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Abstract: Metformin has been used as an oral anti-hyperglycaemic drug since the late
1950s; however, following the release in 1998 of the findings of the 20-year United King-
dom Prospective Diabetes Study (UKPDS), metformin use rapidly increased and today is
the first-choice anti-hyperglycaemic drug for patients with type 2 diabetes (T2D). Metfor-
min is in daily use by an estimated 150 million people worldwide. Historically, the bene-
fits of metformin as an anti-diabetic and cardiovascular-protective drug have been linked
to effects in the liver, where it acts to inhibit gluconeogenesis and lipogenesis, as well as
reduce insulin resistance and enhance peripheral glucose utilization. However, direct pro-
tective effects on the endothelium and effects in the gut prior to metformin absorption are
now recognized as important. In the gut, metformin modulates the glucagon-like pep-
tide-1 (GLP-1) - gut-brain axis and impacts the intestinal microbiota. As the apparent
number of putative tissue and cellular targets for metformin has increased, so has the in-
terest in re-purposing metformin to treat other diseases that include polycystic ovary syn-
drome (PCOS), cancer, neurodegenerative diseases, and COVID-19. Metformin is also
being investigated as an anti-ageing drug. Of particular interest is whether metformin pro-
vides the same level of vascular protection in individuals other than those with T2D, in-
cluding obese individuals with metabolic syndrome, or in the setting of vascular throm-
boinflammation caused by SARS-CoV-2. In this review, we critically evaluate the litera-
ture to highlight clinical settings in which metformin might be therapeutically repurposed
for the prevention and treatment of vascular disease.

Keywords  :  Metformin,  vascular  disease,  type  2  diabetes,  endothelium,  inflammation,  obesity,  SARS-CoV-2,
COVID-19.

1. INTRODUCTION
Metformin was first used for the clinical manage-

ment of T2D in 1957 [1]. Despite being in use for over
60 years and subjected to intensive research, the mode
of action of metformin as an anti-hyperglycemic drug
remains controversial [2]. Although the primary clini-
cal use of metformin is for T2D, it is used to treat poly-
cystic ovary syndrome (PCOS) and has been investigat-
ed for  type  1  diabetes  [TID],  cancer,  neurodegene-
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rative diseases, as an anti-aging drug, and also for the
treatment of infectious diseases, including COVID-19
[2]. The common mediator of some, but not all, of the
cellular actions of metformin has been attributed to 5’-
adenosine  monophosphate  activated  protein  kinase
(AMPK),  and  other  activators  of  AMPK  have  been
shown  to  have  comparable  effects  to metformin in
rodent models of hyperglycemia and hyperinsulinemia
[3 , 4].

2. METFORMIN AND THE UNITED KINGDOM
PROSPECTIVE DIABETES STUDY (UKPDS)

The  key  conclusions  from  the  United  Kingdom
Prospective Diabetes  Study (UKPDS) were that  con-
trolling blood glucose levels reduced the complications
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of T2D in newly diagnosed patients and reduced mor-
tality [5-7]. In addition, in a subgroup of 1704 subjects
who were overweight (BMI ≥ 25 kg/m2),  the relative
risk reductions in those receiving metformin were signi-
ficantly  larger  than those achieved in  the  overweight
group receiving intensive treatment with sulfonylureas
(either the first generation chlorpropramide, or second
generation, glibenclamide), or insulin [6].

2.1. Confirmation of Conclusions of the UKPDS
The conclusions of UKPDS that specifically indicat-

ed a reduced cardiovascular (CV) morbidity and mor-
tality with metformin monotherapy versus sulfonylurea
monotherapy have been supported by a number of fol-
low up analyses in patients with T2D. Data from a 10-
year  follow up  in  2008  indicated  that  treatment  with
metformin was associated with a continued reduction
in myocardial infarctions despite no change in HbA1c
[8]. Complementary data have also been provided by
other  studies,  including  a  retrospective  analysis  of
Saskatchewan Health databases [9]. Expanding the evi-
dence  to  diverse  ethnic  groups,  comparable  results
have also been reported in a prospective study of 1157
subjects identified in the Taiwan Society of Cardiology
registry,  comparing  those  with  T2D  and  acute  coro-
nary syndrome, where lower all-cause mortality was as-
sociated with treatment with metformin [10]. A post-
hoc  analysis  of  data  from  the  SAVOR-TIMI  53
(Saxagliptin and Cardiovascular Outcomes in Patients
With Type 2 Diabetes Mellitus) trial also showed that
treatment  with  metformin  in  patients  with  T2D  re-
duced  the  risk  of  all-cause  mortality,  although  this
study found no significant relationship between metfor-
min use and a reduction in nonfatal stroke, nonfatal my-
ocardial  infarction,  and  cardiovascular  death  (3P-
MACE,  Major  Cardiovascular  Events)  [11].

2.2. The Diabetes Prevention Program (DPP)
The  results  of  the  Diabetes  Prevention  Program

(DPP) research group, although providing support for
the weight loss and the safety benefits  of metformin,
concluded  that  the  benefit  of  lifestyle  intervention
alone was greater than that resulting from metformin;
and furthermore, the combination with metformin was
less  beneficial  than  lifestyle  intervention  alone  [12,
13]. In addition, a meta-analysis provided information
for  over  1  million  patients  receiving  treatment  with
metformin enrolled in 40 studies that reflected 15 ran-
domized, 22 retrospective and 3 case-based studies al-
so provided conflicting results [14]. The meta-analysis
showed that although metformin effectively reduced al-
l-cause mortality, cardiovascular mortality, and the in-
cidence of cardiovascular events in patients with T2D,

comparable positive results  were not  seen in patients
without diabetes and with myocardial infarction (MI)
or coronary artery disease (CAD). Moreover, treatment
with metformin did not lower LDL levels [14]. Further-
more,  based  on  another  meta-analysis  of  13  ran-
domized trials (including data from the UKPDS) that
included a total of 2079 overweight subjects with poor
glycemic control and aged ≤65 years, a significant car-
diovascular benefit to using metformin was not appar-
ent, although outcomes favoured metformin [15].

Concerns over potential bias and the small number
of  patients  in  the  metformin  study  in  the  original
UKPDS analysis have also been raised by earlier meta-
analysis [16, 17]. The conclusions from the 2012 meta-
analysis  involving  over  9,000  patients  in  13  studies
were that because of the considerable heterogeneity in
the  data,  with  as  much as  a  33% reduction versus  as
high as a 64% increase in cardiovascular mortality, the
risk/benefit ratio for the use of metformin could not be
accurately estimated without additional evidence [16].

Collectively,  these data indicate the need for  new
prospective  studies  that  compare  metformin  with  the
newer  anti-hyperglycemic  agents,  notably  the  GLP-
RAs  and  SGLT-2  inhibitors.

3.  METFORMIN  AND  ENDOTHELIAL  FUNC-
TION

3.1. Endothelium and Vascular Health
The endothelium plays an essential role in maintain-

ing  a  healthy  cardiovascular  system with  endothelial
cells functioning akin to an endocrine organ via their
contribution  of  vasoactive  molecules,  low  resistance
coupling  to  the  underlying  vascular  smooth  muscle
cells, enhancing vasodilation and blood flow, and sup-
pressing  pro-thrombotic  events  [18-20].  A  direct  in
vivo  assessment of the health of the endothelium can
be  accomplished  by  determining  the  effectiveness  of
an  infusion  of  an  endothelium-dependent  vasodilator
such as acetylcholine, using strain gauge plethysmogra-
phy following, for example, forearm venous occlusion
or determining flow-mediated vasodilation with ultra-
sound  (FMD)  [20].  Alternatively,  or  in  combination
with the measurement of  vasodilation,  measurements
of biomarkers of vascular inflammation such as C-reac-
tive protein (CRP), as well as P-selectin, vascular cell
adhesion molecule-1 (VCAM-1), and intercellular adh-
esion  molecule  (ICAM)-1  can  be  used  as  surrogate
measures  [20].  Endothelial  dysfunction is  considered
to be a ‘barometer’ for cardiovascular risk and can be
defined  as  a  reduction  in  endothelium-dependent  va-
sodilation  (EDV)  in  response  to  endothelium-depen-
dent  vasodilators  such  as  acetylcholine  [20,  21].  En-
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dothelial  dysfunction is  an important  and the earliest
detectable indicator of the development of cardiovascu-
lar disease [20-23].

