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Since the UK Prospective Diabetes Study (UKPDS), metformin has been considered
the first-linemedication for patients with newly diagnosed type 2 diabetes. Though
directevidence fromspecific trials is still lacking, several studieshave suggested that
metformin may protect from diabetes- and nondiabetes-related comorbidities,
including cardiovascular, renal, neurological, and neoplastic diseases. In the past
few decades, several mechanisms of action have been proposed to explain
metformin’s protective effects, none being final. It is certain, however, that
metformin increases lactate production, concentration, and, possibly, oxidation.
Once considered a mere waste product of exercising skeletal muscle or anaero-
biosis, lactate is now known to act as a major energy shuttle, redistributed from
production sites to where it is needed. Through the direct uptake and oxidation of
lactate produced elsewhere, all end organs can be rapidly supplied with funda-
mental energy, skipping glycolysis and its possible byproducts. Increased lactate
production (and consequent oxidation) could therefore be considered a positive
mechanism of action of metformin, except when, under specific circumstances,
metformin and lactate become excessive, increasing the risk of lactic acidosis. We
are proposing that, rather than considering metformin-induced lactate production
as dangerous, it could be considered amechanism throughwhichmetformin exerts
its possibleprotectiveeffect on theheart, kidneys, andbrainand, to someextent, its
antineoplastic action.

Sixty years after its introduction in the diabetes pharmacopeia, metformin remains a
milestone in the treatmentof type2diabetes (T2D). FromtheUKProspectiveDiabetes
Study (UKPDS) (1) onward, virtually all guidelines (2,3) recommendmetformin asfirst-
line treatment for T2D. The well-known advantages of this agent include its glucose-
lowering efficacy, low risk of hypoglycemia, modest body weight reduction, easy
combination with almost any other glucose-lowering agent, and its low cost (2).
Moreover, metformin is generally well tolerated, with diarrhea being the most
common side effect. Lactic acidosis, the life-threatening condition potentially
associated with the use of metformin, is a relatively rare event, usually developing
in the setting of severe illness or predisposing conditions (4). Beyond its overall
favorable risk-to-benefit ratio, it has been suggested that other properties of
metformin may exert positive effects in T2D. Cardiovascular (CV) protection was
initially reported in the UKPDS (1), while, more recently, certain studies have
hypothesized a renoprotective effect (5). Discussion on the role of metformin in
the prevention of cancer and cancer recurrence is still ongoing (6). Recent meta-
analyses have concluded thatmetformin significantly improves cognitive dysfunction
in patients with T2D (7). A very recent publication has reported results of a cohort
study showing an association betweenmetformin use and reduction of mortality risk
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and hospital readmission after a major
surgical procedure (8). Finally, metfor-
min use has been associated with re-
ducedmortality in subjectswith diabetes
and coronavirus 2019 (COVID-19) (9). In
spite of growing evidence for the ben-
eficial pleiotropic effects of metformin,
the true mechanism(s) accounting for all
these effects remains elusive. Our aim,
therefore, is to review the effects of
metformin in an attempt to elucidate
whether a unifying mechanism behind
the multifaceted effects of the drug can
be hypothesized.

METFORMIN AND CV PROTECTION

In the seminal UKPDS study, patients
treated with metformin, compared with
the conventional group, had risk reduc-
tions of 32% (95%CI 13–47,P50.002) for
any diabetes-related end point, 42% for
diabetes-related death (9–63, P5 0.017),
and36% for all-causemortality (9–55,P5
0.011). Moreover, metformin showed a
greater effect than chlorpropamide, gli-
benclamide, or insulin for any diabetes-
related end point (P 5 0.0034), all-cause
mortality (P 5 0.021), and stroke (P 5
0.032). The CV protection was confirmed
in the post-trial 10-year follow-up show-
ing that, despite similar glycemic control
in metformin-treated individuals com-
pared with those on conventional ther-
apy, the former retained significant risk
reduction for any diabetes-related end
point, diabetes-related death, all-cause
death, and myocardial infarction (10).
In spite of these exciting results, random-
izedcontrol interventiontrialsdesignedto
confirm metformin CV protection remain
limited. Compared with the UKPDS, the
Hyperinsulinemia: the Outcome of its
Metabolic Effects (HOME) trial enrolled
T2D subjectswith longer disease duration
in whom placebo or metformin were
added to the existing insulin therapy
(11). Although the trial did not show
significant effects of metformin on pri-
mary composite of macro- and microvas-
cular end points, it did show significant
benefits (even after adjusting for changes
in HbA1c level, daily dose of insulin, and
systolic blood pressure) for the secondary
macrovascular end point with a hazard
ratio (HR) of 0.34 (95% CI 0.21–0.56, P5
0.001). In the study by Han et al. (12), T2D
subjects with coronary artery disease
randomized to either metformin or glipi-
zide showed significant benefits for met-
formin on primary CV composite end

