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Abstract: Metformin is an orally effective anti-hyperglycemic drug that despite being introduced over 60 years ago is still utilized by
an estimated 120 to 150 million people worldwide for the treatment of type 2 diabetes (T2D). Metformin is used off-label for the
treatment of polycystic ovary syndrome (PCOS) and for pre-diabetes and weight loss. Metformin is a safe, inexpensive drug with side
effects mostly limited to gastrointestinal issues. Prospective clinical data from the United Kingdom Prospective Diabetes Study
(UKPDS), completed in 1998, demonstrated that metformin not only has excellent therapeutic efficacy as an anti-diabetes drug but
also that good glycemic control reduced the risk of micro- and macro-vascular complications, especially in obese patients and thereby
reduced the risk of diabetes-associated cardiovascular disease (CVD). Based on a long history of clinical use and an excellent safety
record metformin has been investigated to be repurposed for numerous other diseases including as an anti-aging agent, Alzheimer’s
disease and other dementias, cancer, COVID-19 and also atrial fibrillation (AF). AF is the most frequently diagnosed cardiac arrythmia
and its prevalence is increasing globally as the population ages. The argument for repurposing metformin for AF is based on
a combination of retrospective clinical data and in vivo and in vitro pre-clinical laboratory studies. In this review, we critically
evaluate the evidence that metformin has cardioprotective actions and assess whether the clinical and pre-clinical evidence support the
use of metformin to reduce the risk and treat AF.
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Introduction

Cardiovascular diseases (CVD) are a major global concern due to an almost two-fold increase in prevalence in the past
three decades, which in 2019 saw 523 million new cases and accounted for 32% of all deaths.'** Although there has been
an overall decline in mortality rates due to CVD, albeit less so in developing countries, there is still the need to improve
treatment and survival.’ There have been many new additions to the therapeutic armamentarium to treat CVD; however,
these new drugs are not necessarily universally cost-effective. A study in 2003 by Garattini & Bertele* concluded that the
most recently approved cardiovascular agents in Europe for the treatment of hypertension, arrhythmias, and thrombosis
have only added minimally to progress in this field and, furthermore, that the newer drugs are more expensive than
similar existing drugs in terms of efficacy and safety, and provide questionable economic or medical benefit. Twenty-one
years later in 2024 this conclusion could certainly be considered as premature due to the Introduction of what have been
described in terms of cardiovascular benefits “game changers”, namely glucagon-like peptide receptor agonists (GLP-1
RAs) with exenatide approved by the FDA in 2005 (and for semaglutide in late 2017), and sodium-glucose co-transporter
-2 (SGLT-2) inhibitors, canagliflozin approved in 2013 for the treatment of type 2 diabetes (T2D).>’ Regardless, the
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question remains: “Can already approved, and usually less expensive, drugs, be evaluated for new indications”? This
review addresses this question and specifically critically analyses the potential use of metformin to reduce the risk of AF.

Affordability remains an important factor in determining the effectiveness of medical interventions to treat some
diseases, such as CVD (including AF), diabetes and obesity, as the cost of newer drugs may be beyond the budgets of
a large percentage of the global population and particularly those residing in low- and middle-income countries. Income
inequalities may also result in less access to quality and equitable healthcare and programmes for prevention, early
detection, and treatment of CVD. For instance, it has been estimated that more than 25% of the global population has
minimal or no access to appropriate drug therapies.® Consequently, detection and diagnosis are often late and appropriate
treatment is delayed, resulting in premature mortality in these patients, which for CVD results is 75%.° At an individual
level, the high cost of appropriate medications contributes to increasing poverty, and at the national level, a substantial
burden on the overall economy of the country.”