3.2. Metformin and Endothelial Function in Type 2
Diabetes

A substantial amount of clinical and pre-clinical da-
ta indicates that metformin has direct vascular effects
on protecting and improving endothelial function. Re-
cent reviews are also available [19, 26, 27]. That met-
formin improves endothelial function is supported by
several clinical studies [28-30].  In the 2001 study by
Mather et al., 44 subjects with diet controlled metfor-
min naïve, T2D, and fasting plasma glucose levels of >
7.0 mmol/L were treated for 3 months with metformin
(500 mg/bid) or placebo following a design where pa-
tient identity and treatment were blinded. In these T2D
patients,  forearm  blood  flow  was  measured  using
strain-gauge plethysmography and the effects of the in-
tra-brachial  artery  administration  of  the  endotheli-
um-dependent vasodilator, acetylcholine versus the ef-
fects  of  the  endothelium-independent  vasodilators,
sodium  nitroprusside,  and  verapamil.  The  results
showed that metformin lowered whole body insulin re-
sistance (assessed as HOMA-IR), improved acetylcho-
line-mediated EDV, without an affect on either sodium
nitroprusside or verapamil-mediated, endothelium-inde-
pendent, mechanisms. The authors concluded that treat-
ment of patients with T2D corrected endothelial func-
tion  secondary  to  the  reduction  of  whole  body  im-
proved insulin resistance [28]. Comparable results and
conclusions  have  also  been  reported  in  patients  with
metabolic syndrome where treatment with metformin
(500  mg  bid)  for  3  months  improved  FMD  in  the
brachial artery [29]. Confirmation also comes from a
larger  randomized placebo-controlled study with 390
patients treated with metformin (850 mg/tid) and a 4.3
year follow up that demonstrated that metformin low-
ered the plasma levels of biomarkers of inflammation
and endothelial dysfunction including CRP, C-reactive
protein; von Willebrand factor, vWF; soluble vascular
adhesion  molecule-1,  sVCAM-1;  soluble  E-selectin,
sE-selectin;  tissue  type  plasminogen  activator,  t-PA;
and  plasminogen  activator  inhibitor-1,  PAI-1  [31].
However,  concerns have been raised that  the chronic
use of metformin may result in vitamin B12 deficiency
[27].

3.3. Metformin and Endothelial Function Indepen-
dent of Anti-Hyperglycaemic Actions

In view of the positive data derived from both pre--
clinical investigations as well as clinical studies in pa-
tients  with  type 2 diabetes,  it  might  be expected that
the beneficial effects of metformin on endothelial func-

tion should extend to subjects with vascular disease un-
related to diabetes. Evidence that metformin improved
endothelial function was first reported in 1984 with da-
ta  from  a  6-month  placebo  driven  randomized  con-
trolled study of the effects of 850 mg/day of metformin
versus placebo on FMD in subjects who were non-dia-
betic but with peripheral artery disease [32]. Although
there were no changes in fasting glucose or insulin lev-
els,  metformin  improved  FMD  and  the  lipid  profile
[33]. A three-month treatment with metformin has also
been reported to improve EDV mediated by acetylcho-
line  in  31  first-degree  relatives  of  T2D patients  with
metabolic syndrome but normal glucose tolerance [34].
The benefits of metformin on endothelial function also
extend to subjects with T1D with the addition of 850
mg/tid (three times a day) of metformin to their stan-
dard insulin regimen for 6 months reported to improve
FMD,  but  not  endothelium-independent  vasodilation
mediated  by  infusing  glyceryl  trinitrate,  and  without
changing  the  metabolic  profile  of  the  patients  [35].
However, as detailed below, not all studies have pro-
duced  positive  data  and  a  number  of  prospective
studies designed to determine whether metformin has
CV protective benefits independent of its anti-hypergly-
caemic actions have been negative; see also Rena and
Lang, 2018 [36].

The conclusion from a recent meta-analysis report-
ed by Han et al. (2019) [14] was that although metfor-
min effectively reduced all-cause mortality and cardio-
vascular  mortality  in  patients  with  T2D,  comparable
positive results were not seen in patients without dia-
betes. Rena and Lang (2018) have summarized the re-
sults from a number of prospective trials, some still on-
going,  that  have  investigated  whether  metformin  has
comparable benefits to those reported in T2D for sub-
jects without diabetes [36]. On the positive side, in a
randomized double-blinded placebo-controlled study,
metformin treatment  (500 mg/bid)  for  8-weeks of  33
non-diabetic  women  with  exercise-induced  ischemia
improved  endothelium-dependent  vasodilation  (to
acetylcholine) but not endothelium-independent vasodi-
lation (to sodium nitroprusside) while also improving
exercise tolerance [37]. On the other hand, in the CAM-
ERA study (Carotid Atherosclerosis Metformin for In-
sulin Resistance trial: NCT01483560), metformin did
not  reduce  coronary  artery  intima-media  thickness
(cIMT)  as  measured  by  ultrasound  after  1.5  years  of
treatment  of  173  non-diabetic  subjects  who  were  al-
ready receiving a statin [38, 39]. Metformin did, how-
ever,  lower  HbA1c  and  insulin  resistance  and  tissue
plasminogen activator,  but  not  fasting  glucose,  CRP,
or total cholesterol [38].
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3.4. Cellular basis for a Direct Action of Metformin
on Endothelial Function

The putative cellular pathways whereby metformin
enhances endothelial function include a reduction in re-
active  oxygen species  (ROS) in  part  through metfor-
min’s anti-hyperglycaemic actions; activating AMPK
with  downstream  effects  on  multiple  cellular  path-
ways;  enhancing  endothelial  nitric  oxide  synthase
(eNOS) activity via multiple mechanisms including re-
ducing ROS, activation of AMPK, as well actions on
microRNAs  (miR34a),  and  also  sirtuin-1.  There  is,
however, no evidence that metformin directly relaxes
vascular  smooth  muscle  through  altering  calcium
homeostasis,  although  the  allosteric  activator  of
AMPK, A-769662, has been reported to lower intracel-
lular calcium levels in intact rabbit blood vessels [40].
Other  studies  have,  however,  demonstrated  vasodila-
tor/vasorelaxant effects of metformin in retinal arteri-
oles and aortic tissue that is mediated via the activation
of AMPK, albeit requiring high concentrations of met-
formin [41, 42]. The effects of metformin on endothe-
lial  and  vascular  function  have  been  extensively  re-
viewed and will  not  be  discussed in  detail;  however,
reference  is  made  to  several  recent  reviews  [19,
24-27].

3.4.1. Reactive Oxygen Species (ROS)
Oxidative stress associated with diabetes has been

attributed to the hyperglycaemia-induced generation of
ROS  from  mitochondria  [43].  Thus,  metformin  by
virtue of  its  anti-hyperglycaemic actions,  will  reduce
the generation of ROS from mitochondria. Metformin
has also been shown to reduce the generation of ROS
in human umbilical vein endothelial cells (HUVECs)
elicited by Advanced Glycation Endproducts (namely
carboxymethyllysine  and  S100  proteins)  and  also
palmitic acid [44]. Similar findings has been reported
in rat aorta endothelial cells [45], as well as in the mi-
crovasculature [46] and has been linked to the activa-
tion  of  AMPK,  increased  eNOS  phosphorylation,  as
well as a reduction in the activation of NF-κB [47].