points (HR 0.54, 95% CI 0.30–0.90, P 5
0.026). This CV protective effect has been
largely, though not universally, confirmed
in observational studies. By and large,
these studies have shown thatmetformin
provides CV benefits as compared with
lifestyle intervention, sulfonylureas, and
acarbose (13). Beneficial effects of met-
formin were apparent in T2D subjects with
established atherosclerotic CV disease,
coronary heart disease, and elevated
CV risk factors, including smoking, as
well as in those with heart failure and
chronic kidney disease (CKD) (13). The
favorable CV effects of metformin may
also apply to subjects with type 1 diabetes,
as suggested by the results of the RE-
ducingwithMetfOrminVascular Adverse
Lesions (REMOVAL) trial (14). In this study,
metformin did not significantly reduce the
progression of mean carotid intima-media
thickness (20.005 mm per year, 95%
CI 20.012 to 0.002, P 5 0.1664), which
was the primary end point of the study,
although maximal carotid intima-media
thickness (a prespecified tertiary outcome)
was significantly reduced (20.013mmper
year, 20.024 to 20.003, P 5 0.0093).

METFORMIN AND RENAL
PROTECTION

Several experimental data support a
potential beneficial effect of metformin
on the kidney. In vitro and animal
studies have provided evidence that
metformin reduces tubulointerstitial fi-
brosis andepithelial-mesenchymal tran-
sition, arrests cyst growth in models of
polycystic kidney disease, and prevents
nephropathy induced by gentamicin,
ureteral obstruction, ischemia-reperfusion,
and streptozotocin-nicotinamide (15). As
far as experimental diabetic nephropathy
is concerned, metformin has been shown
to prevent glucose-mediated apoptosis
of human podocytes (16) and to reduce
urinary albumin excretion in diabetic
rats (17). Preclinical data are more abun-
dant than clinical data. In a retrospective
cohort study on kidney-transplanted sub-
jects, metformin was found to be asso-
ciated with better allograft survival and
reduced mortality (18). Although the
UKPDS did not show any apparent effect
of metformin on renal death or renal
failure, the trial was conducted in newly
diagnosed patients and the total number
of events was very low (1). In contrast,
metforminwas found to reduce the risk of
severekidney failure ina largeU.K. primary

care database (19). Moreover, as com-
pared with sulfonylureas, initiation of
therapy with metformin was associated
witha lower riskof lossof kidney function
(20). In a recent study in patients with
type 1 diabetes (REMOVAL), there were
no cases of estimated glomerular filtra-
tion rate (eGFR) declining to ,30 mL z
min21 z 1.73 m22 (14). In the metformin
group, eGFR remained more stable over
time,with abetween-groupdifferenceof
4.0 mL z min21 z 1.73 m22 (2.19 to 5.81,
P , 0.001) in favor of metformin over
3 years (14). In patients with diabetes in
whom metformin was withdrawn be-
cause of renal dysfunction, a worsening
of glycemic control was reported, along
with earlier deterioration in kidney func-
tion (21). Recently, a large (.10,000
patients) retrospective observational co-
hort study (22)was conducted examining
data from patients with T2D and CKD
followed in two tertiary Koreanhospitals.
Even after propensity score matching,
metformin use was associated with re-
duced risk of all-cause mortality and
incident end-stage renal disease, what-
ever the eGFR at metformin initiation.
This differencewas present even in 208 pa-
tientswitheGFR,30mL zmin21 z1.73m22.
A currently ongoing trial, Metformin as
RenoProtector of Progressive Kidney
Disease (RenoMet), expected to end
in 2021, is evaluating the use of met-
formin versus placebo in CKD patients
without diabetes. The results of this
trial will shed further light on the
effects of metformin on cardiorenal
outcomes.

