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Key points

o The liver and gut are the main target organs for metformin.

e Mitochondria and lysosomes are the organelle targets in the
glucose-lowering effect of metformin.

¢ Host-gut microbiota interactions contribute to metformin’s
therapeutic effects.

e Metformin has anti-inflammatory and immunomodulatory properties
in various immune-related diseases through AMPK-dependent and
AMPK-independent mechanisms involving both the innate and
adaptive immune systems.

e Metformin therapy in patients with type 2 diabetes mellitus enhances
the release of GDF15, which might facilitate weight loss but is not
required for the effect in reducing blood levels of glucose.

Introduction

For the past 60 years, metformin (1,1-dimethylbiguanide hydrochlo-
ride) has been the most commonly used glucose-lowering agent and
has become the first-line medication for individuals newly diagnosed
with type 2 diabetes mellitus (T2DM) in many clinical guidelines'?.
Metforminwas first synthesized in1922, and the first report of it being
used to lower blood levels of glucose (in rabbits) was published in 1929
(refs.3,4).1n1949, metformin (called flumamine at that time) was used
forthe treatment of an epidemic influenza outbreakin the Philippines
and was noted to lower blood levels of glucose in some of the patients
withinfluenza’. Interestingly, in the past few years, the use of metformin
hasbeen explored for the management of patients with T2DM and obe-
sity who contractinfluenza® or COVID-19 (refs. 7-9) (Box 1). In 1957, the
French physicianJean Sterne introduced the clinical use of metformin
for the treatment of adult-onset diabetes mellitus®*. The benefits of
metformin therapy in T2DM have been well documented; it has long-
termsafety and efficacy data, low risk of hypoglycaemia, cardiovascular
benefits, mortality benefits, additive or synergistic effectsin combina-
tion therapy, low cost and wide availability*'°%, Inaddition, metformin
moderately reduces body weight gain, possibly through upregulation
of the anorectic cytokine growth differentiation factor 15 (refs. 13,14)
(Box 2). Metformin is now used daily by >200 million patients with
T2DM worldwide as monotherapy or in combination with sulfonylu-
reas or dipeptidyl peptidase 4 inhibitors"’. Administered orally as an
immediate-release or extended-release formulation, the usual dose of
metformin (0.5-2.5 g daily) is effective for long-term glycaemic control,
with notable changes in HbA,. from baseline'>.

It is important to note that metformin is increasingly being used
during pregnancy for the management of gestational diabetes mellitus
and in those with polycystic ovary syndrome or T2DMP. As metformin
crosses the placenta and circulates in the developing fetus, the long-
term effects of fetal exposure to metformin have raised concerns about
the potential risk to growth and development of the fetus, and later, on
offspring health'®. While in utero exposure to metformin was considered
safe, some studies have found higher occurrence of small for gestational
age birthweightand increased risk of childhood obesity"”. However, reas-
suring datawere provided in along-term follow-up study showing similar
anthropometricsin children exposed or not to metforminin utero’.

Metformin is a synthetic biguanide (two coupled molecules of
guanidine) that is mainly absorbed in the upper small intestine and
exhibits flip-flop pharmacokinetics with limited oral bioavailabil-
ity"*?°. Metforminis abasic hydrophilic drug with a pK, value of 11.5, and
exists as an organic cation at physiological pH. The biodistribution
and pharmacodynamics of the drug are dependent on the expres-
sion of transporters for cationic compounds, such as organic cation
transporters (OCTs), plasma membrane monoamine transporter and
multidrugand toxin extrusion proteins®-?%. The half-life of metforminin
plasmaisshort, at2-6 h, and leads to asteady-state plasma concentra-
tion of metforminin patientswith T2DM of ~4-15 pM (-0.5-2.0 pg/ml)*.
Concerns have been expressed regarding the therapeutically appro-
priate concentrations to establish the cellular actions of metformin
in preclinical models**?. It should be noted that metformin accu-
mulates in multiple tissues, including tumours, to concentrations
higher than those in plasma, which highlights uncertainty about the
relevant metformin concentrations for in vitro studies'**** Kinetic
and biodistribution studies in humans using *C-metformin PET-CT

Box 1
Metformin and COVID-19

Coronavirus disease 2019 (COVID-19), caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), has spread
throughout the world. Advanced age, obesity and pre-existing

type 2 diabetes mellitus were rapidly identified as risk factors for
developing severe COVID-19 (refs. 200-203). This increased risk
and increased mortality is believed to be partly linked to chronic
low-grade inflammation; that is, inflammaging and/or obesity-
associated metaflammation®**. Observational retrospective studies
during the first wave of the pandemic suggested that despite
increased incidence of lactic acidosis*®®, metformin could have
both a protective and a therapeutic role against COVID-19 (refs. 7-9),
through its anti-ageing'®, antiviral**®*°” and anti-inflammatory
properties’’®. However, the beneficial effects of metformin in
patients infected with SARS-CoV-2 could actually mostly result
from its efficient glycaemic control in people with diabetes mellitus;
diabetes mellitus is one of the most important determinants of
survival outcome in severe COVID-19 (ref. 203). The TOGETHER

trial investigated whether early treatment with metformin could
lower the risk of emergency care and hospitalization among
high-risk patients with COVID-19 (ref. 209). However, enrolment

in this trial was stopped, as the intermediate assessment

indicated that metformin treatment had no effect on the outcome
parameters®®®. Similarly, the phase IlI, double-blind, randomized,
placebo-controlled trial COVID-OUT, which was conducted in
non-hospitalized adults with obesity or overweight, also found that
metformin treatment within 3 days of infection did not prevent

the occurrence of hypoxaemia, emergency department visit,
hospitalization or death?°. The lack of clinical benefits observed

did not support the repurposing of metformin for early treatment

of COVID-19. Whether metformin treatment could eventually reduce
the incidence of long COVID, as suggested in a preprint article’”,
remains to be confirmed.

Nature Reviews Endocrinology



Review article

showed that the highest metformin uptake is in the gastrointestinal
tract, liver and kidneys®. However, "C-metformin PET-CT lacks the
resolution to determine the subcellular distribution of metformin and
cannot be used to establish whether metformin accumulates within
specific organelles.

In2019, we extensively reviewed the glucoregulatory mechanisms
of metformin action in T2DM in Nature Reviews Endocrinology™. As
such, the objective of this Review is to provide an update of our current
understanding of the molecular mechanisms of metformin action.
Early studies highlighted the liver as the major site of metformin action
for the control of hepatic glucose production, through both AMP-
activated protein kinase (AMPK)-dependent and AMPK-independent
mechanisms. However, there isincreasing evidence that other sites of
action mightalsobeimportant,including the gastrointestinal tract, the
gutmicrobiotaand the tissue-residentimmune cells. Inaddition, owing
toits pleiotropic modes of action, with multiple sites of action and sig-
nalling pathways, the repurposing of metforminisbeing expanded to
include various pathophysiological conditions®***. In this Review, we
mostly focus onselected papers published since our previous Review
and discuss the interaction of metformin with novel factors, most of
which wererevealed by studiesin preclinical models. We also examine
currentknowledge ontheimmune-modulating and anti-inflammatory
effects of metformin that underlieits therapeutic benefits as a potential
anti-inflammatory and anti-ageing drug. Finally, we discuss the ben-
efits of repurposing metformin in the treatment of local and systemic
inflammation, cancer, age-related diseases and coronavirus disease
2019 (COVID-19).