3.4.2. Sirtuin-1
In vitro data obtained using cultured mouse micro-

vascular endothelial cells (MMECs) and silencing siR-
NAs indicate a critical role for sirtuin-1 in the signal-
ing  pathway  by  which  metformin  reduces  oxidative
stress and protects endothelial cells against hypergly-
caemia-induced senescence  [48]. Data   from  Zheng
et al. (2012) suggest that the activity of sirtuin 1 in en-
dothelial cells is directly enhanced by metformin [49].
Importantly sirtuin-1 is a NAD-dependent deacetylase
and  the  protein  product  of  the  so-called  ‘anti-aging’

gene with putative anti-aging benefits demonstrated in
yeast, Caenorhabditis elegans, and Drosophila [50]. Sir-
tuin-1 expression is reduced by insulin resistance [51].
In  addition  to  its  protective  effects  against  oxidative
stress and senescence, sirtuin-1 also plays an essential
role  in  the  regulation  of  angiogenesis  and  positively
regulates via deacetylation of the serine-threonine ki-
nase,  liver  kinase  B1  (LKB1)  that  is  upstream  of
AMPK and argued to play a protective role against dis-
ease  progression  [52-55].  Furthermore,  sirtuin-1  also
deacetylates lysines 496 and 506 on endothelial nitric
oxide synthase (eNOS), enhancing NO-mediated EDV
[56]. Collectively these data suggest a potential mech-
anism that links the protective effects of metformin on
endothelial cells and improved vascular function with
the putative and controversial anti-aging effects of met-
formin, as has been recently critically reviewed [57].

3.4.3. Nr4a1
In vitro studies with isolated murine blood vessels,

endothelial cells in culture and in silico modeling have
also  identified  the  orphan  nuclear  receptor,  Nr4a1
(Nur77), as its expression is critical for mediating the
protective effects of metformin on endothelial function
against the effects of hyperglycaemia [58]. Remarkab-
ly, the protective effects of metformin are observed in
the low micromolar range, 1 to 10 μM, but protection
is  lost  in  endothelial  cells  and  blood  vessels  from
Nr4a1 null mice [45]. The effects of metformin also ex-
tend to protecting mitochondrial function without, ex-
cept  at  high  concentrations,  inhibition  of  complex  1
and  indicate  the  potential  therapeutic  significance  of
Nur77 in mediating the vascular protective effects of
metformin in patients with T2D [58]. Of significance,
Nur77 regulates the localization of LKB1 [59]; howev-
er, the signaling pathway that mediates the protective
effects  of  metformin  on  endothelial  cell  function  via
Nur77 requires further investigation.

3.5. Metformin and Endothelial Progenitor Cells
The capacity of endothelial cells for self-renewal is

limited,  and  endothelial  progenitor  cells  (EPCs)  that
circulate in the blood play an important role in endothe-
lial repair. It, therefore, follows that EPCs are targets
for  drugs,  such as  metformin that  potentially can en-
hance their repair capacity. In 1997, Asahara et al. first
described  spindle  shaped  CD34+  EPCs  from  human
blood  that,  similarly  to  mature  endothelial  cells,  ex-
pressed  eNOS,  and  the  human  homolog  of  VEGFR2
(KDR),  differentiated into endothelial  cells  and were
shown to be pro-angiogenic in a mouse hind limb is-
chemia model [60]. The discovery of circulating EPCs
indicated that neovascularization does not necessarily
depend on endothelial cells in the tissue. Subsequent to
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this 1997 publication, there has been considerable inter-
est in the role of EPCs in diabetes and whether target-
ing and protecting EPCs from the diabetic environment
may be a viable approach to offset the negative effects
of  diabetes  on  cardiovascular  function.  EPCs are  be-
lieved  to  participate  in  vascular  repair  processes
through their incorporation into the injured endotheli-
um [61] and/or the paracrine activation of regenerative
resident  endothelial  cells  [62].  Other  studies  suggest
that  EPCs  also  have  an  autocrine  function  exerted
through the regulation of  signaling pathways such as
those  involving  Akt,  nuclear  factor-kappa  B,  STAT,
and Notch [63, 64].

To  date,  there  is  substantial  variation  in  exactly
how  EPCs  are  defined,  and  several  subpopulations
have been classified under this general term [65]. Two
main  subpopulations  of  EPCs  (early  and  late  EPCs)
have  been  described  based  on  their  isolation  method
(Table 1) [65]. It is hypothesized that both subpopula-
tions play synergistic roles in vascular repair [66]. Ear-
ly EPCs are thought to be involved in vascular repair
through the paracrine regulation of neovascularization
[67,  68].  Late  EPCs  are  thought  to  respond  to  the
paracrine signals secreted by white blood cells (and ear-
ly EPCs) and to incorporate into the site of injury [62].

Available  data  suggest  the  involvement  of  more
than one subpopulation of EPCs in the pathogenesis of
diabetes and its complications [69-74]. Studies on ear-
ly EPCs demonstrated an increase in the number of se-

nescent  cells  isolated from diabetic  patients,  and this
was correlated to elevated levels of endogenous eNOS
inhibitors (asymmetric dimethylarginine and dimethy-
larginine  dimethylaminohydrolase)  [72].  In  addition,
functional properties such as proliferation and migra-
tion have been shown to be impaired in EPCs isolated
from patients with T2D [75]. It was shown that the mul-
tifactorial  treatment  of  diabetic  patients  involving
lifestyle changes together with glycemic, lipid, blood
pressure and antithrombotic therapy enhanced the num-
bers of early EPCs [73]. Studies investigating the ef-
fects  of  hyperglycaemic  conditions  on  late  EPCs
showed  that  exposing  healthy  late  EPCs  to  elevated
glucose levels resulted in impaired eNOS phosphoryla-
tion [76] and reduced the generation of NO [77].

Studies on progenitor cells isolated using antigen se-
lection  have  shown  that  this  approach  is  associated
with  reductions  in  cell  yield  and  function  of  EPCs
[69-71]. These studies rely on the selection of CD34+
cells  combined  with  other  markers  (such  as  KDR,
CD133,  Sca-1,  Flk-1,  and  CXCR4)  [69-71].  Further,
impaired mobilization of CD34+KDR+ EPCs in diabet-
ic  subjects  was  shown  [69],  as  was  a  reduction  of
CD133+/KDR+  EPCs  [70]  and  CD34+KDR+  EPCs
[69, 71] in T2D and its association with peripheral vas-
cular  disease  risk  [69].  Furthermore,  when  healthy
CD34+/  KDR+  EPCs  are  subjected  to  a  hypergly-
caemic cell culture protocol, both NO generation and
cell migration are reduced [74].

Table 1. A comparison between early and late EPCs.

- Early EPCs Late EPCs
Other Terminology Early outgrowth endothelial cells (eOECs), En-

dothelial cell colony-forming units (CFU-ECs),
myeloid angiogenic cells (MAC), also called cir-

culating angiogenic cells (CAC)

Late outgrowth endothelial cells (lOECs), blood out-
growth endothelial cells (BOECs), Endothelial colony

forming cells (ECFCs)

Emergence in Culture Cultured on fibronectin coated plates, emerge in
5-7 days

Cultured on collagen coated plates, emerge in 7-21 days

Morphology Spindled Shape Cobblestone Morphology
Surface Markers CD31, CD45, and CD14, and lack expression of

CD133
CD34, CD31, and CD133 and lack the expression of the

hematopoietic markers CD45, CD14, and CD115
Origin Hematopoietic Unclear, suggested to originate from tissue vascular

niches
Angiogenic Potential Capable Highly Capable

Incorporation into vessels Incapable Highly Capable
Migration Capable Capable

Cytokine Release High Low
Phagocytic Function Capable Incapable

Differentiation to mature
endothelial cells

Incapable Capable

Involvement in vascular repair Paracrine Active participation by incorporation into vessels to
promote vascular repair

Note: *[67, 68, 78].
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Fig. (1). The protective effect of metformin on EPCs in diabetes. Early (eOECs) and late (lOECs) EPCs play a synergistic role
in vascular repair and regeneration. eOECs are involved in vascular repair through the paracrine regulation of neovasculariza-
tion, while lOECs respond to these paracrine signals and incorporate them into the site of injury. Diabetes and hyperglyacemia
affect the numbers and functions of EPCs. Treatment with metformin restores some of these functions. *supra-pharmacologi-
cal concentrations. Figure created with BioRender. (A higher resolution / colour version of this figure is available in the elec-
tronic copy of the article).

Collectively, this body of evidence supports the no-
tion that EPCs in their variable subtypes play an impor-
tant role in the pathogenesis of diabetes. Thus, target-
ing  the  protective  and  reparative  properties  of  these
cells might constitute a therapeutic approach to prevent-
ing or limiting the vascular complications related to di-
abetes.