METFORMIN AND CANCER

The association between metformin use
and reduction of cancer incidence and
cancer mortality has been repeatedly
reported. A summary of epidemiologic
studies, as well as recently completed
and ongoing clinical trials, compiled by
Heckman-Stoddard et al. (6) in 2017 re-
ported a reduction in overall cancer in-
cidence and cancer-related mortality of
10% to 40% in different meta-analyses.
This confirms data published in a previous
meta-analysis by the same authors (23), in
which caution was suggested with respect
totheactual riskreduction.Similarly,meta-
analyses have suggested a reduction in
cancer-relatedmortalityamong individuals
with colon, lung, and prostate cancer and
improved survival in other neoplastic con-
ditions. The review by Heckman-Stoddard
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et al. (6) also summarizes the results of
17 clinical trials completed so far. These
trialsvarywith respect topatientsenrolled,
formsofcancer, andstageof theneoplastic
disease and do not yield univocal results.
Nonetheless, the interest in a possible
beneficial effect of metformin in subjects
with and without diabetes who have neo-
plastic disease has not lost steam. In their
review, Heckman-Stoddard et al. counted
at least 27 ongoing studies registered at
ClinicalTrials.gov.Sincethat time, thisnum-
ber has been increasing, with .50 trials
currently registered inthesamerepository.
These trials may help not only in lending
support to the protective effects of met-
formin but also in determining whether
specific typesof cancermay respond to the
drug better than others.

METFORMIN AND COGNITIVE
FUNCTION

Cognitive dysfunction is currently con-
sidered one of themany complications of
diabetes (24). In T2Dthere is an increased
risk of both vascular dementia and Alz-
heimer disease (AD). Impaired insulin
signaling, oxidative stress, and chronic
inflammation are a common background
for traditional diabetes complications and
for degenerative diseases of the central
nervous system.A recentmeta-analysis of
three studies has shown that the preva-
lence of cognitive impairment is signifi-
cantly lower in T2D subjects receiving
metformin (OR 0.55, 95% CI 0.39–
0.78), while another series of six studies
reported a significant reduction of the
incidence of dementia (HR 0.76, 95% CI
0.39–0.88). In a survey including 67,731
participants, use of metformin was as-
sociated with attenuation of the risk of
dementia in people with diabetes. This
effect was independent of glycemic con-
trol and persisted in comparisonwith the
use of other glucose-lowering agents.
Orkaby et al. (25) have recently reported
that, after accounting for confounding by
indication, metformin was associated
with a lower risk of subsequent dementia
than sulfonylurea use in veterans ,75
years of age. The Sydney Memory and
AgeingStudy, aprospectiveobservational
study, conducted on 1,037 community-
dwelling participants without dementia
aged 70–90 years at baseline, found that
after 6 years, patients on metformin
had significantly slower decline in global
cognition and executive function, sim-
ilar to that observed in subjects

withoutdiabetes.On thecontrary, subjects
with diabetes showed increased incident
dementia (odds ratio 5.29, 95% CI 1.17–
23.88, P 5 0.05) (26). More recently, in
a pilot study, 20 subjects without di-
abetes with mild cognitive impairment
or mild dementia due to AD were ran-
domized to receive metformin then
placebo for 8 weeks each or vice versa.
Metformin was associated with im-
proved executive functioning, and trends
suggested improvement in learning/
memory and attention (27). It is, how-
ever, not just the potential therapeutic
effect of metformin on AD that has
attracted attention. A number of other
neurodegenerative conditions seem to
be potentially ameliorated by the drug,
including epilepsy (28). A review by
Markowicz-Piasecka et al. (29) explores
several preclinical studies supporting
the potential protective effect of met-
formin with respect to impairment in
cognitive function and possible mecha-
nisms of action.

THE POSSIBLE MECHANISM(S)
BEHIND THE BENEFICIAL
PLEIOTROPIC EFFECTS OF
METFORMIN

As mentioned, the mechanism(s) through
which metformin exerts its numerous
beneficial effects is still largely unclear.
Scholars tend to focus on the activation
of adenosine monophosphate-activated
protein kinase (AMPK) (30), whose core
function is to maintain energy homeo-
stasis during the fasting state. The glucose-
lowering effects ofmetformin aremainly
due to a suppression of hepatic gluco-
neogenesis. In the liver, metformin has
been shown to inhibit the mitochondrial
respiratory chain leading to AMPK acti-
vation, improving insulin sensitivity
and reducing cAMP with subsequent
inhibition of the expression of gluconeo-
genic enzymes (31), although AMPK-
independent mechanisms (Table 1)
have been described as well (32). In-
terestingly, the AMPK/mTOR pathway
has also been used to explain the molec-
ular mechanisms underlying many of the
pleiotropic effects of metformin.