Paradigm changes in glucoregulatory actions
Metformin target organs

Gastrointestinal system. The antihyperglycaemic effects of met-
formin are traditionally thought to primarily arise through effects in
the liver; however, emerging evidence supports the role of extrahe-
patic mechanisms?. In the past few years, clinical studies conducted
in individuals with recent-onset T2DM (duration of T2DM less than
50 months) and in non-diabetic control individuals demonstrated a
metformin-associated increase in endogenous glucose production,
which indicates that the glucose-lowering action of metformin is not
entirely governed by areduction in hepatic gluconeogenesis**. Over
the past few years, the gastrointestinal tract has been the focus of
attention asanadditional or evenalternative site of metforminaction
in the management of T2DM; multiple mechanisms, not necessarily
mutually exclusive, have been proposed, including direct actions of
the drugonintestinal cells or alterations in the composition and meta-
bolic profile of the gut microbiota®. Specifically, the role of intestinal
AMPK has been highlighted in the glucose-lowering and metabolic
actions of metformininrodents® . High accumulation of metformin
in the gut has been reported with concentrations up to 30-300-fold
times greater thanin plasma and other tissues, suggesting that the gut
acts as animportant metformin reservoir in both humans and animal
models®*”*, The ‘sponge’ hypothesis has been proposed to explain
the slow and dose-dependent absorption of metformin along the
gastrointestinal tract*’. In humans, metformin enters enterocytes via
saturable apical transportbutits release through the basolateral mem-
braneisinefficient due to the absence of effluxintestinal transporters,
which sequester and concentrate the drug withinenterocytes. Hence,
metformin in the intestinal lumen might undergo a predominantly
saturable paracellular transport across the humanintestine to access
circulating blood***.,

Box 2

Metformin, GDF15 and body
weight control

Elevated circulating levels of growth differentiation factor 15
(GDF15), a stress-responsive cytokine of the transforming growth
factor-3 family, has drawn attention as a novel biomarker for the use
of metformin??%°, This relationship between GDF15 and metformin
might provide new clues about the mechanism of action through
which metformin produces its beneficial clinical outcomes.
Metformin treatment increases the levels of Gdf15 mRNA in the
intestine, kidney, skeletal muscle and the liver of mice fed a high-fat
diet'*?"*?">, However, the role of the AMPK signalling pathway in
Gdf15 gene regulation by metformin remains disputed’®*"®. GDF15
release from the gastrointestinal tract in response to metformin
was shown in human studies™. Interestingly, increased GDF15
expression and circulating levels have been associated with

weight loss and reduced appetite in humans and mice”®. This
peptide hormone functions through its receptor, glial cell-derived
neurotrophic factor family receptor-a-like (GFRAL), which is only
expressed in the hindbrain, to facilitate weight loss?"**"®. Metformin
might promote body weight loss in people with or without type 2
diabetes mellitus (T2DM)?'*??°, For instance, elevated circulating
levels of GDF15 are associated with metformin-induced weight loss
in patients with T2DM; this effect could be mediated by a reduction in
food intake as a result of taking metformin'*", independently of

its glucose-lowering effect'?"“**', Supporting the requirement

of the GDF15-GFRAL signalling axis, metformin-induced weight
loss was abrogated in both GDF15-knockout and GFRAL-knockout
mice™". Nevertheless, studies have challenged this concept by
showing that metformin can lower body weight and food intake
independently of GDF15-GFRAL signalling in obese mice?**, In
addition, the association between metformin-induced increases

in circulating levels of GDF15 and changes in body weight was not
confirmed in individuals with prediabetes and overweight following
metformin administration for up to 13 weeks?*. These results
question the importance of long-term drug exposure and individual
responsiveness to the weight-lowering effects of the metformin-
induced rise in GDF15 levels and warrant further clarification?”.

Metformininhibits the intestinal absorption of dietary glucosein
rodents and minipigs*** and patients with T2DM*, This finding was
confirmed by PET-CT imaging showing accumulation of **F-labelled
fluorodeoxyglucose (FDG), a non-metabolizable glucose analogue,
in the intestinal lumen of Goto-Kakizaki diabetic rats treated with a
single oral dose of metformin*®. The inhibition of intestinal glucose
absorption resulted from the transient decrease in the abundance
of sodium-glucose transporter 1 (SGLT1) at the apical membrane of
enterocytes in the jejunum. The reduction in postprandial glucose
response mediated by asingle administration of metformin was abro-
gated in mice lacking SGLT1, but not in those lacking glucose trans-
porter 2 (GLUT2)*. Interestingly, the glucose-lowering efficacy after
a single administration of metformin into the jejunum of minipigs
was combined with a reduction in intestinal glucose absorption and
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anincrease in glucagon-like peptide 1 (GLP1) release, suggesting that
delayed intestinal glucose absorption and the exposure of glucose to
moredistalregions of theintestineis sufficient to stimulate GLP1secre-
tion following oral intake of glucose*. In line with this observation, a
single administration of metformininto the proximal and distal small
intestine markedly attenuated the glycaemic response to oral glucose
in patients with T2DM, concomitantly withenhanced GLP1secretion®.

Based onobservationsin patients with T2DM receiving metformin,
PET-CT imaging after intravenous administration of ‘®F-FDG, which
enters enterocytes via basolateral GLUT2, showed that increased
glucose uptake from the circulation into the gastrointestinal system

Box 3

Targeting brown adipose tissue
function

Analysis of metformin biodistribution in mice revealed uptake

and accumulation in the interscapular brown adipose tissue (BAT)
depot through OCT3-mediated uptake, to levels similar to those

in the kidney and intestine®'. Metformin treatment increased the
expression of cellular proliferation and differentiation markers in
brown adipocytes, alongside increased BAT mass®“. Metformin
increased the expression of the transcriptional co-regulator PR
domain containing 16, a brown adipocyte differentiation marker,
and rescued BAT mass and functionality in offspring of obese
female mice*®. Metformin is recognized as directly targeting brown
adipocyte metabolism, contributing to a metformin-induced
improvement in the blood lipid profile through increasing VLDL
triglyceride clearance in mice?”®. By increasing hormone-sensitive
lipase and AMP-activated protein kinase (AMPK) activities, metformin
promotes intracellular triglyceride lipolysis and mitochondrial

fatty acid oxidation in BAT. Metformin also upregulates enzymes
involved in fatty acid oxidation and increases expression of genes
related to adaptive thermogenesis in BAT in rodents?**?, but has

a limited effect on energy expenditure in most human and animal
studies®?*, Interestingly, findings have emphasized the importance
of an intestinal AMPK-gut microbiota-BAT axis for metformin
regulation of BAT function®. Evidence supports the suggestion

that AMPK in the intestine is required for metformin action on

BAT thermogenic activity by modulating the gut microbiota

and decreasing circulating levels of the bacterial metabolite
methylglyoxal in mice®. The therapeutic benefit of metformin

has also been examined in the context of BAT meta-inflammation,
highlighting its anti-inflammatory effects via the regulation of the
interactome between macrophages and brown adipocytes in
mice*°. Metformin alleviated inflammation by promoting HIF1a
degradation as a result of a metformin-induced reduction in oxygen
consumption in macrophages in BAT of mice. Metformin attenuated
macrophage-mediated pro-inflammatory signalling cascades in
brown adipocytes and restored the responsiveness of BAT to cold
exposure in obese mice”. These findings illustrate the protective
effects of metformin on BAT function and might be of therapeutic
relevance to alleviate BAT dysfunction in metabolic disorders.

contributesto the glucose-lowering effect of the drug and the improve-
ment in glycaemic control’”*5*°, Similarly, F-FDG PET-CT imaging
in mice fed a high-fat diet (HFD) confirmed that metformin-induced
basolateral intestinal glucose uptake is accompanied by an improve-
mentinglucose tolerance, which occursinadose-dependent manner?.
Taking advantage of newly developed ®F-FDG PET-MRI techniques,
a dose-dependent metformin-induced accumulation of ®F-FDG was
demonstrated in both the intestinal wall and the luminal space of
the ileum and the colon of participants with T2DM receiving met-
formin®*', which suggests that metformin also promotes the release
of glucose from enterocytes into the intraluminal space. In addition,
after acute oral administration of ®F-FDG and metformin in HFD-fed
mice, ®F-FDG PET showed reduced transepithelial glucose transport
from the proximal small intestine lumen into the circulation®’.