A potential solution to the high cost of newly approved drugs lies in repurposing old, existing and more affordable drugs to
treat CVD, a concept frequently referred to as “Old Drugs for New Tricks”. However, a need remains to conduct appropriate
clinical trials for existing drugs for the new indications and conditions.'® An example of such a drug is the biguanide N,
N-dimethylbiguanide, which is best known as metformin, has a long history of use in the treatment of T2D, and in recent years
has been extensively investigated for the treatment of a number of other conditions, including aging, cancer and more recently,
COVID-19.""""% Based on the success rates for repurposing drugs there is merit to this process, as it has been reported that
approval for repurposing a drug has a success rate of 30% versus 11% for a newly developed drug.'*

Diabetes is a well-recognised risk factor for the development of CVD'> and is also a risk factor for AF in both males
and females; the risk and burden of AF (that is the period of time in AF) is also positively correlated with higher-glycated
haemoglobin (HbA1C) levels.'®** A meta-analysis of data from 29 studies involving over 8 million patients concluded
that diabetes increased the risk of AF by 48%, with women at greater risk.>> Importantly, treatment with the anti-diabetes
drug metformin has been reported to provide therapeutic benefits for patients with cardiac and vascular diseases,
including AF.**** However, much of this evidence is based on clinical data from observational studies and confirmation
is required from randomised placebo-controlled prospective studies.”® Furthermore, it has not been clearly established
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whether metformin has CVD protective benefits in patients without diabetes because existing data are controversial, as
evident from the Carotid Atherosclerosis: MEtformin for insulin ResistAnce (CAMERA) study.39

A Scopus analysis (Figure 1) indicates the increasing interest in metformin and its potential for the treatment of atrial
arrhythmias and AF.

In order, to critically review protocol design and the pre-clinical and clinical data that support the potential use of
metformin to treat AF it is important to understand the pharmacokinetic and pharmacodynamic properties of metformin
and the controversies over the cellular properties of the drug. AF is the most frequently reported sustained cardiac
arrhythmia, accounting for a third of all arrhythmia-related hospitalizations and its prevalence, currently 0.4% to 1% of
the general population, is increasing as the population ages with estimates that numbers in the USA will exceed
10 million by 2050.4%4!

The putative benefits of metformin as a drug for risk reduction in CVD, including AF, may entirely be secondary to its
therapeutic efficacy in the setting of diabetes, as an anti-diabetes drug, thus raising the question as to whether metformin,
and other anti-diabetes drugs, would also reduce CVD risk in subjects without diabetes? Of interest, in 2023 the
American Diabetes Association revised their recommendations for the use of metformin and T2D and for those patients
with pre-existing atherosclerotic CVD risk factors, including heart failure and chronic kidney disease, where the use of
gliflozins and GLP-1 RAs is now recommended (see: https://doi.org/10.2337/cd23-as01). However, there are disadvan-
tages to using gliflozins and GLP-1 RAs as adjuncts to treat AF that include cost-effectiveness per patient, which may

also affect global accessibility. Thus, there is value in considering metformin as an adjunct for AF given the extensive

database on metformin’s clinical use since the 1960s.

Metformin

Metformin is a synthetic biguanide with a long history of clinical use based on the knowledge that naturally occurring guanidines,
notably galegine, found in French Lilac (‘Galega Officinalis), lowered blood glucose levels.'>**%*7¢ Metformin is a first-line
drug approved for the treatment of T2D. Commonly prescribed as Glucophage®, it has over 60 years of history in the treatment of
T2D. Although metformin was approved and in use in Europe from the 1960s for the treatment of T2D, its use in the USA was
not approved by the FDA until 1994. Approximately 120 to 150 million people globally use metformin, with the vast majority
using it for the treatment of T2D."**” Metformin is a well-researched drug, and an extensive literature including many review
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Figure | Papers published for the period 19742023 that include terms for metformin and atrial fibrillation.
Note: Created with BioRender.com.
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articles support its benefits, and lack of serious side effects, emphasizing its longstanding importance in the treatment of
T2D."*473* In addition to its demonstrated safety, metformin is inexpensive and is effective for the vast majority of patients with
T2D.>® Metformin also has several established off-label uses such as treating pre-diabetes to prevent the development of overt
T2D, for weight-loss, and for the treatment of polycystic ovary syndrome (PCOS) see section 1.1.3.'3>* The use of metformin
has also been investigated as an anti-aging drug, for Alzheimer’s Disease and other dementias, as well as for reducing the risk of
developing certain forms of cancer. Metformin has also been evaluated for the treatment of SARS-CoV-2 infection, thereby
pointing to a wide therapeutic potential of repurposing metformin for multiple diseases,'>!34¢-34-56-62