In themyocardial cell, AMPKactivation
bymetformin, through inhibition of acetyl-
CoA carboxylase (ACC), reduces malonyl-
CoA synthesis. Moreover, the inhibitory
effect of AMPK on carnitine palmitoyl
transferase 1 (CPT1) enhances fatty acid
oxidation (33) with a concomitant

increase in glucose uptake (32) via in-
creasedGLUT4 translocation and reduced
endocytosis (34). AMPK is considered an
important target for endothelial dysfunc-
tion and atherosclerosis, and available
studies support a beneficial effect of
AMPK activation on endothelial function
due to an antioxidant effect in endothelial
cells (35). Metformin may exert multiple
beneficial effects also in patients with
heart failure via activation of the AMPK/
PGC1-a (36) and AMPK/eNOS (37) path-
ways and by protecting themyocardium
under ischemia and ischemia-reperfusion
injury conditions (38). Finally, metformin
activation of AMPK has been shown to
reduce chronic myocardium inflamma-
tion, cardiomyocyte apoptosis, and auto-
phagy (39).

Recently, Ravindran et al. (5) have
emphasized that the AMPK/mTOR path-
way is responsible for the beneficial renal
effects of metformin. AMPK also promotes
autophagy, a decrease in endoplasmic
reticulum stress, and the inhibition of
inflammation and oxidation caused by
advanced glycation end products (AGEs).
The benefits ofmetformin use in diabetic
nephropathymay, in fact, be due to AMPK’s
mitigation of oxidative stress (40). It has also
recently been reported that metformin di-
rectly binds to and reduces the catalytic
activity of the recombinant SHIP2 phospha-
tase domain in vitro (41). SHIP2 is upregu-
lated in animal models of diabetes and
suppressesinsulinsignaling,leadingtoinsulin
resistance and decreased glucose transport
(41). The reduction of SHIP2 activity has
beenproposedasthemolecularmechanism
by whichmetformin treatment reduces the
loss of podocytes in T2D patients (41).

AMPK activation is also considered the
main mechanism behind metformin’s
protection against cancer, as it inhibits
the mTOR pathway, reducing cell pro-
liferation, apoptosis, and cell-cycle arrest
of the neoplastic cell (42). This antineo-
plastic effect is likely the result of an
insulin-lowering activity that may reduce
proliferation in hyperinsulinemic individ-
uals and the inhibition of mitochondrial
respiration and energy reduction in the
tumor cell (43).

AMPK is an important metabolic sen-
sor in the central nervous system (44),
and reduced levels have been described
inneurogenerativeconditions (45).There-
fore, the well-known effect of metformin
on AMPK activation has been used to
explain its neuroprotective effect (28).
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The widespread activation of AMPK
induced bymetformin closelymimics the
imbalance between energy supply and
energy consumption occurring in re-
sponse to fasting and exercise. Like met-
formin, sodium–glucose cotransporter
2 inhibitors (SGLT2is) mimic fasting con-
ditions (46), thus inducing an upregula-
tion of AMPK and probably the activation
of other factors that reduce cellular
stress (e.g., sirtuin-1 and hypoxia induc-
ible factors [47]), even thoughSGLT2i and
metformin effects on gluconeogenesis
are different. Typically, fasting or exer-
cise induces an increase in alternative
energy substrates such as lactate and
b-hydroxybutyrate. As far as SGLT2is are
concerned, Ferrannini et al. (48) hypoth-
esized that the switch to ketones as a
substrate is one of the reasons for the
reduction inCVevents seenwithSGLT2is.
With SGLT2i therapy, ketone concentra-
tiongenerally rangesbetween0.1mmol/L
and 0.5 mmol/L (49), although under
particular stress conditions, ketogen-
esis can be activated to the point of
euglycemic ketoacidosis. Though ketone
turnover during SGLT2i treatment has
never been measured, ketone concen-
tration appears too low to quantitatively
represent a valid alternative to glucose as
energy substrate.
With metformin treatment, lactate con-