Altogether, these studies suggest that intestinal glucose uptake
along the gastrointestinal tract from both the bloodstream and the
intestinal lumen is critical to the glucose-lowering capacity of met-
formin. Therefore, the gut might predominantly act as a glucose sink
through the uptake of glucose by enterocytes in response to met-
formin action. In this context, the contribution of GLUT2 expression
at the basolateral surface and at the apical surface of enterocytes
that is triggered by metformin®, possibly via an AMPK-dependent
mechanism?, is consistent with the modified glycaemic response to
metformin of patients expressing a particular GLUT2 variant™. Simi-
larly, metformin-induced GLUT1 expression in the colon and ileum,
secondarytoincreased expression of activating transcription factor 4,
mightalso contribute to the metformin-mediated basolateral intesti-
nal glucose uptake in HFD-fed mice”. After uptake into enterocytes,
glucose anaerobic metabolism resulted in lactate and acetate accu-
mulationin the wall of the small intestine and release into the circula-
tion; this finding is supported by preclinical®”*>*° (note that ref. 56 is
a preprint and has not yet been peer-reviewed) and clinical studies®.
Intestinal lactate and acetate production establishes agut-liver cross-
talk to blunt hepatic glucose production, possibly through reduction
in the activity of the hepatic pyruvate carboxylase by reducing pH in
the portal vein (a consequence of increased lactate) and of the hepatic
mitochondrial pyruvate carriers1and 2 by acetylation (a consequence
ofincreased acetate)”. Intestinal lactate production might also partici-
pate in an intestinal-liver futile cycle that results in increased energy
expenditure during long-term treatment with metformin, which has
been reported in HFD-fed mice*®.

Brown adipose tissue. Brown adipose tissue (BAT) is a highly meta-
bolically active organ and is well-recognized for its thermogenic role
by dissipating energy to heat. However, a growing number of studies
have shown that BAT contributes to the regulation of whole-body
glucose homeostasis®“® and it has been suggested that BAT could be
atherapeutic target in the treatment and prevention of T2DM. Using
C-metformin PET imaging, uptake of metformin was demonstratedin
the interscapular BAT depot of mice®, which supports the suggestion
that BAT could be ametformin target (Box 3).

Metformin target organelles

Sincethe early 2000s, mitochondria have been considered the classic
target organelles for the glucose-lowering actions of metformin, based
onmatrix enrichmentand the specific, mild and reversible inhibition of
the mitochondrial respiratory chain complex I’°. Remarkably, a study
published in 2023 combining cryo-electron microscopy and enzyme
kineticsidentified three possibleindependent binding or interaction
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sites for biguanides on various complex I protein subunits®’. The major
inhibitory site is located in the amphipathic region of the quinone-
binding channel (Q-channel), adjacent toa mobile structural element
in the NDUFS7 subunit; when a biguanide binds to this site, reactiva-
tion of the enzymatic deactivated state is prevented®, as previously
reported®. These structural data obtained using asynthetic biguanide-
like molecule supports aspecific effect on complexI. Of note, itisworth
mentioning that inhibition of mitochondrial glycerol-3-phosphate
dehydrogenase (mGPDH) and mitochondrial respiratory chain
complex IV have also been suggested as alternative mechanisms of
metformin action, according to studies performed in rodents®**,
However, the arguments supporting a role for these other putative
mitochondrialsites of action of metformin remain highly debated®®°.
Finally, the identification of metformin-binding proteins associated
withisolated lysosomes in human and mouse cells highlights lysosomes
asan alternative or additional functional target of metformin?.

AMPK-dependent and AMPK-independent mechanisms
Initially, it was thought that metformin acts principally through the
activation of the LKBI-AMPK signalling pathway’®”". Metformin-
induced AMPK activation can occur through AMP-dependent and
AMP-independent AMPK-activation pathways that are correlated
with the concentrations of metformin used and the target organelles
(mitochondria or lysosome)**”*”*, However, AMPK-independent
mechanisms of metformin action have also been documented exten-
sively’*’*7, Of note, the acute glucose-lowering effect of metformin
is preserved in liver-specific, intestine-specific and skeletal muscle-
specific AMPK-knockout mouse models, which indicates that at least
some direct effects of metformin are AMPK-independent®*”*”’. By
contrast, intestinal AMPK is required for the therapeutic effects of
chronic metformin administration in HFD-fed mice**°. Even though
metformin-induced AMPK activation does not directly inhibit hepatic
gluconeogenesis®*’¢, the effect of chronic metformin administration
mightindirectlyimprove the ability of insulin to lower hepatic glucose
productionasaresult of an AMPK-dependent reductionin hepatic lipid-
induced insulin resistance. Supporting this suggestion, impairmentsin
the glucose-lowering and lipid-lowering effects of chronic metformin
administrationin mice have been associated with compromised AMPK
signalling®®’®, Lastly, to determine the phosphorylation eventsinduced
by metformin independently of the LKBI-AMPK signalling pathway,
a quantitative proteomic approach based on selective enrichment of
the phospho-scaffolding protein 14-3-3Cinteractors was conducted in
liver-specific LKB1-knockout and AMPK-knockout micein response to
acute metformin administration””. Roughly half of the phosphorylation
events were independent of LKBI-AMPK signalling, indicating that
other stress kinases acutely activated by metformin might participate
in the pleiotropic action of the drug’’.

New glucose-lowering mechanisms of metformin

The antidiabetic effect of metformin is mainly mediated through
inhibition of hepatic gluconeogenesis®’; however, emerging evidence
suggests that the gastrointestinal tract also has a role in the glucose-
lowering action of metformin. It is widely accepted that metformin
targets hepatic mitochondria and inhibits mitochondrial respiratory
chain complex I; the inhibition is reversible and weak?**®., This inhibi-
tion leads to a moderate decrease in ATP synthesis by mitochondrial
oxidative phosphorylation (OXPHOS) and an increase in the AMP to
ATP ratio in hepatocytes. Consequently, because gluconeogenesis is
a costly ATP-dependent metabolic pathway, the reductionin cellular

energy charge could be sufficient to account for the decrease in hepatic
gluconeogenic flux’®, Furthermore, the metformin-induced mild
increase in intracellular levels of AMP leads to inhibition of AMP-
regulated enzymes involved in hepatic gluconeogenesis (such as
fructose-1,6-bisphosphatase and adenylate cyclase), which contrib-
utes to a decrease in hepatic glucose production and activation of
the cellular energy sensor AMPK; however, AMPK activation has no
direct effect on glucose production®®’*7° (Fig. 1). The physiological
relevance of these mechanisms has been questioned due to the use of
suprapharmacological (millimolar) concentrations of metformininthe
studies®*, Indeed, studies showed that clinically relevant (micromolar)
metformin concentrations suppress glucose production in primary
mouse hepatocytes viamechanismsindependent of apparent changes
in adenine nucleotide levels®***35*,

Lysosomal PEN2-ATP6AP1 axis

It has been reported that, in primary mouse hepatocytes, low con-
centrations of metformin activate AMPK in lysosomes through an
AMP-independent mechanisminvolving the recruitment of acomplex
composed of AXIN and the upstream kinase LKB1 to the surface of
lysosomes via docking onto the vacuolar H*-ATPase (v-ATPase)-
Ragulator complex”>®. In this model, low-dose metformin inhibited
v-ATPaseinlysosomes, which acts as asensor of low metformin concen-
trations. Inastudy published in2022, the membrane protein presenilin
enhancer 2 (PEN2; asubunit of y-secretase complex) was identified asa
partner of metformin®®. Notably, metformin at concentrations as low
as5 pM could trigger robust activation of AMPK in both primary mouse
and human hepatocytes after only 2 h of treatment, which contrasts
with other reports that concentrations <40 pM failed to induce AMPK
phosphorylation after a 24-h incubation period® (Foretz, M., unpub-
lished work). In that 2022 study>*, primary hepatocytes were treated
with concentrations of metforminfoundin the bloodstream (5-10 pM)
rather than those measured in the liver (100-200 pM)*¢*, calling into
question whether a PEN2-dependent mechanism of action is relevant
ininvivo settings.

Atthe molecular level, the phenylalanine-35 (F35), glutamate-40
(E40) and tyrosine-47 (Y47) residues of PEN2 are critical for binding to
metformin, as these residues interact with the biguanide group of the
molecule. Metformin-bound PEN2 is then recruited to ATP6API, an
accessory protein of v-ATPase, leading to the inhibition of v-ATPase
and the activation of AMPK at the lysosome surface without altering
cellularlevels of AMP*® (Fig.1). Of note, high-dose metformin (>100 uM)
bypassed the requirement of PEN2-ATP6AP1 signalling for AMPK
activation at the lysosome surface, because high doses of metformin
increase theintracellular levels of AMP**”°, In terms of the physiological
response, intestine-specific deletion of PEN2 in mice impaired improve-
mentsinglucose tolerance associated with GLP1secretioninresponse
to metformin’. However, it remains unclear whether these effects are
mediated by PEN2-AMPK signalling inenterocytes that are exposed to
metformin concentrations much higher than 5 uM'*, Furthermore,
PEN2ablationintheliver abolished the metformin-induced reduction
in hepatic lipid content in HFD-fed mice, supporting the suggestion
that metformin mightindirectly suppress gluconeogenesisin thelong
term through an AMPK-dependent reductionin lipid-induced insulin
resistance®*’*’®, However, the relevance of this mechanismin humans s
questionable as metformin has no substantial efficacy in the treatment
of fatty liver in patients with non-alcoholic fatty liver disease®*".