It is important to stress that the evidence supporting the therapeutic efficacy of metformin as ‘a drug for all reasons’ is
highly controversial and has been vigorously and critically evaluated, particularly with respect to the experimental design and
data interpretation of in vitro studies as well as to conclusions based on observational clinical studies.'*'* The results of such
studies have not always been positive as has been the case for the use of metformin as an adjunct for the treatment of breast
cancer where data from randomized control studies of metformin as an adjunct for the prevention and treatment of cancer have
not been supportive.®**** The reason for the differences in interpretation can be linked to time-related biases in the analysis of
the data from observational studies that bias interpretation of the data towards a positive effect of the drug, when in fact no
benefit has occurred and this issue also is evident in studies of metformin and AF.®>®® In addition, because the predominance
of data is derived from patients with T2D who have been treated with metformin, it is difficult to separate benefits from the
therapeutic actions of metformin as an anti-diabetes drug with its anti-hyperglycemic and insulin-sensitizing actions from
unrelated and distinct putative pleiotropic effects. However, some evidence for the latter does exist including data based on an
analysis of over 40,000 patients with T2D that showed that patients who terminated treatment with metformin, but did not
experience increases in HbA . levels or insulin use, were at greater risk of developing dementia therefore inferring that
protection was at least in part independent of metformins’ action as an anti-diabetes drug.®? Nevertheless, there remains the
need for data obtained from prospective studies comparing patients without diabetes to those with diabetes. Collectively, these
and other concerns should be considered before recommending the repurposing of a drug, even for metformin, which has

relatively few potential serious side effects.®*°

Pharmacokinetics of Metformin (Route of Administration, Absorption, Distribution, Metabolism, Elimination)
A comprehensive understanding of the pharmacokinetic properties of metformin is not only important for optimizing the
clinical use of metformin but also for the appropriate design and interpretation of pre-clinical studies that involve in vivo
studies in animals as well as in vitro cell-based studies. Metformin is a basic hydrophilic drug that in humans, and as far
as is known other species, is not metabolized and is excreted via the urine unchanged; however, recent data indicate that
some bacteria associated with waste water have developed the ability to utilise metformin as a carbon source with
guanylurea as an intermediate metabolite.”""”? Metformin has a pKa of approximately 11.5 and exists predominantly as
a cation at physiological pH. It has a plasma half-life that has been reported to range from 1.5 to 8 hours, and its mean
rate of renal clearance is 510 + 120 mL/min.**’>""” Table 1 summarizes the pharmacokinetic properties of metformin.

Table | Pharmacokinetic Properties of Metformin

Pharmacokinetics Route of Notes References
Administration

Dosage Oral Tablet dosed from 500mg to 2550 mg per day along with a meal to minimize Gl Scarpello & Howlett*®
upset
Recommended to be taken at the same time everyday Scarpello & Howlett*®
Extended-release tablets are taken once daily along with an evening meal and full Scarpello & Howlett*