centration increases (50), and, unlike ke-
tones, lactate concentration (;1.0mmol/L)
is quantitatively adequate to act as an
alternative substrate. The fundamental
advantage of the use of lactate in heart,
brain, and kidney is that it can be directly
taken up and oxidized (Fig. 1) (51). We
here hypothesize that at least someof the
protective effect of metformin on the CV
system, kidney, and brain and the anti-
neoplastic effectmay bemediated via the
increased availability of lactate.

LACTIC ACID AS A MEDIATOR OF
PLEIOTROPIC EFFECTS OF
METFORMIN

Glucose is produced mainly by the liver
(and to some extent the kidney), while all
other tissuesandcellsuptakeglucose.On
the contrary, lactate can be produced
and released by virtually any tissue and
cell containing glycogen and/or taking up
glucose, although it is the gut wall that
seems to account for the extra lactate
reaching the circulation (52), most likely
due to the very high local concentration
of the drug. The extra lactate released by
the gut is mainly conveyed to the liver
through the vena porta where it is partly
converted into glucose, increasing glu-
cose turnover after administration of
metformin (53). From this point of
view, it is of note that recent work
has indicated that metformin increases
endogenous glucose production and glu-
cose utilization in individuals with recent-
onset T2D and in control subjects without
diabetes (54). Whether metformin in-
creases basal glucose rate of disappear-
ance by facilitating glucose uptake in
other tissues, such as the intestine, re-
mains to be further clarified. This view,
however, fits in with the block of the Cori

cycle proposed by Bailey et al. (52), an
effect that seems to be particularly ap-
parent after a meal resulting in a re-
distribution of energy substrate. Lactate
can be taken up by all tissues and directly
oxidized for immediate use (51). Besides
the gut–liver–muscle axis of energy ho-
meostasis, lactate represents the major
“cell-to-cell shuttle’’ and ‘‘intracellular
shuttle’’ for the delivery of oxidative
and gluconeogenic substrates, as well
as being a main player in cell signalling
(55,56). Cell–cell lactate shuttles include
lactate exchanges between white glyco-
lytic muscle and red oxidative muscle
fibres within working muscles, but also
(Fig. 1) between skeletal muscle and
heart (57), brain (58), liver and kidneys
(59), astrocytes and neurons, and neu-
rons and astrocytes (60). In summary,
lactic acid, as recently summarized, can
no longer be considered a mere end
product of glycolysis (61). This is even
more apparent when we consider that
lactate is actively transported across
plasmamembranes viamonocarboxylate
transporters and is an active ligand of
GPR81, a G1-protein–coupled receptor,
expressed in many organs and tissues
including adipose tissue, skeletal muscle
(62), liver, kidney, and brain (63). Thus,
lactate can be considered an alternative
substrate in virtually all tissues and be-
comes extremely important in organs
damaged by diabetes.

In normal conditions, at rest, the myo-
cardium constantly releases and takes
up lactate, and these processes increase
to a greater extent during atrial pacing
(57). Moreover, lactate contributes in a
similar proportion to glucose in support-
ing myocardial work (57). The diabetic
heart has a reduced capacity for glucose
utilization, particularly during ischemia.
This defect can be partially compensated

Table 1—Main molecular mechanism(s) of action of metformin
AMPK activation (29)

Inhibition of mitochondrial respiratory chain complex 1 (31)

Increased ADP/ATP and AMP/ATP (31)

Decrease in NF-kB (31)

Inhibition of STAT3 (31)

Inhibition of acetyl-CoA carboxylase (32)

Inhibition of CPT1 (32)

Inhibition of SHIP2 (41)

Inhibition of mTOR pathway (5)

Activation of AMPK/PGC1-a pathway (36)

Activation of AMPK/eNOS pathway (36)