Interestingly, inresponse to low concentrations of metformin, the
PEN2-ATP6AP1 axis leads to activation of the AMPK poolinlysosomes
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Fig.1|Proposed mechanisms for metformin-induced reductionsin blood
levels of glucose. Left: Complex linhibition-dependent mechanisms. In the
liver, metformin induces a mild inhibition of mitochondrial respiratory chain
complexl, leading to amoderate decrease in ATP synthesis and aconcomitant
increasein cellular levels of AMP. The metformin-induced decrease in hepatic
gluconeogenic flux, an ATP-dependent metabolic process, could result from
thisreductionin ATP levels. In addition, increased AMP levels lead to inhibition
ofthe activity of enzymes that are regulated by AMP and are involved in
gluconeogenesis, such as adenylate cyclase and fructose-1-6-bisphosphatase
(FBP1), which contributes to decreased glucose output. Of note, the metformin-
induced increase in the AMP to ATP ratio also activates AMP-activated protein
kinase (AMPK), but this has no direct effect on the regulation of glucose
production. The inhibition of complex 1 by metforminis also accompanied by
anincreasein cellular redox potential (NADH:NAD"). Middle: Mitochondrial
glycerol-3-phosphate dehydrogenase (mGPDH)-dependent and complex IV
inhibition-dependent mechanisms. Metformin directly inhibits mGPDH,
resultingin anincreased cytosolic redox state (NADH:NAD"), reduced
gluconeogenesis from lactate and reduced activity of the glycerol-phosphate

T
Intestine

shuttle (which transfers NADH from the cytosol to mitochondria). In addition,
metformin raises the hepatic redox state through anincrease in the glutathione
to oxidized glutathione ratio (GSH:GSSG), leading to inhibition of genes
encoding enzymes involved in gluconeogenesis through a let-7-TET3-HNF-

4a pathway. Finally, metformin inhibits mitochondrial respiratory chain
complex IV, which canalsoresultin anindirectinhibition of mGPDH activity.
Right: AMPK activation-dependent mechanisms in lysosomes. Metformin at low
concentrations binds presenilin enhancer 2 (PEN2), whichis recruited to ATPase
H* transporting accessory protein 1 (ATP6AP1) independent of changes in AMP
levels, leading to inhibition of v-ATPase and phosphorylation and/or activation
of AMPK in lysosomes through the formation of a supercomplex containing

the v-ATPase, Ragulator, AXIN, liver kinase B1 (LKB1) and AMPK. Thereafter,
metformin-activated AMPK from lysosomes reduces lipid accumulationin

the liver via acetyl-CoA carboxylase (ACC) inhibition and increases glucagon-
like peptide 1 (GLP1) secretionin the gut, inducing reductions in blood levels

of glucose. cGPDH, cytosolic glycerol-3-phosphate dehydrogenase; HNF-4«,
hepatocyte nuclear factor 4a; LDH, lactate dehydrogenase; OCT1, organic
transporter 1; TET3, Tet methylcytosine dioxygenase 3.

in primary hepatocytes without affecting other AMPK pools, such as
those of the endoplasmic reticulum (ER) and mitochondria*. Of note,
it is unclear how AMPK anchored at the lysosome surface can phos-
phorylate its lipogenic target acetyl-CoA carboxylase and inhibit
lipogenesis, which takes place in the cytoplasm and ER, to ultimately
reduce hepatic lipid content. Lastly, knockdown of PEN2 or ATP6AP1
in Caenorhabditis elegans abrogated the metformin-induced exten-
sion of lifespan®. However, these experiments were conducted using

extremely high concentrations of metformin (50 mM) thatare 10,000
times higher than those used in vitro (5 pM)*. Additionally, the PEN2
residuesinvolved in metforminbinding inmice and humans (F35, E40
and Y47) are not conserved in C. elegans (F35, D40 and N47)%, which
questions the real contribution of PEN2 in this metformin effect. The
lysosomal metformin-PEN2 model raises other essential questions
about the mechanism of action of metformin. Notably, this model
suggests that the glucose-lowering effects of metformin occur through
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AMPK in the intestine but does not explain how low concentrations of
metformin directly inhibit acute hepatic glucose production, whichis
clearly AMPK-independent®*7659%,

Mitochondrial glycerol-3-phosphate dehydrogenase

Other mechanismsinvolving changesin hepatic redox state, butinde-
pendent of changes in adenine nucleotide levels and AMPK activa-
tion, have been proposed to explain the inhibition of hepatic glucose
production in response to low concentrations of metformin. The
cytosolic reducing equivalents (NADH) produced by intermediate
metabolism are transferred from the cytosol to mitochondria through
NADH shuttle systems to be oxidized by the mitochondrial electron
transport chain (ETC) to generate ATP. The malate-aspartate shut-
tle and the glycerol-phosphate shuttle are the two major redox
shuttle systems maintaining the redox balance between cytosolic and
mitochondrial compartments. Clinically relevant concentrations of
metforminincrease the hepatic cytosolic NADH to NAD" ratio (lactate
to pyruvate ratio) independently of changes in intracellular levels of
ATP, which results in inhibition of glucose production from reduced
gluconeogenic substrates (lactate and glycerol) but not from oxidized
substrates (alanine and pyruvate)**”'. The increase in cytosolic redox
state induced by metformin was postulated to be mediated by direct
inhibition of mGPDH activity (Fig. 1). mGPDH is located on the outer
side of the inner membrane and, with its cytosolic partner cGPDH,
constitutes a glycerol-phosphate shuttle.

However, this model of metformin-induced mGPDH inhibition
raises some issues. The malate-aspartate shuttle is the main NADH
shuttle in the liver and inhibition of the glycerol-phosphate shuttle
mightbeinsufficient to reduce gluconeogenesis”. Indeed, mice lacking
the glycerol-phosphate shuttle display normal fasting blood levels
of glucose, whereas mice lacking the malate-aspartate shuttle have
reduced blood levels of glucose and an increased cytosolic NADH
to NAD' ratio”. Although many studies have demonstrated that low
doses of metformin cause an increase in the cytosolic NADH to NAD*
ratio, several studies did not find a decrease in glucose production
from lactate or a direct inhibition of mGPDH activity in response
to metformin®®***, As such, a body of evidence questions whether
mGPDH is a direct molecular target for metformin®**-%,

Mitochondrial respiratory chain complex IV

In an attempt to address the controversies described in the previous
sections, an alternative interpretation was proposedin 2022, in which
clinically relevant concentrations of metformin inhibit complex IV
activity, resulting in inhibition of mGPDH activity, an increased cyto-
solicredox state and areduction in hepatic gluconeogenesis®. In this
newly proposed mechanism, it has been postulated that the inhibi-
tion of complex IV by metformin blocks the ETC, leading to indirect
inhibition of mMGPDH activity through a decrease in the ubiquinone
pool, whichisthe electronacceptor of mGPDH (Fig.1). Theinteraction
between metformin and complex IV could be driven by the ability of
biguanides to bind metal ions, such as iron and copper®®, which are
bothpresentin complexIV.However, all complexes of the ETC contain
iron and/or copper ions, which are essential for the transfer of elec-
trons, therefore making it unlikely that metformin specifically targets
complexIVinthis manner. Altogether, the fundamental concern with
the hypothesis of metformin-induced complex IV inhibition is that it
postulates anincrease in the redox potential withoutimpaired cellular
energy charge, which goes against the OXPHOS bioenergetic process.
Indeed, disruption of the ETC through the inhibition of complex IV by

metforminwould presumably, like inhibition of complex|,impact redox
potential-dependent ATP synthesis, leading to a decrease in cellular
levels of ATP. Of note, early studies that suggested that metformin
induces complex linhibition simultaneously showed an increase in
the AMP to ATP and the NADH to NAD' ratios®*””.