glass of water

(Continued)
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Table | (Continued).
Pharmacokinetics Route of Notes References
Administration
Absorption Gl tract Oral bioavailability of 40% to 60% Scheen’®
Absorption in the Gl tract is complete within 6 hours of ingestion and is the rate- Pentikainen et al”®
limiting step that determines metformin disposition. Scheen’®
Utilizes Organic Cation Transporters (OCT) of the SLC22A1-3 family for Christensen et al’”®
bidirectional electrogenic facilitative diffusion independent of sodium or potassium Gong et al”’
gradients; also utilizes Plasma membrane Monoamine Transporter (PMAT) of Wang et al”’
SLC29A4 family and Multidrug and Toxin Extrusion protein (MATE) | and 2 of Takane et al®
SLC47A1 and 2 family. Liang & Giacomini®'
OCT]I is the “gatekeeper” for intestinal absorption and transport into the liver.
Patients with OCT | variants have lower plasma concentrations of metformin
Intestinal absorption may be mediated by PMAT and OCT 3 on the luminal side of Gong et al”’
enterocytes, while OCT | facilitates transport to interstitial fluid on the basolateral
surface of the enterocytes
Distribution Volume of distribution is 70 L - 276 L, but lower in patients with OCT]| variants Pentikainen et al”®
Tucker et al”
Christensen et al”®
Graham et al”®
Sirtori et al®?
Kajbaf et al®®
Steady state plasma concentration is within 24 hours to 48 hours Corcoran & Jacobs™*
Plasma protein binding is negligible Corcoran & Jacobs™*
Metabolism Metformin is not metabolized in humans and most other life forms although as Jacob et al”'
a result of metformin appearing in waste water some bacteria have developed the Chaignaud et al’?
ability to utilise metformin as their sole carbon source. Gong et al”’
Liver Uptake into hepatocytes is by OCT | and OCT 3 expressed on the basolateral Gong et al”’
surface of these cells Wang et al”’
Skeletal muscle Uptake into myocyte is via OCT 3 Gong et al”’
Elimination Elimination half-life ranges from 2 to 6 hours Pentikainen et al”
Tucker et al”*
Sirtori et al®?
Kajjnaf et al®®
Excretion from the liver and kidney involves MATE | Gong et al”’
Liver Hepatic secretion is under debate as biliary excretion of metformin is insignificant Corcoran & Jacobs™
Kidney Principal mechanism is via active tubular secretion in the kidney Gong et al”’
Uptake into renal epithelial cells is by OCT 2 on the basolateral surface on the cells Gong et al”’
Secretion into the tubular lumen is through MATE | and MATE 2, expressed in the Gong et al”’
luminal surface of the proximal tubule cells
OCT | expressed on the apical and subapical domains of the proximal and distal Gong et al”’
tubular cells, and PMAT on apical surface of the renal tubular cells may play a role in
reabsorption of metformin
Placenta P-glycoprotein (coded by ABCBI gene) and Breast cancer-resistance protein Gong et al”’
(BCRP) (coded by ABCG2 gene) on the apical membrane of the placenta are
involved in efflux of metformin.
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Pharmacodynamics and Mechanism of Action as an Anti-Hyperglycemic Drug
Metformin reduces basal and postprandial blood glucose levels by increasing insulin sensitivity while also decreasing
hepatic glucose production and reducing intestinal glucose absorption.*>>* Despite intensive investigation, the mechan-
ism by which metformin provides its exact anti-hyperglycemic effect(s) remain unclear, although the preponderance of
data indicates that the primary target involves the activation of AMP-activated protein kinase (AMPK).®* Although it
remains controversial as to the specific pathway(s) which are responsible for the activation of AMPK via phosphorylation
of the AMPK a catalytic subunit at Thr-172, studies suggest the involvement of other kinases such as the serine threonine
kinase liver kinase B1 and (LKBI1/STK11), which is also a tumour suppressor, and the DNA-damage sensor, Ataxia
Telangiectasia Mutated (ATM) gene.”’*5 3% See Figure 2 for details. The putative roles of LKB1 and ATM (ATM
encodes for phosphatidylinositol 3/phosphatidylinositol 4 (PI3/PI4)-kinases) as targets for metformin are of particular
interest because of the epidemiological and, particularly, pre-clinical data suggesting that the use of metformin reduces
the risk and development of several types of cancer and potentially also involved in other beneficial effects of metformin
including CVD.""*'*%4 Other putative sites of action for metformin include the NAD-dependent deacetylase, sirtuin-1,
that is known to positively regulate endothelial function,”’** and the activation of LKB1 and AMPK via the orphan
nuclear receptor, NR4A1, and these actions are reported to contribute to the endothelial-vascular protective action of
metformin that potentially are involved in reducing the risk of AF.'*93:%4

Metformin has been reported to have LKB1- and AMPK-independent actions that result in the inhibition of hepatic
glucose production as has been shown in AMPK knockout mice lacking the expression of AMPK where the effects of
metformin appear to be preserved.*® Based primarily on data from in vitro studies, metformin has been shown at high
concentrations (mM) relative to those obtained in vivo (low micromolar) to inhibit mitochondrial complex I, which
increases the cellular AMP:ATP ratio in the cell leading to the activation of AMPK.”>®7 Bridges et al (2023) have
provided evidence using cryo-electron microscopy that a hydrophobic derivative of metformin, IM1092, and a very
potent inhibitor of complex 1 with an IC50 of 86 uM, binds to the ubiquinone channel of complex 1.°” However,
although inhibition of complex 1 is an attractive hypothesis and can be demonstrated by using mM concentrations of
metformin in in vitro studies inhibition of complex 1 does not appear to explain metformin’s therapeutic benefits as when
used clinically evidence is lacking that metformin accumulates to sufficiently high concentrations to exert a sustained
inhibitory action on mitochondrial complex 1.'376-98-104