Figure 1—Lactate shuttle promoted by metformin. Metformin promotes lactate production by
virtually any tissue and cell containing glycogen and/or taking up glucose, either distal (including
gut, liver, andmuscles) or proximal (such as cardiacfibroblasts, astrocytes, or renalmedullar cells).
Cardiomyocytes, neurons, or renal cells can then uptake lactate and directly oxidize it for
immediate use, bypassing glycolysis.
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by hyperglycemia (64). Since cardiomyo-
cytes preferentially use lactate, an in-
crease in lactate levels, as elicited by
metformin, may provide an alternative
energy substrate. More recently it has
been suggested that a fibroblast-to-
cardiomyocyte shuttle could operate in
the heart (65). According to this cell-to-
cell shuttle, glucose is taken up by fibro-
blasts that release lactate to be used by
cardiomyocytes (Fig. 1). These authors
imply that this metabolic cross talk is
impaired in insulin-resistant animals and
underline the need for considering this
mechanism in designing therapeutic strat-
egies for treatingheart failure anddiabetes-
related heart conditions. It is therefore
appealing to hypothesize that metfor-
min, by improving insulin action on myo-
cardial fibroblasts,may restore cell-to-cell
lactate shuttle, thus contributing to CV
protection. More recently, experimental
data have shown that GPR81 activation
by physiologically elevated lactate con-
centrations can rescue oxidative stress
and reduce inflammatory cytokines in
the endothelial cell (66), thus lending
support to a potential antiatheroscler-
otic action.
Lactate is a major substrate for the

kidney. It is used in part for gluconeo-
genesis but mostly as a readily available
substrate to support the high energy
requirements of renal function (67). In
T2D, renal glycolysis is increased and is
apparently uncoupled from mitochon-
drial respiration. If mitochondrial respi-
ration is sufficient to consume the
pyruvate produced and to keep glycolytic
flux going, increased glycolytic flux can
prevent the accumulation of the toxic
glucose metabolites that occur under the
hyperglycemic condition (e.g., polyols).
Qi et al. (68) performed a proteomics
analysis on the glomeruli of patients with
and without nephropathy who had had
diabetes for over 50 years. Patients with-
out nephropathy had high levels of en-
zymes involved in regulating glycolysis
and mitochondrial respiration; in partic-
ular, elevated pyruvate kinase M2 was
identified as a protective factor in coun-
tering the development of nephropathy.
If mitochondrial function is impaired,
increased glycolysis can lead to an accu-
mulation of glycolytic intermediates that
overflow into the polyol pathway, where
they are processed into fructose (69).
Fructose is then phosphorylated by fruc-
tokinase, leading to the formation of uric

acid and AGEs, one of the distinguishing
features of renal damage in diabetes. Sas
et al. (70) found that urinary markers of
increasedrenal glycolysis, combinedwith
the presence of altered mitochondrial
proteins, could be predictors of nephrop-
athy in patients with diabetes. Since
lactate is taken up directly from the
circulation without glycolysis in the kid-
neys (Fig. 1), noglycolyticmetabolites are
produced, andonly theamountof lactate
that can be oxidized is taken up. The
pathophysiologic relevance of this gly-
colytic overflow system in kidney injury
and repair was further illustrated by a
studybyAndres-Hernando et al. (71) that
showed that fructokinase haploinsuffi-
ciency protects mice from ischemic kid-
ney injury. Fructokinase-deficient mice
had reduced ATP depletion, lower renal
uric acid levels, lower markers of oxida-
tive stress, and less kidney injury com-
pared with wild-type mice with ischemic
kidney injury (71). Lactate is therefore a
clean-burning fuel (compared with glu-
cose) providing the kidneys with energy
and protecting them from the accumu-
lation of waste products (AGEs).

Lactate is alsoa keyenergy substrate in
the central nervous system (72). Maran
et al. (73) have shown that lactate is an
alternative and ideal substrate for the
brain in hypoglycemic conditions, and a
growing body of literature supports its
protective effect on brain tissue (74). In
the brain, astrocytes take up most of the
glucose supply and metabolize it to lac-
tate, which is actively transported to
neurons where it can enter the oxidative
pathway (Fig. 1), exert signaling functions
(72), and activate genes related to long-
termmemory formation (75). Therefore,
lactate-induced GPR81 activation can
playa critical role in learningandmemory
formation. As such, lactate could also
reduce memory loss and cognitive impair-
ment. These effects, coupled with the
increased production of anti-inflammatory
cytokines and reduction of proinflamma-
tory ones (76), can account for theneuro-
protective effects of increased lactate
concentration accompanying the use of
metformin. It is tempting to suggest that
similar mechanisms may occur in parts of
the retina. In inner retinal cells, lactate has
been found to exert a protective func-
tion against glutamate excitotoxicity and
neuroinflammation and to regulate cel-
lular volume and metabolism (77). Lac-
tate has, in particular, demonstrated

a beneficial effect in promoting Müller
cell function and survival (78).