Itisworth noting that the concept of linking complex I inhibition
by metformin to suppression of energy-demanding gluconeogenic flux
has been discredited because low concentrations of the drug repress
glucose production in hepatocytes independently of any detectable
changes in the AMP to ATP ratio®*****, However, the measurement of
small and transient physiological changesinadenine nucleotide levels
might sometimes beimpeded by technical limitations. Notably, the use
of AMPK as a sensitive probe for assessing subtle changes in the AMP
to ATP ratio revealed metformin-dependent changes in cellular energy
charge that are not detectable with other methods®®. Thus, areduction
in energy charge dependent on complex I inhibition cannot be ruled
outasacause of the inhibition of hepatic gluconeogenesisin response
to low concentrations of metformin.

Let-7 microRNA

Inline with the redox effects of metformin, a study suggested that clini-
cally relevant concentrations of metformin could inhibit hepatic glu-
coneogenesis through redox-dependent transcriptional regulation®.
Mechanistically, metformin induces let-7 microRNA expression in
aredox-dependent manner through an increase in the reduced glu-
tathione to oxidized glutathione (GSH to GSSG) ratio. In turn, let-7
downregulates TET3 and changes in the ratio of HNF-4« isoforms,
leading to inhibition of the expression of genes encoding enzymes
involved ingluconeogenesis (Fig. 1). However, this mechanism cannot
explain the acute reduction in gluconeogenic flux induced by met-
formin, in which the drug caninhibit hepatic glucose productionin the
absence of transcriptional changes in the gluconeogenic programme’.

Metformin and microbiota interactions

Modulation of microbial communities

In the past few years, the relationship between metformin and the
gut microbiota has attracted much attention®. Metagenomics
studies indicate that metformin induces alterations in the overall
structure and functions of gut microbial communities, leading to
amelioration of dysbiosis associated with T2DM and subsequently
of host metabolism'°'””, Of note, the effect of metformin on the gut
microbiotain people with T2DM could differ with ethnicity and shows
high variability'”>. Nevertheless, a signature of metformin treatment
across different ethnicities has been established, with the enrichment
of two operational taxonomic units from Bacteroides and reduced
abundance of one operational taxonomic unit from Faecalibacterium'.
In healthy people, metformin also affects the composition of the gut
microbiota, validating the concept that the interaction between met-
forminandthe gut microbiotaisindependent of the dysbiosis induced
by T2DM or prevailing blood levels of glucose'°*""°. The gut microbial
signature following metformin treatment is associated with increased
levels of Escherichia spp.and decreased levels of Intestinibacter spp.in
both healthy normoglycaemic people and those with T2DM'"*10611°,
In addition to its interactions with intestinal microbial communities,
metformin treatment in patients with T2DM and periodontitis was
associated with changes in oral microbiota composition'’. However,
itremains unclear whether the oral microbiotais directly targeted by
metformin or by the influence of systemic glycaemic changes on the
oral environment.
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Similarly, alterations in the gut microbiota related to metformin
treatment were reported in rats and mice fed a regular diet"? or a
HFD'™™', as well as in various animal models of obesity and diabetes
mellitus, in parallel toimprovementsin glucose tolerance'”. Of interest,
sex-related differences were reported for metformin-induced changes
in gut microbiota composition and function in HFD-fed mice, indi-
cating the relevance of interactions between sex hormones and
the microbiota"®. Importantly, metformin-induced changes in the
diversity of the gut microbiota are linked to oral, but not intraperito-
neal, metformin delivery in mice'”. Metformin-induced changes in
gut microbiotadiversity of HFD-fed mice were associated withreduced
microbiota encroachment into the mucus layer, which is a driver of
low-grade inflammation™®, Improvements in the metabolic param-
etersin HFD-fed mice recipients of faecal microbiota transplants from
metformin-treated donors have given support to the overall beneficial
metabolic effect of metformin-induced changes in gut microbiota'®*",
In addition, depletion of the gut microbiota by antibiotic treatment
abrogated the glucose-loweringaction of metforminin HFD-fed mice'.
However, some studies demonstrated the ability of metformin to
reduce glucose levels in HFD-fed mice under antibiotic treatment®,
making the contribution of gut microbiota to the glucose-lowering
action of metformin stilla matter of debate™’.

Most of the clinical evidence concerning the action of met-
forminonthe microbiotawas established from the observed changes
in the faecal microbiota that relate mainly to the large intestine,
which is where the highest concentrations of metformin have been
reported*”**, However, metformin can also accumulate and reach
high concentrations in the small intestine'>*’, triggering specific
changes in the local microbiota of the duodenum, jejunum and ileum
inrodents"*'?°, Alteration of the microbiota compositionin the small
intestine is accompanied by modifications in the expression of genes
related to intestinal glucose and fatty acid uptake that contribute to
the metabolic effects of metformin"*?°'?!, The distinctive role of the
different microbiotas along the gastrointestinal tract was demon-
strated by metformin-treated microbiota transplants to the upper
small intestine that resulted in the restoration of glucose-sensing
mechanisms™. Inaddition, the glucose-lowering efficacy of a delayed-
release formulation of metformin that was delivered to the distal small
intestine also favours compartmentalized gut-based mechanisms of
metformin action in humans'®.

The influence of metformin on gut microbiota composition can
result fromdirect effects onbacterial growth and changesin theintes-
tinal environment. Metformin treatment alters gut microbiota com-
position, which is dependent on AMPK in the intestine and probably
results from the modulation of expression of antimicrobial peptides,
including regenerating islet-derived protein 3y*. In addition, accu-
mulating evidence shows that metformin enhances the protection
of the intestinal mucosal barrier function by increasing the relative
abundance of Akkermansia muciniphila and thenumber of goblet cells,
leading to thickening of the mucus layer>'*7'%, Furthermore, met-
formin also promotes the expression of the tight-junction protein
occludin™*2¢ which reduces the translocation of lipopolysac-
charide, colonic inflammation and dysfunctional gut permeability.
Using in vitro gut microbiota culture models, metformin was shown
to directly alter gut microbiota growth curves and compositional
profiles'®*'?”128,_ By combining data from metatranscriptomics and
metaproteomics analyses, metformin-microbiota interactions were
found to be associated with changes in microbiota functional activities

linked to the modification of multiple metabolic pathways!+106127128

including the production of short-chain fatty acids (SCFAs) and glucose
metabolism (glycolysis, aerobic oxidation and pentose phosphate
pathways). Metformin use was linked to the enrichment of bacte-
rial genes with products involved in carbohydrate, lipid, amino acid
and nitrogen metabolism, drug resistance and lipopolysaccharide
biosynthesis'**'%1¥, By selectively altering the metabolic profile of the
humangut microbiota, metformin provides acompetitive advantage
and promotes specific bacterial populations, including Escherichia
coliand A. muciniphila'®*%'7"%,