Despite the accepted and putative protective effects
of  metformin  on  the  vascular  endothelium,  limited
studies have investigated its effects on EPCs. Table 2
and  Fig.  (1)  summarize  the  findings  from  the  key
studies. In clinical studies, metformin was found to im-
prove the number and function of early EPCs, (proan-
giogenic cells and CFU-Hill’s colonies) in diabetic pa-
tients [79, 80]. Ahmed et al. proposed EPCs as mark-
ers of vascular repair and circulating endothelial cells
as  markers  of  vascular  damage  in  T1D  patients  and

have  shown  that  metformin  treatment  corrects  these
levels [79]. This study further demonstrated that met-
formin enhances both the adhesion properties of proan-
giogenic  EPCs  and  the  homing  ability  to  circulate
EPCs,  independently  of  glycemic  control  [79].

Combined therapy with metformin and the sulfony-
lurea,  gliclazide,  for  16  weeks  was  shown  to  have  a
more  potent  effect  on  the  numbers  and  functions  of
EPCs  in  patients  with  T2D  when  compared  to  treat-
ment  with  metformin  alone  [80].  This  improvement
was assumed to be linked to decreased oxidative stress
as measured by reduced malonaldehyde levels and in-
creased concentrations of plasma superoxide dismutase
[80]. Combination therapy adding the dipeptidyl pepti-
dase-4 (DPP-4) inhibitor, saxigliptin to concurrent met-
formin  therapy  for  12  weeks  was  found  to  increase
CD31+ numbers (reflecting a mature circulating pool
of endothelial cells) but not CD34+ in type II diabetes
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Table 2. Summary of studies investigating the effects of metformin on EPCs.

- Study EPC Subtype Main Findings
Early
EPCs
and

FACS
Isolated
EPCs

Ahmed
et al.,

2016 [79]

Cells were isolated from the peripheral blood of T1D pa-
tients. EPCs quantification by FACS (circulating EPCs
were defined as CD45dim CD34+VEGFR-2+ cells and

cECs as CD45dim, CD133−, CD34+, and CD144+ cells).
Also, isolation of proangiogenic cells and CFU-Hill’s

(early EPCs).

Metformin (1000 mg/bid) treatment of T1D patients for 8
weeks improved circulating EPCs, proangiogenic cells,

CFU-Hill’s colony numbers and function.

Chen et al.,
2010 [80]

Early EPCs (CFU) isolated by selective plating, and
cells isolated by FACS (CD45low/CD34+/VEGFR2+).

Metformin alone (500-2500 mg/day in patients), and metfor-
min + gliclazide (a sulfonylurea) combination treatment im-

proved the number and function of EPCs in patients with
T2D over 16 weeks (short term hypoglycemic treatment).

Dore et al.,
2018 [81]

CD34+ cells were isolated by CD34+ microbead anti-
body protocol and counted by FACS from 42 patients
with T2D diagnosed within 10 years. Also, isolation of

CFU-Hill’s colonies.

Saxigliptin for 12 weeks added to concurrent metformin ther-
apy increased CD31+ numbers (reflecting a mature circulat-
ing pool of endothelial cells) but not CD34+. Double posi-
tive cells for CD34 and CXCR4 were increased with dual

treatments.
Dallaglio

et al., 2014
[84]

FACS enumeration of CD45- Sca1+ CD34+ CD31+
EPCs in peripheral blood and visceral white adipose tis-
sue of obese mice receiving a high-fat diet (0.5mg met-

formin/ml orally).

EPCs were increased in high-fat diet fed mice, and treat-
ments with metformin reduced these numbers in white adi-
pose tissue but had no effect on peripheral blood EPCs only

in obese mice.
Yu et al.,

2016* [82]
Bone marrow Sca-1+ Flk-1+ EPCs were isolated from
the blood of type 1 diabetes mice and treated with met-

formin (250 mg/kg/d, intragastric) by FACS. Also, selec-
tive plating of EPCs on vitronectin coated plates.

Metformin significantly increased the number of Sca-1+
Flk-1+ EPCs in diabetic mice improved angiogenesis and

wound closure in vivo. Metformin increased the expression
of phosphorylated-AMPK and eNOS and the generation of

NO in diabetic EPCs.
In vitro experiments: Cultured bone marrow EPCs were treat-
ed with high glucose media (33 mM) with or without metfor-

min (2 mM) for 24 h and compared to controls cultured in
normal glucose media (5.5 mM). Metformin (2 mM) in-

duced AMPK and eNOS phosphorylation and the generation
of NO.

Han et al.,
2016 [83]

Genetically hyperglycaemic db/db mice were treated
with metformin (250 mg/kg/day intragastric) for 2

weeks. FACS enumerates Sca-1+ and Flk-1+ cells. Al-
so, selective plating on vitronectin coated plates.

Treatment with metformin improved wound closure and cap-
illary formation in vivo. EPCs numbers were reduced in

db/db mice, and treatments with metformin partially restored
these numbers. In mice treated with metformin, tube forma-
tion ability of EPCs was induced in addition to an increase

in NO generation and a reduction in intracellular oxygen con-
centration and TSP-1.

Late
EPCs

Li et al.,
2015* [85]

Bone marrow EPCs isolated from healthy rats by selec-
tive plating. Colonies appeared at day 7 and reached con-

fluency at day 14.

Metformin (1mM) regulates EPCs differentiation to endothe-
lial cells through autophagy and AMPK-eNOS-NO path-

ways. Treatment with metformin resulted in an increased ex-
pression of CD31 and vWF, increased phosphorylation of
AMPK, and decreased expression of mTOR and p70S6K

phosphorylation.
Metformin concentrations between 2-10 mM inhibited EPC
proliferation following 48 h of treatment, while concentra-

tions between 0.5-1mM had no effect on proliferation.
Li et al.,

2017* [86]
Late EPCs isolated by selective plating on collagen coat-

ed plates.
Metformin treatment (10 mM) of healthy EPCs reduced the

expression of matrix metalloproteinase-2 and 9,
and decreased EPCs migration.

Note: *Attention is drawn to the high concentrations of metformin that were used in some of the listed in vitro studies. Peak plasma levels of metformin, when
used clinically in humans, are unlikely to be higher than 20 μM, although higher levels of 50 μM might be initially achieved in the portal circulation immedi-
ately after absorption [87]. With a half-life of between 4-5 h and administered either once daily or maximally thrice, studies on the effects of metformin should
ideally be performed with concentrations no higher than 20 μM.
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patients  [81].  Additionally,  the percentage of CD34+
EPCs  expressing  CXCR4  (SDF1α  receptor)  was  in-
creased,  suggesting  improved  chemotaxis  to  SDF-1α
and enhanced vasculogenic potential [81].  Therefore,
the  study  suggested  synergistic  positive  effects  of
saxigliptin and metformin on both mature and imma-
ture endothelial cells [81].

In animal models,  metformin has also been found
to   improve  EPC  function  and  numbers [82-84]. Yu
et al. showed that Sca-1+ Flk-1+ EPCs numbers were
reduced  in  a  type  1  diabetes  mouse  model  and  that
treatment with metformin significantly increased cell
numbers  and  improved  angiogenesis  and  wound clo-
sure in vivo [82]. Additionally, treatment with metfor-
min  for  14  days  increased  the  phosphorylation  of
AMPK  and  eNOS  and  enhanced  NO  generation  in
EPCs  from  animals  with  diabetes.  This  same  group
treated cultured bone marrow EPCs with high glucose
media (33 mM) with or without metformin (2 mM) for
24 h and compared responses to control cells cultured
in normal glucose media (5.5 mM). The study showed
that metformin induced AMPK and eNOS phosphoryla-
tion and NO production and that these effects were in-
hibited by compound C (AMPK inhibitor), suggesting
the  involvement  of  the  eNOS/AMPK pathway in  the
beneficial  effects  of  metformin  on  EPCs.  Similarly,
Han et al.  showed that treatment with metformin im-
proved wound closure and capillary formation in vivo
[83].  They  also  showed  that  bone  marrow  Sca-1+,
Flk-1+ EPCs numbers were reduced in db/db diabetic
and obese mice and treatment with metformin partially
restored these numbers [83]. In addition, metformin im-
proved  tube  formation  ability,  increased  NO  genera-
tion,  and  reduced  intracellular  oxygen  concentration
and thrombospondin-1 (TSP-1) in isolated EPCs.