Though lactate, as discussed, may
exert favorable effects in the heart, kid-
ney, and brain, its role in metformin’s
antineoplastic effects may not be as
simple. The high glycolytic rate of the
neoplastic cell is responsible for a large
production of lactate that contributes to
tumor microenvironment acidosis. The
increased local lactate availability has
been claimed to favor tumor growth
by interfering with inflammatory re-
sponse and macrophage functions and
by favoringangiogenesis (61).Metformin
may exert antineoplastic effects through
indirect (insulin-dependent) and direct
(insulin-independent)mechanisms, aswell
as via disruption of glycolytic activity
and the tricarboxylic acid cycle (79).
Metabolomic studies have shown that
despite promoting glucose consump-
tion and lactate production, metformin
ultimately decreases specific glycolytic
intermediates as well as the levels of
almost all intermediates in the tricar-
boxylic acid cycle (80). Therefore,
though increased lactate production in-
duced by metformin may not exert a
direct effect, it is, nonetheless, a marker
of the antineoplastic action of the drug.

In summary, the physiologically high
concentration of lactic acid and the ac-
tivation of cell-to-cell lactate shuttle oc-
curring with the use of metformin could
contribute to the many beneficial effects
of the drug; the increase in lactate con-
centration, however, is usually seen as a
forerunner of lactic acidosis.

Metformin and Lactic Acidosis
Concentrationsof lactate in thebloodare
normally stable, as production and con-
sumption are equivalent (51). As men-
tioned, one of the major effects of
metformin is to increase lactate produc-
tion (50), mainly by the gut wall. Since, in
normal conditions, lactate clearance is
proportional to its concentration, the
increase in lactate during metformin
treatment is usuallyminimal (50). Severe
hyperlactatemia thus occursmainly when
clearance decreases, leading to lactic ac-
idosis. When occurring during metformin
treatment (metformin-associated lactic
acidosis or MALA), lactic acidosis is clas-
sified as a type B, as it develops when
clearance of lactic acid by oxidation or
gluconeogenesis is impaired, although it
can presentwith features of typeA and as
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such hypoxemia should be considered a
contraindication for its use.
Metformin is not metabolized and is

eliminated unchanged primarily by the
kidney (81). Metformin clearance there-
fore depends only on renal function and,
when filtration is severely reduced, it
accumulates in the plasma. The actual
level of concentration of plasma metfor-
min at which the risk of MALA increases
remains a matter of debate. With the
recommended dose and schedules, met-
forminconcentrations areusually,1mg/
Landrarelyexceed5mg/L;onlypersistent
levels above this value seem to increase
the risk of MALA (81). More recently, in
metformin-treated patients admitted in
an emergency context, plasmametformin
concentrations $9.9 mg/L were strongly
associated with the presence of lactic
acidosis (82).
MALA is, however, an extremely rare

event, with its incidence being estimated
at 7.4 per 100,000 person-years (83);
thus, event rates are very low and, more-
over, based primarily on case reports (84).
These reports rarely provide adequate
details on the clinical context, doses, con-
comitant pathologies, or events (15). A
recently published study by Lalau and
colleagues (15) investigated various dose
regimens for metformin in moderate and
severe CKD (stages 3A/3B and 4, respec-
tively) in terms of safety and efficacy.
Levels of plasma metformin remained
consistently below 2.5 mg/L in most
patients. As mentioned above, a large
cohort study (22) found no increase in
MALAwithmetforminuse,eveninpatients
with eGFR ,30 mL z min21 z 1.73 m22.
Despite the low incidence of MALA,

however, there is continuing concern on
behalf of health authorities and medical
communities as to its use in at-risk
patients. A number of health authorities
and diabetes associations recommend
commencing metformin in patients with
eGFR .45 mL z min21 z 1.73 m22 and
continuing with additional caution and
dose reduction if the eGFR decreases to
30 to,45mL zmin21 z 1.73m22 (85), as
do several studies (86). Using lower
doses of metformin, at 500/1,000 mg
per day, could be safe even in patients
with severe renal impairment (84), and
patients should be advised to adopt
“sick-day rules” in case of acute and
severe illness.Moreover, to date, no dose-
response study has demonstrated the oc-
currence of severe adverse events for a