Metformin-microbiotarelationship
Previous studies have shown that metformin impairs folate and
methionine production in the microbiota of the nematode C. elegans
(using worms fed with live £. coli), leading to altered host methionine
metabolism and healthspan extension™°. In subsequent studies, a high-
throughput host-microbiota-drug-nutrient screen approach iden-
tified a bacterial signalling pathway that integrates metformin and
nutrient signals to alter metabolite production by the microbiota™.
Insupport of metformin-microbiota interactions, anin silico human
microbiotametabolic modelling study showed a predicted increasein
agmatine production capacity by E. coliin metformin-treated patients
with T2DM™!, In addition, using systems biology methodologies,
acompeting behaviour of prevalent gut microbiota from metformin-
treated patients with T2DM was linked to their capacity to utilize and
produce SCFAs and amino acids'”. Similarly, using global metabolomic
approaches, the metabolism of branched-chain amino acids was cor-
related to changesin the gut microbiota and the hypoglycaemic effect
associated with metformin administration in healthy individuals™.
The crosstalk between metformin and gut microbiota metabolism
was further emphasized by the causal relationship reported between
thelong-termdurability of the glycaemic response to metformin mono-
therapyin T2DM and different gut microbiota compositions that were
characterized by unique microbial metabolic pathways'. For instance,
pathwaysinvolved in thiamine biosynthesis could be involved inensur-
ing the sustained durability of the glycaemic response to metformin
monotherapy™. Another well-documented metformin-gut microbiota
interactionis the shift towards SCFA-producing bacteriaandincreased
faecal concentrations of both butyrate and propionate in patients with
T2DM and obesity'*'°*1°, SCFAs exhibit beneficial effects on glucose
metabolismviamultiple pathways, including stimulation of the release
oftheincretin hormone GLP1and peptide YY from enteroendocrine L
cells and modulation of intestinal gluconeogenesis, which enhances
glucose management™***, Metformin use is also associated with modu-
lation of the bile acid pool by decreasing the abundance of Bacteroides
fragilisand itsbile salt hydrolase activity'?. This effectisaccompanied
by increased levels of the bile acid glycoursodeoxycholic acid, which
improves glucose metabolism homeostasis through inhibition of
intestinal farnesoid X receptor signalling via an AMPK-independent
mechanism that is associated with increased GLP1 levels'*"*, These
findings are consistent with the therapeutic effect of metformin-
induced selective alterations in intestinal microbial composition and
metabolism on host targets, which improve host metabolism'0>10+134157,
Dysbiosis is associated with pathologies (including cancer and
cardiovascular, metabolic and inflammatory bowel diseases). Thus,
therapeutic strategies could be developed that are based on met-
formin-induced modulation of the microbiome and/or metabolite
production independently of the antidiabetic effect of metformin.
Metformin reduces circulating levels of trimethylamine N-oxide,
amicrobiota-host co-metabolite synthesized from choline that is
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associated with anincreased risk of cardiovascular disease in mice fed
ahigh-choline diet”®", Inaddition, metformin treatment is correlated
with the remodelling of the gut microbiota, with increased relative
abundance of Bifidobacterium and Akkermansia and decreased abun-
dance of cutC (which encodes aproteininvolved in choline metabolism
inbacteria)*®. Inaddition, metformin has shown potential as aninter-
vention for preventing cognitive decline related to dysbiosis caused
by obesity and ageing in mice'>"*%!,

Metformin-induced alterations in the gut microbiota also con-
tribute to the antitumour effects of metformin. Orally ingested met-
formin, but not intraperitoneally injected metformin, suppresses
tumour growth in HFD-fed mice'”. Furthermore, faecal transplants of
the microbiota from metformin-treated donor mice were sufficient to
recapitulate the metformin-induced reductionin tumour growth and
were associated with increased abundance of SCFA-producing bacteria
and reduced expression of genes with protein products critical for
regulating cholesterol synthesisin the tumour. Inaddition,inamouse
model of colorectal cancer induced by Fusobacterium nucleatum, which
isenrichedin colorectal carcinogenesis, metformin decreases tumour
size and the abundance of F. nucleatumin tumour tissue'*”. Additionally,
the use of metformininthe treatment of inflammatory bowel disease
demonstrated positive effects through its action on inflammatory
pathways, intestinal barrier integrity and gut microbiota'*. Metformin
increased the relative abundance of Lactobacillus and Akkermansia
species and alleviated gut dysbiosis, colonicinflammation and mucus
barrier disruption induced by experimental colitis'>>'**,

Available data suggest that metformin and the gut microbiotawork
synergistically to produce beneficial therapeutic effects. Furthermore,
adding gut microbiota modulators, such as probiotics or prebiotics,
to metformin therapy results in improved T2DM outcomes in animal
and human studies'*. However, the metabolites produced by the gut
microbiotacanalso influence the efficacy of metformin treatment and
contribute to the interindividual variability in response to the drug.
For example, metabolomic analysis of plasma from people treated
with metformin who had high blood levels of glucose and from those
with low blood levels of glucose identified a microbial metabolite,
imidazole propionate, as a negative regulator of metformin actionin
humans'®. Imidazole propionate reduced the acute glucose-lowering
effect of metformin in mice fed awestern diet by inducing inhibition of
AMPK signallingin theliver through a p38y-dependent mechanism'.
Interestingly, inhibition of p38y prevented the inhibitory effect of
imidazole propionate onacute metforminaction, highlighting poten-
tial therapeutic opportunitiesin patients with T2DM who are not fully
responsive to metformin'*.

Metforminintolerance

The gut microbiotaisincreasingly recognized as a potential mediator
of the gastrointestinal adverse effects of metformin'’. Prevalent
gastrointestinal adverse effects after metformin intake have been
attributed to gases (such as CO,and H,S) produced by the gut micro-
biota, seemingly through metformin-induced metabolic modelling of
Escherichia spp.and A. muciniphila'®*"°'*°, A study comparing the gut
microbiota profile in metformin-tolerant and metformin-intolerant
patients with T2DM established that a shift in the composition of the
gut microbiota on the introduction of metformin is responsible for
the drugintolerance®. The use of microbiota modulators, including
probiotic, prebiotic and symbiotic supplementation, might be a viable
approach to achieving improved tolerability of metformin'*. Alto-
gether, metformin-induced changesinindividual gut microbiotas and

asubsequent shift in bacterial metabolite production could contrib-
utetoits therapeuticefficacy, butalsotoits adverse gastrointestinal
eﬁ.‘ects in the hoSt102,104,109,128,131,149

Metformin and the immune system

Dampening of (meta)inflammation

Theimmune systemhasacentralroleintheinitiation and progression
of many pathologies. For cardiometabolic diseases, the contribution of
chronic low-grade inflammation to metabolic dysfunction and the
development of atherosclerosis is now well documented°". Obesity
inducesvarious degrees of inflammationin adipose tissues, pancreatic
islets and the liver, which contributes to hepatic steatosis, systemic
insulinresistance and progression towards T2DM, non-alcoholic stea-
tohepatitis (NASH) and cardiovascular diseases"*">*. This so-called
metaflammation also predisposes the individual to co-morbidities,
such as Mycobacterium tuberculosis infection™ or severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) infection (Box 1). Although
incompletely understood, the crosstalk between parenchymal and
tissue-residentimmune cells withinlocal nichesin metabolic organsis
centralinthese inflammatory processes™*"*°, Remarkably, metformin
had some anti-inflammatory effects through both AMPK-dependent
and AMPK-independent mechanisms in cross-sectional studies in
patients with T2DM, various interventional studies in rodent models
of obesityand T2DM, and inin vitro and ex vivo experimentsin several
immune cell types®" (Fig. 2a).

Metformin treatment also improves mitochondrial functions
in peripheral blood mononuclear cells (PBMCs) from patients with
T2DM, whichisassociated with increased AMPK phosphorylation and
mitophagy and reduced levels of reactive oxygen species (ROS)
and serum levels of the pro-inflammatory cytokines TNF and IL-6
(refs. 158,159). In addition, in a placebo-controlled trial in patients
with prediabetes, treatment with metformin reduced the concentra-
tions of the neutrophil-derived extracellular trap (NET) components
elastase, proteinase 3, histones and double-strand DNA, independently
of its effect on normalizing glucose levels'’. This finding suggests
that metformin can dampen NETosis in activated neutrophils, which
isimportant for host defence against pathogens and is involved in
inflammatory-mediated tissue damage and thrombosis. Metformin
alsoinduces a dose-dependentinhibition of NETosis induced by phor-
bol 12-myristate 13-acetate and ionomycin in vitro at concentrations
within the therapeutic range'®. This effect was associated with reduced
PKC-BIl membrane translocation, which is consistent with a direct
effect of the drug on the NETosis machinery'®’. However, further stud-
iesarerequired to decipher the exact mechanism by which neutrophil
functions areregulated, directly or indirectly, by metformin.