Dallaglio et al., on the other hand, have shown that
CD45-  Sca1+  CD34+  CD31+  EPCs  are  increased  in
high-fat diet fed mice and that treatment with metfor-
min reduced these numbers in white adipose tissue but
had  no  effect  on  peripheral  blood  EPCs  numbers  in
obese mice. This suggests that metformin might induce
apoptosis in these progenitor cells or their differentia-
tion to other cell types [84]. This contradiction in find-
ings could be related to the differences in the isolated
cells and/or different animal models.

In vitro experiments have shown that treatment of
late EPCs with metformin (1mM) results in increased
expression of CD31 and vWF, increased phosphoryla-
tion of eNOS and NO production and phosphorylation
of  AMPK,  and  decreased  expression  of  mTOR  and
p70S6K phosphorylation [85]. Additionally, treatment
of healthy late EPCs with metformin (10 mM) for 24 h
reduced the expression of matrix metalloproteinase-2

and 9 and decreased EPC migration [86]. However, th-
ese  effects  were  only  observed  using  extremely  high
concentrations of metformin [85, 86]. Altogether, these
findings indicate a therapeutic benefit of metformin on
EPCs  together  with  enhanced  vascular  repair  mech-
anisms  in  diabetes.  Further  studies  are,  however,  re-
quired to define the specific action(s) of clinically ap-
propriate concentrations of metformin on each of the
described  phenotypes,  which  will  ultimately  aid  in
identifying specific targets to improve vascular repair
[87].

4. METFORMIN AND AGEING
Data  from  studies  of  the  effects  of  metformin  on

lifespan in the nematode, Caenorhabditis elegans (C.
elegans), and also rodents provide insights on how age
may account for some of the controversies in the litera-
ture concerning whether metformin has potential as a
geroprotective agent. As previously mentioned, metfor-
min protects endothelial cells against hyperglycaemi-
a-induced senescence, suggesting a role for metformin
as a senolytic agent [48]. Although there is a consider-
able database supporting the view that metformin ex-
tends lifespan in C. elegans [88, 89], it has also been re-
ported  that  lifespan  extension  is  not  seen  with  older
worms where, in fact, metformin has a negative effect
and was linked to reduced mitochondrial numbers and
function in the older worms [90]. Thus, age-dependent
changes,  particularly  in  cell  metabolism,  may reduce
the protective effects of metformin and offset benefits
related to its anti-hyperglycaemic and vascular protec-
tive  actions  when  used  in  older  subjects.  Additional
concerns  relate  to  the  high  mM  doses  of  metformin
used in the studies to demonstrate life extension and al-
so that the benefits of metformin have been linked to
the effects on methionine metabolism in a specific E.
coli strain, E.coliOP50, in the worm’s diet [88]. Compara-
ble  data  have also been obtained when the effects  of
metformin are compared on the lifespan of young ver-
sus old rodents, with additional evidence showing that
the effects of metformin are not equivalent to calorie re-
striction with the latter (but not metformin) associated
with lifespan extension [91-93]. Glossmann and Lutz
(2019)  [94]  and  Mohammed  et  al.  (2021)  [57]  have
critically reviewed the evidence on whether metformin
extends  lifespan  and  extends  health  span  in  humans.
Mohammed et al. defined healthspan as “the period of
life spent in good health and free of disabling diseases,
or  healthy  lifespan”  [57].  The  conclusion  reached in
the 2021 review by Mohammed et al. was:

“The effects of metformin on healthspan are primar-
ily indirect via its effects on cellular metabolism and re-
sult from its anti-hyperglycemic action, enhancing in-
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sulin sensitivity, reduction of oxidative stress and pro-
tective effects  on the endothelium and vascular func-
tion” [57].

Thus,  whereas  the  use  of  metformin  as  an  in-
sulin-sensitizing  and  anti-hyperglycaemic  drug  has
clear benefits in patients with T2D and reduces the im-
pact of diabetes-relate premature aging of the vascula-
ture while extending healthspan, it is less clear whether
those benefits can be extended to non-T2D patients.

Collectively, these data also suggest that the use of
metformin in older subjects, other than for those with
T2D  and  when  required  to  control  hyperglycemia,
should  be  carefully  reviewed  before  initiating.

5. METFORMIN AND EXERCISE
Data from studies combining exercise with metfor-

min treatment also raise concerns about whether met-
formin  should  be  used  in  subjects  without  T2D  and,
again, indicates that the patient's age needs to be con-
sidered before initiating therapy. This is a particularly
important consideration as exercise is considered to be
the  ‘Gold  Standard’  for  improving  cardio-respiratory
health with the view that ‘Exercise can be considered
as  Medicine’  [95].  Thus,  if  indeed,  the  data  from  a
number of studies show that the use of metformin re-
duces the beneficial effects of exercise on cardiovascu-
lar health, then this also argues for restricting the use
of metformin to pathologies that require reducing in-
sulin resistance and hyperglycaemia. There is substan-
tive evidence that exercise positively affects many as-
pects  of  cardiovascular  function  [96].  Both  exercise
and metformin can improve glycemic control  via  the
activation of AMPK, with AMPK described as an “Ex-
ercise Mimetic” [97]. Thus, it follows that metformin
should also function as an exercise mimetic and com-
bining metformin with exercise should provide at least
additive effects, but this is not the case as data from a
prospective,  double-blinded,  randomized,  controlled
study (RCT) indicates [98]. In this study, men and wo-
men  with  pre-diabetes  followed  an  exercise  protocol
for 12 weeks with no drug as the placebo, versus met-
formin alone (2000 mg/day), versus a combination, or
exercise  plus  placebo.  The  results  indicated  that  al-
though both metformin and exercise improved skeletal
muscle insulin sensitivity by 55 and 90%, respectively
the combination resulted in only a 30% enhancement
[98].  The  results  were  similar  for  effects  on  systolic
BP  and  CRP  that  were  reduced  by  7  to  8%  versus
20-25%, respectively; in addition, metformin blunted
the exercise-induced increase in VO2peak [99]. The au-
thors  speculate  that  the  negative  effect  of  metformin
on exercise results from metformin lowering ROS lev-

els,  thus  reducing  the  effects  of  ROS  to  activate
AMPK, and suggesting that exercise, and not metfor-
min,  is  the  “ideal  drug”  [98].  A  number  of  other
studies have also provided data indicating that metfor-
min attenuates the benefits of exercise [99-101]. In a
randomized  study  with  53  older  subjects  (62  +/-  1
year), free of chronic diseases but with at least one risk
factor for T2D, 27 were assigned to a 12-week aerobic
exercise training (AET) plus metformin (2000, or 1500
mg/day for those experiencing GI side effects) group,
versus 26 to the AET plus placebo group. In the group
receiving  metformin,  exercise  induced  increases  in
whole-body insulin sensitivity were attenuated and ex-
ercise-induced  increases  in  mitochondrial  respiration
were also reduced in patients with a family history or
risk factors for T2D [99].

The double-blinded MASTERS (Metformin to Aug-
ment Strength Training Effective Response in Seniors)
trial (NCT02308228) studied the effects of 2 weeks of
metformin  (1700  mg/day)  versus  placebo  on  a  14-
week supervised progressive resistance exercise-train-
ing  program  (PRT)  in  109  healthy  men  and  women
over the age of 65 with a mean age of 69.3 [101]. Com-
pared  to  the  placebo  group,  the  46  in  the  metformin
group,  despite  an  increase  in  AMPK  signalling,
showed  a  blunted  exercise-induced  hypertrophic  re-
sponse  in  thigh  skeletal  muscle  mass  in  healthy  men
and significantly less total lean mass; essentially agree-
ing with an earlier study in subjects with pre-diabetes
[101,  102].  The Look AHEAD (Action for  Health in
Diabetes) trial (NCT00017953) was designed to com-
pare intensive lifestyle intervention versus diabetes sup-
port and education on outcomes of cardiovascular dis-
ease  in  T2D  and  based  on  data  extracted  from  the
study  for  1982  individuals  who  used  metformin  to-
gether with either the lifestyle or education arms of the
trial [100]. The results from the study showed that al-
though the addition of metformin had a positive effect
on reducing glycated hemoglobin (HbAIc), there was
no additional benefit to cardiovascular fitness, and the
use of metformin offsets the benefits of lifestyle inter-
vention on weight loss [100]. Although there are differ-
ences in the duration of the treatment protocols of the
various  studies,  collectively,  the  results  indicate  that
the addition of metformin to exercise and lifestyle inter-
ventions  provide  no  additional  benefits  to  enhancing
cardiovascular-respiratory health [99-102]. The results
also  complement  those  of  the  DPP  previously  dis-
cussed and demonstrate that the benefit of lifestyle in-
tervention  alone  was  greater  than  that  resulting  from
metformin  and  the  combination  of  the  two  interven-
tions was less than lifestyle intervention alone [12, 13].
These results raise concerns about promoting the pre-
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scribing of metformin beyond its use as an anti-hyperg-
lycemic drug.

