and kidney disease: a
systematic review. JAMA 312:2668–2675

39. Lipska KJ, Flory JH, Hennessy S, Inzucchi SE (2016) Citizen peti-
tion to the US Food and Drug Administration to change prescribing
guidelines: the metformin experience. Circulation 134:1405–1408

40. European Medicines Agency. (2016) Use of metformin to treat
diabetes now expanded to patients with moderately reduced kidney
function. Available from https://www.ema.europa.eu/docs/en_GB/
document_library/Press_release/2016/10/WC500214248.pdf.
Accessed 28 May 2017

41. US Food and Drug Administration (2016) FDA Drug Safety
Communication: FDA revises warnings regarding use of the diabe-
tes medicine metformin in certain patients with reduced kidney
function. Available from http://www.fda.gov/Drugs/DrugSafety/
ucm493244.htm. Accessed 28 May 2017

42. de Jager J, Kooy A, Lehert P et al (2010) Long term treatment with
metformin in patients with type 2 diabetes and risk of vitamin B-12
deficiency: randomised placebo controlled trial. BMJ 340:c2181

43. Aroda VR, Edelstein SL, Goldberg RB et al (2016) Long-term
metformin use and vitamin B12 deficiency in the Diabetes
Prevention Program Outcomes Study. J Clin Endocrinol Metab
101:1754–1761

44. Fujita Y, Inagaki N (2017) Metformin: new preparations and
nonglycemic benefits. Curr Diab Rep 17:5

45. Schwartz S, Fonseca V, Berner B, CramerM, Chiang YK, Lewin A
(2006) Efficacy, tolerability, and safety of a novel once-daily ex-
tended-release metformin in patients with type 2 diabetes. Diabetes
Care 29:759–764

46. National Institute for Health and Care Excellence (2017) Type 2
diabetes in adults: management. Available from https://www.nice.
org.uk/guidance/ng28. Accessed 29 May 2017

47. International Diabetes Federation Clinical Guideline Task Force
(2012) Global guideline for type 2 diabetes. Availabe at https://
www.idf.org/e-library/guidelines/79-global-guideline-for-type-2-
diabetes. Accessed 29 May 2017

48. Qaseem A, Barry MJ, Humphrey LL, Forciea MA (2017) Oral
pharmacologic treatment of type 2 diabetes mellitus: a clinical prac-
tice guideline update from the American College of Physicians.
Ann Intern Med 156:218–231

49. Ismail-Beigi F, Moghissi E, Kosiborod M, Inzucchi SE (2017)
Shifting paradigms in the medical management of type 2 diabetes:
reflections on recent cardiovascular outcome trials. J Gen Intern
Med. doi:10.1007/s11606-017-4061-7

Diabetologia (2017) 60:1586–1593 1593

http://dx.doi.org/10.1007/s00125-017-4337-9
http://dx.doi.org/10.1007/s00125-017-4337-9
https://www.ema.europa.eu/docs/en_GB/document_library/Press_release/2016/10/WC500214248.pdf
https://www.ema.europa.eu/docs/en_GB/document_library/Press_release/2016/10/WC500214248.pdf
http://www.fda.gov/Drugs/DrugSafety/ucm493244.htm
http://www.fda.gov/Drugs/DrugSafety/ucm493244.htm
https://www.nice.org.uk/guidance/ng28
https://www.nice.org.uk/guidance/ng28
https://www.idf.org/e-library/guidelines/79-global-guideline-for-type-2-diabetes
https://www.idf.org/e-library/guidelines/79-global-guideline-for-type-2-diabetes
https://www.idf.org/e-library/guidelines/79-global-guideline-for-type-2-diabetes
http://dx.doi.org/10.1007/s11606-017-4061-7

	Metformin: clinical use in type 2 diabetes
	Abstract
	Introduction
	Use as first-line therapy
	Use in combination therapy
	Non-glycaemic effects
	Adverse effects
	Dosing considerations
	Guidelines
	Future directions
	Conclusions
	References