Changes in intrinsic metabolism of tissue-resident and newly
recruited macrophages resulting from alterations in the local microen-
vironmentwithin metabolic organs are thought to shape their functions
and be among the main drivers of obesity-associated metaflamma-
tion' Interestingly, metformin reduces pro-inflammatory activation
of macrophages in vitro by interfering with the cellular metabolic
reprogramming that underpinsinflammation'®’. At the molecular level,
although a contribution of AMPK activation could not be excluded,
metforminreduced fatty acid synthesis mediated by fatty acid synthase
(FASN) and suppressed FASN-dependent palmitoylation of AKT in
lipopolysaccharide-stimulated mouse bone marrow-derived macro-
phages, leading to reduced NF-kB activation and reduced expres-
sion of pro-inflammatory cytokines'® (Fig. 2a). A novel pathway by
which metformin could dampen inflammation independently of
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Fig. 2| Anti-inflammatory and immunomodulatory effects of metformin.

a, Following putative transporter-mediated internalization in variousimmune
cell subsets, metformin inhibits the mitochondrial respiratory chain complex|
and can modulate cell-specific inflammatory processes by both AMP-activated
protein kinase (AMPK)-independent and AMPK-dependent mechanisms.

b, Metformin can modulate the immune system, which could have beneficial
effectsin various pathological conditions (such as certain cancers, infections and
hyperinflammatory diseases). These effects have been reported toinvolve various
innate and adaptive immune cells, leading to modulation of several cell-cell
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cell death protein 1; Pi, inorganic phosphate; PRF1, perforin 1; ROS, reactive oxygen
species; STAT1and STAT3, signal transducer and activator of transcription1and 3;
TGFB, transforming growth factor-B; TNF, tumour necrosis factor.

the AMPK-NF-kB axis has also been uncovered in mice. This path-
way involves direct inhibition of the mitochondrial respiratory chain
complex I and downstream inhibition of inflammasomes in alveolar

macrophages'®. Metformin inhibited lipopolysaccharide-induced

mitochondrial ATP synthesis and subsequent generation and cyto-
solic release of mtDNA, a potent NLRP3 ligand, ultimately leading to
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reductionininflammasome activation and IL-1$ productionin mouse
bone marrow-derived macrophages'** (Fig. 2a).

Remarkably, metformin treatment in mouse models of acute
respiratory distress syndrome blunts lipopolysaccharide-induced and
SARS-CoV-2-induced pulmonary inflammation, an effect mimicked
by myeloid-specific ablation of cytidine monophosphate kinase 2,
arate-limiting enzyme in mtDNA synthesis'®*. By contrast, the inhibi-
tory action of metformin on mitochondrial complex I was also shown
to prevent pro-inflammatory activation of alveolar macrophages by
urban particulate matter air pollution, notably through reducing levels
of complex lll-derived ROS and the subsequent decrease in calcium-
mediated IL-6 release’® (Fig. 2a). Of note, a considerable number
of in vitro and ex vivo mechanistic studies used concentrations of
metformin exceeding the therapeutic range and should therefore be
considered with caution.

Prevention of inflammaging
Like cardiometabolic diseases, ageing and age-related disorders are
often associated with chronic low-grade inflammation (also called
inflammaging) and remodelling of the immune system™*'*’, Metformin
has been considered as a treatment for attenuating detrimental
consequences of ageing, notably for its possible beneficial effects
on immune senescence'. Immune senescence is characterized by
inflammatory activation of immune cells, a decline in their functions
and reduced immune response efficacy, leading to increased vulner-
ability toinfectious diseases, diminished responsesto vaccination and
increased susceptibility to metaflammation and age-related inflam-
matory diseases'?. Interestingly, metformin treatment reduced the
frequencies of pro-inflammatory B cell subsets in blood from older
patients (>70 years old) with T2DM and increased influenza vaccine-
specific antibody responses after vaccination'®’. These results were
associated withreduced expression of senescence-associated secretory
phenotype markers and reduced secretion of pathogenic autoimmune
IgG antibodies by B cells isolated from these patients, supporting an
anti-ageing effect of metformin on humoral immunity'®.
Ovarianfibrosis is associated with ageing and anincreased risk of
developing ovarian cancer, notably in people with T2DM"°. In a study
using single-cell RNA sequencing, metformin treatment modulated the
composition of ovarian fibroblastic and immune cells and prevented
age-associated ovarian fibrosis in female mice"". The underlying mecha-
nismremains unclear andits translation to humansis still questionable.
However, this study identifies a unique macrophage subset induced
by metformin in the ovary that might contribute to the clearance of
senescence-associated secretory phenotype-producing fibroblasts and
parallel expansion of myofibroblasts involved in extracellular matrix
remodelling, resulting in maintenance of tissue homeostasis during
ageing'” (Fig. 2b). Considering the use of metformin as a potential
anti-inflammaging therapeutic strategy was also strengthened with
the demonstration that metformin can alleviate ageing-associated
T cell inflammation by preventing the age-induced appearance of
aThelper17inflammaging profile through maintenance of CD4" T cell
autophagy and mitochondrial OXPHOS">.

Action onimmunomodulation

Tuberculosis. A variety of otherimmunomodulatory properties of
metformin have beenreported, including enhancedimmunosuppres-
sive capacity in several autoimmune hyperinflammatory diseases'”* ",
improved immune response to infection'” and potentiation of anti-
tumour immunity’%, Metformin can reduce M. tuberculosis infection,

lower progression to active tuberculosis and decrease mortality in
both mice and humans®*'”’, Two studies have shown that part of this
beneficial effect can be mediated by enhanced host antimycobacterial
immune responses*®’®, Indeed, although performed using suprath-
erapeutic concentrations, ex vivo treatment of PBMCs from healthy
donors with metformin induces mTORCl1 inhibition and immune cell
metabolic reprogramming, leading to decreased pro-inflammatory
cytokine production and increased phagocytosis activity in response
to stimulation with M. tuberculosis lysate' (Fig. 2a). Furthermore,
PBMCs from metformin-treated healthy donors display increased
AMPK activation, downregulation of genes with protein products
involvedinthetypelinterferonresponse andaltered cellular compo-
sition, with a shift in myeloid cells from classic to non-classic mono-
cytes'™. On the adaptive side of the immune response, metformin
treatment expanded a population of memory-like CD8*CXCR3*T cells
in spleen and lungs, and enhanced immunogenicity and protective
efficacy against M. tuberculosis challenge in mice vaccinated with
Bacillus Calmette-Guérin''. Also observed in healthy individuals and
patients with T2DM treated with metformin, this metformin-induced
CD8'T cell subset has features of metabolic reprogramming, such as
increased mitochondrial OXPHOS and fatty acid oxidation, survival
capacity and antimycobacterial properties™' (Fig. 2b). Collectively,
these results might support the use of metformin asanew therapeutic
option for patients with tuberculosis and/or as an adjunct drug to the
tuberculosis vaccine.

Cancer. Metformin has also been reported to promote anticancer
immunity through modulation of the tumour immune microenvi-
ronment, notably by increasing levels of tumour-infiltrating cyto-
toxicCD8'T cells and decreasing levels of tumour-promoting CD163*
macrophages in human oesophageal squamous cell carcinoma'™. At
the molecular level, metformin triggers AMPK activation and STAT3
inactivation, leading to altered production of the effector cytokines
TNF (increase) and IL-10 (decrease) by immune cells'®’. Metformin
treatment also increased natural killer cell infiltration and cytotox-
icity in head and neck squamous cell carcinoma in patients by pro-
moting perforin release secondary to an AMPK-independent and
mTORCI1-STAT1-mediated downregulation of CXCL1 (ref. 183) (Fig. 2b).

Finally, metformin treatment rescues NASH-associated impair-
mentinCD8" T cell response toimmune PD1-PDL1 checkpoint inhibitor
therapy for advanced hepatocellular carcinoma'®*. Mechanistically,
metformininduces metabolic reprogramming of hepatic CD8' T cells,
leading to increased motility of these tumour-infiltrating cells and
improved efficacy of anti-PD1 antibody therapy against liver tumours
in mouse models of NASH and hepatocellular carcinoma'®* (Fig. 2b).
Boosting anti-PD1 therapy with metformin-loaded macrophage-
derived microparticles targeting M2-like tumour-associated macro-
phages hasbeen suggested for resetting the polarization state of these
cellstowards an antitumoural M1-like phenotype'®. Interestingly, this
macrophage-targeted approach results in remodelling of the tumour
immune microenvironment. This remodelling increases recruitment
of CD8" T cells, decreases infiltration of both immunosuppressive
myeloid-derived suppressor cellsand regulatory T cells and enhances

tumour penetration and anticancer activity of the anti-PD1antibody’’.