AMPK activation plays a major role in the regulation of glucose and lipid metabolism. Activated AMPK phosphor-
ylates various targets including HMG-CoA reductase, mammalian target for rapamycin (mTOR), acetyl-CoA carboxylase
(ACC), ACC-2, glycerol-3-phosphate acyltransferase, and carbohydrate response element-binding protein, leading to
inactivation while also suppressing expression of the transcription factor, SREBP-1, that is involved in lipid metabolism
and discussed in more detail in Metformin AMPK and Cardiac Metabolism.'%>"'°® AMPK also increases mitochondrial
biogenesis by activating sirtuin-1, and increasing the expression of the peroxisome proliferator-activated receptor-gamma
coactivator (PGC-10) in the nucleus.'®” Activation of hepatic AMPK increases fatty acid beta-oxidation and mitochon-
drial biogenesis, while inhibiting triglyceride, fatty acid, cholesterol synthesis and insulin signalling via the nutrient-
sensitive complex mTOR and the RAPTOR gene, and thereby decreasing gluconeogenesis, and the dysregulation of
AMPK is linked to the development and progression of metabolic syndrome and heart disease, which will result in an
increased risk of AF.'®> Metformin, albeit at high concentrations (0.5 mM), has been reported to downregulate the
expression of the CYP3A4 gene, by disrupting the coactivation of PXR with SRC1 (CYP3A4 plays an important role in
the metabolism of a large percentage of drugs).””>'*®

In addition to its actions on the liver, metformin exerts effects on skeletal muscle via the AMPK pathway that result in
increased glucose uptake into myocytes due to increased translocation of GLUT4 transporters to the plasma membrane.”’
Metformin also has effects in the GI tract prior to absorption where it can interact with the microbiome, modify GLP-1
levels, and thereby contribute to the anti-hyperglycemic actions of metformin as well as effects on satiety.'®”
AMPK plays a key role in the regulation of endothelial-vascular smooth muscle function and the regulation of blood flow.

110

AMPK activates recombinant endothelial nitric oxide synthase (eNOS) "~ as well as eNOS in mouse and human arterial

endothelial cells and cardiomyocytes via the reversible phosphorylation of Ser-1177 resulting in the generation of nitric oxide
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Notes: Putative mechanisms for the activation of adenosine monophosphate-activated protein kinase (AMPK) by metformin. One pathway is via the inhibition of
mitochondrial complex | of the electron transport chain (see EI-Mir et al 2000; Owen et al 2000°>%). Inhibition of complex | results in an increase in the ratio of
adenosine monophosphate (AMP) and adenosine diphosphate (ADP) to adenosine triphosphate (ATP), which in turn results in the activation of AMPK. Some studies indicate
a role for the upstream candidate serine/threonine kinase || (STK11) (also known as liver kinase Bl (LKB1)). Metformin effects via LKBI, a tumor suppressor, and the DNA-
damage sensor, ATM (Ataxia Telangiectasia Mutated gene), which encodes for phosphatidylinositol 3/phosphatidylinositol 4 (P13/Pl4)-kinases, may contribute to the putative
beneficial effects of metformin to reduce the risk of a number of cancers.'"”7#>"% Another alternative pathway is activation of AMPK via a mechanism dependent on the
expression of the Nuclear Receptor Subfamily 4 Group A Member |, NR4AI (also referred to Nur77), and subsequent activation of the STK11/AMPK signaling cascade.”

Created with BioRender.com.
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(NO)."'% "2 Studies in mice have shown that metformin, by activating the AMPK-eNOS pathway in cardiomyocytes, reduces
reperfusion injury post-myocardial infarction and reduces the size of infarcts.''> These data, as reviewed in 2018 by Driver
et al, provide supportive evidence for why metformin through activation of AMPK and the downstream effects on metabolic
signaling pathways reduces the risk of the development of heart failure, atherosclerosis, coronary artery disease, and chronic
kidney disease in patients at high risk for CVD and by inference also AF."'* See Figure 3.