determined dose or eGFR, and current
dose level recommendations are based
on estimates dictated by caution. The
relationship betweenmetformin and lac-
tic acidosis, therefore, is far from cut and
dried, and, considering the widespread
use of the drug, MALA is a rare event.
Bennis et al. (82) have recently reported
the association between plasma metfor-
min concentration, lactic acidosis, and
mortality in 194 consecutive patients with
diabetes admitted to intensive care units
(ICUs). Eighty-sevenpatients (44.8%) had
lactic acidosis (i.e., arterial blood pH
,7.35 and lactate concentration $4
mmol/L), and 38 of them (43.7%) died
in the ICU. A metformin concentration
$9.9 mg/L was significantly associated
with lactic acidosis, but this metformin
concentration was also associated with
less ICU deaths, making the relationship
between metformin level, lactate con-
centration, and mortality less clear. The
benefits provided by using metformin in
patients with CKD far outweigh its po-
tential risks. Therefore, in consideration
of the advantages provided by metfor-
min in the maintenance of good glucose
control and in delaying the deterioration
of kidney function, MALA should be
considered a manageable contraindica-
tion with a close monitoring of dosage
and conditions in CKD patients. Pre-
scribers and CKD patients on metformin
should be educated to suspend metfor-
min temporarily in case of acute severe
illness, especially acute kidney injury, as
lactate levels rise markedly in these
circumstances (87).

CONCLUSIONS

Metformin has been in use formore than
60 years and is still the first-choice drug
for T2D. After the initial suggestion that
metformin could provide CV protection,
the additional data collected indicate not
only that the drug can be used more
liberally with respect to renal function,
but that it could contribute to renal
protection. Data also indicate that met-
formin may reduce the risk of neurode-
generative conditions, and trials are
ongoing to directly assess the antineo-
plastic properties of the drug. Nonethe-
less, despite wide and long-standing
experience in the clinical use of the
drug, its mode of action is still not fully
understood, and the protective action it
may exert on the CV system, kidney, and
brain and against cancer is clearly largely

independent of its glucose-lowering ef-
ficacy. The molecular mechanisms of
actionmainly involve AMPK/mTOR path-
way activation, much in line with what
happens under conditions of energy re-
striction. These effects may be consid-
ered as being to some extent similar to
those producedby SGLT2is, another class
of glucose-lowering agents with proven
cardiorenal protection. The metabolic
effects of metformin and SGLT2is may
indeed have some similarities. For in-
stance, use of SGLT2is elicits a moderate
increase in plasma concentration of
ketone bodies, an alternative energy
substrate that has been claimed to con-
tribute to their CV benefit. Interestingly,
metformin use is also associated with
increased blood levels of another alter-
native fuel substrate, lactic acid. On top
of this, evidence exists for a critical role of
the cell-to-cell lactate shuttle, with lac-
tate being an active ligand to specific
receptors through which energy regu-
lation, anti-inflammatory response, im-
mune tolerance, antifibrotic action,
gene plasticity, and so on, can be exerted
(88). The analogy between SGLT2is and
metformin becomes even more fitting if
we consider the potential risk of the
accumulation of the alternative sub-
strate that may lead to an unwanted
severe reaction. In the case of SGLT2is,
stress conditions and relative low insulin
availability can elicit excessive activation
of ketogenesis with the development of
euglycemic ketoacidosis (89). In the case
of metformin, hypoxemic conditions can
result in excessive pyruvate reduction to
lactate with the development of lactic
acidosis (84). Interestingly, similar rec-
ommendations exist to reduce the risk of
these threatening conditions, for both
treatments (87). In summary,wehypoth-
esize that appropriate use of these drugs
provides advantages, at least in part due
to the physiologic increase of active sub-
strates: ketones for SGLT2is and, possibly,
lactate for metformin. This hypothesis,
obviously, will require specific studies
designed to establish whether the acti-
vation of the lactate shuttle, along with
the elevation of circulating lactate levels,
can indeed represent a potential mech-
anism accounting for the multiple actions
metformin is believed to exert.
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