6.  VASCULAR  BENEFITS  OF  METFORMIN
VERSUS OTHER ANTI-DIABETIC DRUGS

A number of meta-analyses comparing metformin
to  the  more  recently  introduced  anti-diabetic  drugs
such as the GLP-1 receptor agonists (GLP-1 RAs), and
dipeptidyl  peptidase-4  (DPP-4)  inhibitors  and  sodi-
um-glucose co-transporter 2 (SGLT2) inhibitors do not
consistently conclude that there is a positive effect of
adding metformin. These observations raise the ques-
tion as to whether metformin should remain the drug
of  choice  to  initiate  therapy  in  patients  with  T2D  or
whether  more  aggressive  multi-drug  approaches
should be initiated at an early stage [103, 104]. In addi-
tion, it was noted based on a meta-analysis of six trials
of greater than 13,000 metformin-naïve T2D patients
treated with either SGLT-2 inhibitors or GLP-1 RAs (3
trials  with  each  class  of  drugs)  that  both  groups  of
drugs  reduced  MACE  [105].  The  authors (Masson
et al., 2021) concluded: “metformin would not be indis-
pensable  to  obtain  positive  cardiovascular  effects
when  new  anti-diabetic  drugs  are  administered.”
[105].

There are, however, potential added benefits to vas-
cular function by combining metformin with other an-
ti-diabetic drugs that should be further explored. Thus,
Lunder et al. (2018) [106] compared the effects of em-
paglifozin (25 mg/day) to metformin alone (2000 mg/-
day) to empagliflozin plus metformin on arterial stiff-
ness  and  brachial  artery  FMD  in  forty  patients  with
T1D. The results showed that empagliflozin + metfor-
min was superior to empagliflozin or metformin alone
in improving FMD in patients with T1D, and empagli-
flozin  alone  and  in  combination  with  metformin  im-
proved arterial stiffness, whereas metformin alone had
no effect on arterial stiffness [106].

It is also worthy of note that a meta-analysis of pa-
tients treated with SGLT-2 inhibitors indicates the ben-
efit  of  this  class  of  drugs  in  reducing  hospitalization
due to heart failure [107], which was also a conclusion
of the analysis by Masson et al., (2021) [105]. Of relat-
ed interest, Salvatore et al., (2021) [108] argue for the
need for appropriate CV outcome trials to determine if
metformin  treatment  of  subjects  with  T2D  helps  re-
duce the risk of the development of heart failure. Sch-
ernthaner et al., (2022) have reviewed the current sta-
tus of metformin in the treatment of patients with heart
failure  [109].  Of  particular  interest  is  the  on-going
DANEHEART  trial  (NCT03514108),  which  is  a  4-
year study involving 1500 patients with T2D and heart

failure comparing metformin with hydralazine/isosor-
bide  dinitrate,  or  placebo  [110].  The  results  of  the
DANEHEART  study  are  expected  in  2023.

A direct comparison of metformin with the newer
anti-diabetic drugs is complicated by the so-called “le-
gacy effect” noted in the UKPDS, wherein the CV ben-
efits of metformin were observed on follow-up after >
10  years,  thus  making  direct  comparisons  with  data
from trials of shorter durations of less than 3 to 5 years
questionable [8, 108]. Furthermore, and as discussed,
information is now available showing positive clinical
trial  data with the SGLT-2 inhibitors (gliflozins) and
GLP-1  RAs  and  their  CV  protective  benefits  in  pa-
tients with T2D, and like metformin, their use in non--
diabetic populations is being considered. However, as
evident from the UK’s Clinical Practice Research Da-
talink, metformin was the drug of choice for more than
70% of patients with T2D, regardless of whether CVD
was a comorbidity [111]. Another factor to consider is
that for the UKPDS trial, the first-generation sulfony-
lurea,  chlorpropamide,  was  one  of  the  two  sulfony-
lureas  prescribed  and  linked  to  its  comparative  long
plasma half-life is associated with a greater risk of hy-
poglycaemia; but today, second- and third generation
agents, glimepiride and glipizide, are more frequently
used. These are more potent and considered safer. For
instance, see the Cochrane systematic review and me-
ta-analysis data that shows that third-generation drugs
reduce non-fatal macrovascular outcomes [112]. Final-
ly,  the  UKPDS 49  report  [113]  made  the  conclusion
that to achieve HbAIc below 7.8 mmol/L, 50% of pa-
tients within 3 years of diagnosis required more than
one anti-diabetic drug. This requirement is also a con-
sideration when discussing the potential benefits of pre-
scribing metformin to subjects with CVD but without
diabetes and considering the duration of the treatment
as well as the other drugs that the patient has been pre-
scribed.

6.1. Metformin and the Kidney
Considerable  interest  has  developed  in  the  use  of

metformin in the treatment of kidney disease, includ-
ing that unrelated to diabetes (for example, polycystic
renal disease, nephritis and acute kidney injury). Evi-
dence from both clinical trials and experimental animal
models of kidney disease have reported beneficial ac-
tions  of  metformin.  While  concern  and  debate  have
been raised as to its use in subjects with severe renal
impairment due to the possibility of lactic acidosis (for
example, see Broe and Jouret, 2020 [114] and Hanna
et al., 2020 [115]), metformin use has been noted to be
safe by the US FDA in those with mild to moderate re-
nal impairment (eGFR > 30ml/min). Further, there is
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growing recognition that while there may be a low risk
of  lactic  acidosis  with  metformin  treatment,  this  risk
can be even further reduced by adjusting the dosage,
thus adding to the potential for using metformin in pa-
tients with renal disease [116-118].

In a retrospective study of patients with type 2 dia-
betes and an initial eGFR > 60 ml/minute/1.73 m2, met-
formin treatment provided a lower risk for the decline
of kidney function or death compared to those treated
with sulfonylurea [119]. Importantly, the beneficial ef-
fects of metformin occurred independently of changes
in body mass index, blood pressure and glycemic con-
trol,  as  evidenced  by  glycated  hemoglobin  levels
[119]. In a meta-analysis of 17 observational studies,
Crowley  et  al.  (2017)  [120]  reported  that  in  subjects
with type 2 diabetes and chronic kidney disease (CKD;
defined  as  eGFR  <  60  mL/min/1.73  m2),  congestive
heart failure or chronic liver disease, metformin treat-
ment was associated with a reduction in all-cause mor-
tality compared to diabetic subjects not receiving met-
formin. Further, metformin has been suggested to exert
renoprotective effects in CKD patients undergoing kid-
ney transplants, as shown by increased allograft and pa-
tient survival [121].

Studies  in  animal  models  of  acute  kidney  disease
and  CKD  similarly  support  a  renoprotective  role  for
metformin. For example, administration of metformin
has been shown to decrease renal fibrosis and protein-
uria in kidney disease induced by cyclosporin A [122],
0.25% adenine diet [123], and sub-total nephrectomy
[124].  Similarly,  metformin  is  renoprotective  in  rats
rendered  insulin  resistant  by  high  fructose  consump-
tion [125].

As  in  other  tissues,  the  effects  of  metformin  are
suggested to involve both AMPK - dependent and - in-
dependent  actions  (Fig.  2).  Underlying  mechanisms
have similarly been suggested to involve a number of
likely interrelated events, including anti-oxidant and -
inflammatory effects, attenuation of pathways leading
to renal fibrosis, normalization of cellular metabolism
(including impaired insulin signaling), and attenuation
of hypoxia and modulation of renal/glomerular hemo-
dynamics.  Importantly,  while  a  number  of  these  ac-
tions may occur directly at the level of renal cells, the
kidney will likely be impacted by extra-renal factors,
including systemic inflammation, ROS production and
altered hemodynamics (Fig. 2).