Repurposing metformin

Metformin has alonghistory as the first-choice oral antihyperglycae-
micdrug for treating T2DM, with a high safety profile. In the past dec-
ade, repurposing metformin for additional applications has received
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increased attention. Indeed, metformin has shown promising effects
beyond T2DM that are now being investigated in several planned and
active clinical trials.

Ananticancer agent

Aretrospective observational study published in 2005 showed reduced
risk of a cancer diagnosis in people taking metformin'®®. Subsequently,
the effect of metformin treatmentin preventing the development and
progression of various types of cancer has been extensively investi-
gated"*"'"¥". Repurposing aninexpensive licensed drug for the treatment
of cancer was also encouraged by results from cellular and preclinical
studies demonstrating antineoplastic effects and inhibition of tumour
growth by metformin viainhibition of mitochondrial OXPHOS associ-
ated with AMPK-dependent and AMPK-independent mechanisms'*®,
However, the high concentrations of metformin used inin vitro stud-
iesmight not bereadily translated to effects in preclinical and clinical
studies®*'®, which raises questions as to what the appropriate drug
exposure to obtain a direct anticancer effect might be. Importantly,

Box 4

Environmental concerns

Metformin is not metabolized and is eliminated unmodified by

the human body. As such, approximately 70% of the therapeutic
dosage is excreted through urine and faeces and is discharged to
waste waters. The accumulation of metformin in the environment
is therefore predicted to be considerable due to the large number
of people taking metformin and the daily dosage (0.5-2.5 g). Based
on the large volumes of metformin excreted unchanged in urine,
metformin can be regarded as a prominent emerging water pollutant.
The presence of metformin in the influents of wastewater treatment
plants (WWTPs) has been used as an indicator of pharmacological
contamination and in wastewater-based epidemiology studies

to assess metformin consumption in populations®'?*?, Due to

its low removal rate in most conventional WWTPs, metformin is
consistently detected with concentrations ranging from nanograms
to micrograms per litre in effluents of WWTPs, surface waters

and even drinking water?**?*4, The widespread occurrence of this
compound and its numerous organic transformation products
generated via microbial degradation and photolysis (for example,
guanylurea and C,N,H¢O) in the aquatic environment poses a
global threat to environmental health**>?°>%*, The bioaccumulation
of these contaminants in aquatic animals and plants has been
extensively documented®*?*, Ecotoxicological studies have
demonstrated their detrimental effects on aquatic biota, causing
developmental abnormalities, endocrine disruption and reproductive
alterations®**?*-**°_Bjoremediation of metformin-contaminated
environments using microbial mixtures has provided encouraging
outcomes, with the complete degradation of metformin and its
transformation products®'. However, risk assessments for human
health of lifelong exposure to metformin via drinking water estimated
the risk to be negligibly low*??**, Investigations on the adverse
long-term environmental risks cannot be overlooked because of the
expected increase in global consumption and water contamination
of metformin and its transformation products.

supportive evidence for a protective effect of metformin on cancer
risk was not always consistent’*>'”!, Thus, validation of the advantage
of metformin treatment as a single agent or as an adjuvant in cancer
therapy, notably for its emerging role in regulating cancer immunity,
awaits further clarification.

Inflammatory and immune-mediated diseases

Studies on the anti-inflammatory properties of metformin and stud-
ies highlighting its possibleimmunomodulatory functions in various
pathophysiological conditions suggest that it could be used in the
context of several infectious, autoimmune and hyperinflammatory
diseases. However, although the initiation of an increasing number
of clinical trials supported by these new findings are being under-
taken, further work is needed to clarify whether modulation of the
immuneresponse results from adirect action of metformin on various
immune cell subsets and/or is mostly the consequence of indirect
effects of the drug on their microenvironment (for example, nutrients,
oxygen tension and non-immune cells present in the local niche).

Of note, based on the immune cell transcriptional profiles avail-
able from theImmGen Consortium'?and the Tabula Sapiens Consor-
tium'?, the expression levels of genes encoding the main metformin
transporters OCT1-3 (SLC22A1-3), plasma membrane monoamine
transporter (SLC29A4) and multidrug and toxin extrusion protein 1
(SLC47A1) are all very low to undetectable in both mouse splenocytes
and human PBMCs. Therefore, it would be important to investigate
whether metformin canbe taken up and accumulate in specificinnate
or adaptive immune cell subsets, in both healthy and disease states.
In addition, whether clinically relevant concentrations of the drug,
which are much lower than the ones generally used in most of the
invitro and ex vivo studies, can directly triggerimmunomodulation,
notably throughimmune cell metabolic reprogramming, needsto be
determined. In this context, it should be noted that oral metformin
did not enter the thymus to activate AMPK and did not reduce the
occurrence of T cell acute lymphoblastic leukaemiain mice, presum-
ably duetoalack of appropriate transporters'®*. By contrast, the cell-
permeable biguanide phenformin did enter the thymus and activate
AMPK, causing a delayed onset of T cell acute lymphoblastic leukae-
mia'®*. Thus, using phenformin when metformin is not taken up by
cancer orimmune cells could provide better efficacy than metformin

in current clinical trials'®.

Ageing

Metformin has been proposed as an anti-ageing drug as it increased
median lifespan and maximum lifespanin studies performedinseveral
species, including C. elegans, Drosophila melanogaster, rodents and
humans'®®. The interplay between the microbiota and the host organ-
ism seemed to be crucial to extend the maximum lifespan in both
C.elegansand D. melanogaster™, which suggests there is evolutionary
conservation of microorganism-derived metabolites in response to
metformin. Metformin use has been associated with increased overall
survival (forexample, inrelation to theincidence of cancer and cardio-
vascular disease in patients with T2DM compared with thatinmatched
controlindividuals without T2DM"°); however, the ability of metformin
to promote health orincrease lifespaninhealthy populations remains to
be clearly determined. In addition, further studies are also needed
todirectly link metformin-induced increased longevity with alterations
inthe profile of the human gut microbiota. Interestingly, the benefits of
metforminonlongevity are restricted to mice treated with metformin
fromyoungadulthood, and are not seen when treatment isinitiated in
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older animals™”. This finding suggests that delaying the occurrence of
(immune) senescence and related inflammaging might be one of the
important underlying mechanisms. Interestingly, in old C. elegans,
metformin causes asevere metabolic failure thatleads to ATP exhaus-
tionand cell death™®. More insights into the benefits of metforminon
healthspan and lifespan in humans will hopefully be provided by the
MILES (Metformin in Longevity Study) and TAME (Targeting Aging

with Metformin) clinical trials'”’.

Conclusions

Metformin is one of the most common medications used worldwide
and has been used for >60 years. However, the mechanisms under-
lying its therapeutic effects remain incompletely understood. The
latest advances regarding metformin’s glucoregulatory mecha-
nisms of action have identified new potential factors, adding some
layers of complexity and confusion that might fuel ongoing contro-
versies. Whether cellular energy charge is altered or not in response
to low metformin concentrations in the liver remains to be properly
addressed, specifically using sensitive adenine nucleotide quantifica-
tion approaches. In addition, whether these bioenergetic effects are
the unique consequence of metformin’s inhibitory action on complex|
oronother mitochondrial targets needs to be clarified. Furthermore,
considering the lysosome as an additional organelle target provides
insights for novel mechanisms of metformin action through the AMPK
signalling pathway. Moreover, although it has long been assumed that
the antihyperglycaemic effects of metformin are due to its exclusive
actionintheliver, thereis now strong evidence that extrahepatic sites
of action, notably the gut and its microbiota, are involved in its vari-
ousclinical benefits. Inaddition, metformin hasimmunomodulatory
properties in various pathological contexts (such as cancer, hyper-
inflammatory diseases and infectious diseases) involving direct or
indirect regulation of the host innate and adaptiveimmune response.
Some of these new insights from preclinical studies are currently being
exploredin clinical trials that are repurposing metformin for a range of
diseases beyond T2DM. Lastly, it is worth mentioning thatif the thera-
peutic prescription of metforminis expanded to otherindicationsin
the future, resulting in more widespread use, contamination of global
waters with the drug mightincrease, which could raise environmental
concerns (Box 4).
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