A complete understanding of the direct actions of
metformin on the kidney is complicated by possible ef-
fects  on  multiple  cell  types,  including vascular  cells,
tubular epithelial cells, podocytes and mesangial cells.

in vitro studies of specific cell types aimed at delineat-
ing  mechanisms  necessarily  obscure  interactions  be-
tween these cells. Further, in vitro studies of cultured
renal cells are often conducted in the presence of very
high metformin concentrations (mM), although an argu-
ment can be made that existing renal impairment could
result in high local drug levels.

Additional  information  on  the  specific  effects  of
metformin in the kidney and in the presence of varying
levels of kidney disease can be found in recent articles,
including  Corremans  et  al.,  2018  [116];  Salvatore  et
al., 2019 [118]; Pan et al., 2020 [126]; and Song et al.,
2021 [127]. Nevertheless, the available clinical and ex-
perimental data support a need for further focused clini-
cal and experimental studies, particularly given the cur-
rent interest in the impact of novel anti-diabetes agents
(e.g. SGLT2 inhibitors) on both heart failure and CKD.

7. METFORMIN AND COVID-19
It became evident early in the COVID-19 pandemic

that  patients  with  underlying  co-morbidities  were  at
higher risk of hospitalization. Specifically, the risk was
particularly high in diabetes, with diabetes patients be-
ing  approximately  twice  as  likely  to  die  from
COVID-19 [128-131]. The risk is further increased in
those patients with higher BMIs, thus emphasizing the
contribution of metabolic dysfunction to the severity of
COVID-19  [132].  As  detailed  by  Drucker  (2021)
[133],  such  patients  will  have  a  heightened  level  of
baseline inflammation with resultant thromboinflamma-
tion,  endothelial  dysfunction,  and  hypercoagulation.
These clinical signs suggest that a drug like metformin
with a proven history as an effective and safe anti-hy-
perglycaemic  drug  and  endothelial  protective  should
prove beneficial.

Hyperglycaemia, regardless of whether associated
with diabetes, has been shown to be associated with ad-
verse outcomes [134, 135], and lower mortality is asso-
ciated in  patients  with  better  glycemic  control  [136].
The  importance  of  monitoring  and  controlling  blood
glucose levels in COVID-19 was emphasized in 2020
by an editorial by Ceriellio [137]: “Hyperglycemia and
the worse prognosis  of  COVID-19.  Why a fast  blood
glucose  control  should  be  mandatory.”  The  link  be-
tween hyperglycaemia and the severity of COVID-19
has also been emphasized by data indicating that  ap-
proximately 50% of 3854 patients with COVID-19 had
glucose levels greater than 9.4 mmol/L, and over 90%
of intubated COVID-19 patients were hyperglycaemic
with elevated C-peptide levels [138]. It was also report-
ed that adiponectin levels were lower, thus inferring
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Fig. (2). Does metformin protect kidney function? Concerns over hepatotoxicity and lactic acidosis resulted in the almost uni-
versal withdrawal in 1978 of the biguanides phenformin and busformin from clinical use. Metformin inherited these concerns,
although the incidence of lactic acidosis associated with the use of metformin is very low, with the risk greatly reduced by
avoiding use in patients with severe chronic kidney disease (CKD) where eGFR is <30 mL/min/1.73 m2. As depicted in the fig-
ure, an accumulation of evidence from both pre-clinical and clinical studies supports the view that metformin has both indirect
and direct renoprotective actions. Extra-kidney protective effects can be linked, at least in part, to the activation of AMPK, re-
duction of insulin resistance, enhanced peripheral glucose utilization, and protection of vascular function. Evidence, primarily
from studies with rodent models of diabetes, also supports direct renoprotective effects of metformin that involve the activation
of AMPK. The downstream effects of AMPK protect multiple cell types in the kidney via enhanced endothelial/vascular func-
tion, reduced NFκB activation, inhibition of mammalian target for rapamycin (mTOR) and autophagy, and reduced inflamma-
tion and fibrosis. This figure was created with BioRender. (A higher resolution / colour version of this figure is available in the
electronic copy of the article).

adipose dysfunction [138]. An analysis in South Korea
of over 4000 COVID-19 patients assessed the contribu-
tion  of  the  patient's  metabolic  health  on  outcomes
[139,  140].  COVID-19  patients  were  categorised  in
metabolically healthy normal weight versus metaboli-
cally  unhealthy  normal  weight  versus  metabolically
healthy  obese  versus  metabolically  unhealthy  obese,
where unhealthy was determined based on fasting glu-
cose,  BP, serum triglycerides and lipids.  Analysis by
Kim et al. revealed that metabolic health is more im-
portant than obesity as a determinant of the health out-
comes of COVID-19 patients [139]; see also editorial
Sanoudou et al., 2022 [140].

Of interest are the results from retrospective studies
and systematic reviews that COVID-19 patients treated
with metformin have reduced mortality [141-145]. The
anti-inflammatory effects of metformin have been at-
tributed to the suppression of IL6 and TNFα and previ-

ously described [141, 146, 147]. Cameron et al. (2016)
presented  data  from  both  human  studies  and  from  a
mouse hepatocyte cell culture protocol [147]. The data
from  hepatocytes  indicated  that  a  3  h  exposure  to  a
supra-pharmacological concentration of 2 mM metfor-
min  reduced  TNFα  activation  of  NF-κB  activation.
This high concentration of metformin, which may well
inhibit mitochondrial complex 1, is not found in metfor-
min-treated  individuals.  For  the  human  studies,  data
were derived from a clinical trial of non-diabetic heart
failure (NCT00473876 Metformin in Insulin Resistant
Left  Ventricular Dysfunction),  and analysis based on
that a reduction in the neutrophil to lymphocyte ratio
(NLR) is a measure of anti-inflammatory action of met-
formin. Based on changes in the NLR Cameron et al.,
concluded that the effects of metformin were indepen-
dent of modulating glucose homeostasis [147]. Howev-
er, it is unclear whether there are particular benefits as-
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sociated  with  metformin  versus  other  anti-hyperg-
lycemic drugs or whether the benefits are directly asso-
ciated  with  the  anti-hyperglycaemic  efficacy  of  the
drug.  In  the  study  described  by  Cameron  et  al.,  the
NLRs for patients receiving either metformin versus a
sulfonylurea were below 3, 1.94 to 2.56, respectively,
inferring that  sulfonylureas  may also  provide protec-
tion against inflammation. Furthermore, as pointed out
above,  the  mouse  hepatocyte  data  were  based  on  the
use of 2 mM metformin [147, 148]. Based on an inter-
actome analysis of a large number of drugs for poten-
tial repurposing to treat COVID-19, metformin in the
concentration range of 10 nM to 100 μM was shown to
have no effect on viral growth in Vero E6 cells trans-
fected with SARS-CoV-2 [149]. In the absence of any
compelling evidence that metformin possesses any sig-
nificant  direct  anti-viral  activity,  it  has  been  argued
that its effectiveness is mediated through activation of
AMPK and modulation of many of the downstream tar-

gets  of  AMPK,  thereby  reducing  the  severity  of
COVID-19. Such targets include inhibition of the mam-
malian target for rapamycin (mTOR) and phosphoryla-
tion  of  the  host  cell  target  for  the  virus,  ACE2  (an-
giotensin converting enzyme 2), thereby reducing the
ability of the virus to infect the host, as was also report-
ed with MERS [150-152]. It is also likely that the abili-
ty of metformin to preserve endothelial function in an
inflammatory setting can reduce the thromboinflamma-
tory effect of infection with SARS-CoV-2. Pulmonary
microthrombi are known to play a role in the pathophy-
siology of COVID-19 and result from the virus invad-
ing  the  endothelium  via  ACE2,  which  is  richly  ex-
pressed in endothelial cells [153]. Endotheliitis result-
ing from the direct infection of endothelial cells with
SARS-CoV-2 has been demonstrated with evidence of
resultant  endothelial  cell  death  [154].  These  putative
benefits of metformin in a patient with COVID-19 are
summarized in Fig. (3).

Fig. (3). The clinical data indicate that patients with diabetes and who are also obese are at higher risk of suffering serious com-
plications and reduced survival if infected with the SARS-CoV-2 virus. Use of metformin has been shown to reduce both mor-
bidity and mortality associated with COVID-19, although these benefits seem to be variably shared with other anti-diabetic
drugs that have diverse mechanisms of action and cellular targets. As depicted under ‘Metabolic Regulation’ (left side of fig-
ure), metformin by virtue of its insulin sensitizing action and enhanced cellular uptake of glucose, reduces the impact of hyper-
glycaemia and resultant oxidative stress that would otherwise enhance vascular inflammation and promote endothelial dysfunc-
tion. As depicted on the right side of the figure, metformin, via the activation of AMPK, potentially may enhance eNOS activi-
ty, protect and enhance endothelial function, reduce activation of Nf-κB and lower endothelial-vascular inflammation. In addi-
tion, AMPK has been reported to phosphorylate ACE2, thereby hindering the ability of the SARS-CoV-2 virus to bind to its re-
ceptor and reduce the cellular entry of the virus and subsequent infection. Collectively, these actions of metformin reduce the
impact of COVID-19 on morbidity and mortality. This figure was created with BioRender.com. (A higher resolution / colour
version of this figure is available in the electronic copy of the article).
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Importantly, essentially all classes of drugs that are
used to treat hyperglycaemia and lower blood glucose
levels will also reduce pro-inflammatory markers such
as CRP, IL-6 and ferritin [155, 156]. Furthermore, data
from  Wuhan  indicated  that  COVID-19  patients  who
maintained good glycemic control  fared better  [136].
In addition, a study from Spain reported no association
between anti-diabetic drug use and adverse outcomes
or mortality in COVID-19 patients [157]. The French
Coronavirus-SARS-CoV-2  and  Diabetes  Outcomes
(CORONADO) study found that younger COVID-19
patients  fared  better  since  they  had  fewer  severe  co-
morbidities  and  were  treated  with  metformin  [144,
158]. Finally, the conclusion based on an observational
cohort study utilizing the UK’s National Diabetes Au-
dit that assessed the risk of different glucose lowering
drugs in 2.8 million T2D patients was that although a
majority were receiving metformin, there was no clear
indication to change the anti-diabetes agent prescribed
to the patient with COVID-19 [159]. A breakdown of
the drugs prescribed to the patients reveals that 63.1%
received  metformin;  19.7%  a  sulfonylurea;  9.3%  an
SGLT2 inhibitor; DPP-4 inhibitors; 16.8%, and 12.3%
insulin,  but  only  2.1%  with  a  thiazolidinedione  and
3.9% a GLP-1 agonist [159].  Of particular interest is
that  those  prescribed  metformin,  SGLT2  inhibitors,
and  sulfonylureas  had  a  statistically  lower  mortality
risk than those prescribed insulin or a DPP-4 inhibitor;
these drugs also have diverse non-overlapping cellular
modes  of  action  to  lower  hyperglycaemia.  It  is  also
well  established  that  metformin  is  the  first  drug  pre-
scribed  to  the  majority  of  newly  diagnosed  patients
with  T2D,  whereas  insulin  is  given  to  patients  with
more advanced T2D [159]. Collectively, these data in-
dicate that the most likely basis of the effectiveness of
metformin, SGLT-2 inhibitors and sulfonylureas in re-
ducing the risk of severe COVID-19 is linked to their
anti-hyperglycemic  actions  rather  than  to  unrelated
pleiotropic actions. This conclusion is supported by edi-
torials [109, 160]. There are, however, patient-specific
and physician-specific as well as cost reasons why one
particular anti-diabetic drug may be the less preferred
choice. For metformin, this could be due to persistent
GI problems or the, albeit low, risk of lactic acidosis,
particularly in the elderly if the patient has impaired re-
nal and liver function. For SGLT2 inhibitors there are
concerns over dehydration and euglycemic ketoacido-
sis, and anorexia with GLP-1 RAs [161].

Although appropriately designed RCTs would help
to resolve the question as to whether there is a particu-
lar benefit provided by metformin versus other anti-hy-
perglycaemic drugs and it is likely that the proven en-
dothelial-protective  actions  of  metformin,  albeit  at

least in part related to its anti-hyperglycaemic actions,
contribute  to  its  beneficial  effects  in  COVID-19  pa-
tients.

CONCLUSION
Metformin has been in clinical use for the treatment

of T2D for over 60 years, and since 1998, with the re-
lease of the data from the UKPDS, it has been the first--
choice drug for patients. This long history of use has al-
so provided a substantial database that not only credits
the  drug  as  a  safe  and  effective  for  the  treatment  of
T2D but  also  has  additional  benefits  in  terms  of  CV
protection. Via its action as an insulin-sensitizer, met-
formin has also proven useful to treat PCOS, and data,
albeit controversial, indicates benefits in reducing the
risk of some cancers; the latter may also depend on its
actions as an insulin sensitizer and enhancing glucose
utilization. In addition to its action on glucose homeos-
tasis, the proven endothelial-vascular protective effects
of metformin may contribute to the benefits seen in the
treatment  of  patients  with  COVID-19,  as  well  as
claims that metformin offsets the advance of age-relat-
ed diseases. However, given the CV benefits of metfor-
min in the treatment of patients with T2D, surprising-
ly, its usefulness in TID is very limited. Furthermore,
in the absence of data from appropriately designed and
powered RCTs, there are also concerns about over-ex-
tending the use of metformin beyond its role as an in-
sulin-sensitizer and anti-hyperglycaemic drug. In part,
these  concerns  are  based  on  lingering  concerns  over
the risk of lactic acidosis, albeit over-emphasized, and
also concerns over extrapolation from pre-clinical data
that  has  been  generated  with  high  concentrations  of
metformin. Further, the data from investigations such
as the MASTERS study [101] indicated that metformin
reduced the benefits of exercise in adults over the age
of 65. In addition, and as emphasized in a report from
the Western France Poison Control Centre in Nantes,
the  risk  of  both  accidental  and  intentional  poisoning
with  metformin  should  not  be  under-estimated  [162]
and  may  increase  if  the  drug  becomes  more  widely
used. We conclude that metformin has proven CV ben-
efits in patients with T2D that might extend to protect
against vascular disease in the absence of a diagnosis
of diabetes; however, caution is appropriate before ex-
panding  the  use  of  metformin  as  a  prophylactic  to
otherwise  healthy  patients.

LIST OF ABBREVIATIONS

ACE2 = Angiotensin Converting Enzyme 2
AMPK = AMP Activated Protein Kinase
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BP = Blood Pressure
COVID-19 = Coronavirus Disease 19
CRP = C Reactive Protein
CV = Cardiovascular
CVD = Cardiovascular Disease
DPP-4 = Dipeptidyl Peptidase-4
EDV = Endothelial-dependent Vasodilation
eNOS = endothelial Nitric Oxide Synthase
eOECs = Early Outgrowth Endothelial Cells
EPC = Endothelial Progenitor Cells
FACS = Fluorescence-activated Cell Sorter
FMD = Flow Mediated Dilatation
GLP-1 = Glucagon-like Peptide-1
GLP-1 RA = Glucagon-like Peptide-1 Receptor Ago-

nist
HbA1c = Glycated Haemoglobin
ICAM-1 = Intercellular Adhesion Molecule-1
LKB1 = Liver Kinase B1
lOECs = Late Outgrowth Endothelial Cells
MACE = Major Adverse Cardiac Event
MERS = Middle East Respiratory Syndrome
mTOR = Mammalian Target for Rapamycin
NO = Nitric Oxide
PCOS = Polycystic Ovary Syndrome
ROS = Reactive Oxygen Species
RCT = Randomized Controlled Trial
SARS-
CoV-2

= Severe Acute Respiratory
Syndrome Coronavirus 2

SGLT-2 = Sodium Glucose Co-Transporter-2
T1D = Type 1 Diabetes
T2D = Type 2 Diabetes
TSP-1 = Thrombospondin-1
UKPDS = United Kingdom Prospective Diabetes

Study
VCAM-1 = Vascular Cell Adhesion Molecule-1
VEGF = Vascular Endothelial Growth Factor
vWF = Von Willebrand Factor
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