Further support for the potential benefits for the use of metformin in AF is that hypoglycemia is very rare during
therapy with the drug, notably when used as monotherapy, which is why metformin is referred to as a “euglycemic” drug
and contrasts with the use of insulins, sulfonylureas, and also GLP-1 RAs if combined with sulfonylureas where the risk

of hypoglycemia is a potential serious concern.>>5+!115-118
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Figure 3 Downstream effects of metformin on metabolism.

Notes: Conflicting evidence suggests that metformin activates adenosine monophosphate-activated protein kinase (AMPK) either directly, or indirectly via the upstream
serine-threonine liver kinase Bl (LKBI), or via ataxia telangiectasia mutated (ATM). AMPK, sometimes referred to as the “fuel gauge” of the cell, in addition to reducing
hepatic gluconeogenesis also induces fatty acid B-oxidation, insulin signalling and mitochondrial biogenesis, and inhibits the synthesis of triglycerides, fatty acids and
cholesterol. High levels of metformin may also reduce the expression of CYP3A4. Additionally, via its anti-hyperglycemic actions metformin protects against diabetic
cardiomyopathy. In skeletal muscle, AMPK actions result in the increased translocation of Glucose Transporter Type 4 (GLUT4) to the plasma membrane, thereby increasing
glucose uptake.'® Created with BioRender.com.
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Putative Mechanisms of Action of Metformin and Concerns Over the Interpretation of Data from in vitro
Studies
A potentially confounding factor in interpreting the effects of metformin from data derived from in vitro versus in vivo
and clinical studies, including those that have focused on AF, relates to the wide concentration and dose ranges that have
been employed in such studies.'>!'110%119

The therapeutic dose for metformin in humans ranges from 250 to 2550 mg per day (or maximum 35 mg/
kg).*>!'"? Following absorption from the GI tract, the portal vein concentrations of metformin from animal studies
within 1 hour approximate 40 to 70 uM, which rapidly drops to 10-40 uM. However, levels in humans may vary
considerably depending on the expression levels of the organic cation transporters (OCT).”>77-7%:9%:102° A5 pointed

out by Dowling et al,'"’

the excessively high concentrations and doses that have been used in many of the pre-
clinical in vitro and in vivo studies raises concerns over ascribing cellular mechanism(s) of action that explain the
drug’s therapeutic benefits. For instance, a number of in vitro studies with metformin have used concentrations that
are 25 to 1000 times higher than the plasma concentrations (2—40 uM) that have been reported when metformin is
used to treat T2D."" Similarly for pre-clinical studies where these doses often remain approximately 25 to 45 times
higher than the therapeutic range in humans.''” These concentration/dose discrepancies must be carefully assessed
when evaluating and comparing data generated from preclinical versus clinical studies and the potential for using

metformin to treat AF.'>101-104119

Off-Label Use of Metformin: Benefits and Concerns for Its Potential Use in AF
Off-label indications of metformin include the treatment of pre-diabetes and thereby reducing the risk for the onset of T2D,
treatment of weight gain due to, for instance, antipsychotic drug therapy, and treatment of irregular and inconsistent
menstruation due to polycystic ovary syndrome (PCOS) that affects as high as 15% of women of reproductive age and is
linked to insulin resistance.’>'2*'?!

Metformin is classified as a Category B drug by the FDA and has generally considered safe for use in pregnancy and
has been used off-label in the treatment of gestational diabetes,* but its use has been questioned in women with both
PCOS and gestational diabetes and insulin remains the preferred therapeutic choice in pregnancy.'**'** Furthermore,

126
1

although no congenital genetic defects have been associated with metformin (but see Wensink et al =), concerns have

been raised regarding the effects of metformin on infant weight particularly as relates to low gestational weight gain, and
also subsequent obesity in children prenatally exposed to metformin.'?’ !

Metformin crosses the placenta and can have effects on folate metabolism and may impact growth in the fetus, thus
suggesting a need for caution, particularly in the first trimester as placental transfer may vary with genetic polymorph-
isms in the expression of OCT transporters.'**"'** Metformin is also present in breast milk and generally considered
insignificant until the dose in the infant crosses 10 mg per kg per day.'*> Metformin is approved for use in children above
the age of 10, but data on safety for use in children of lower age are not available.'*®

A concern over the increased use of metformin for pre-diabetes, and by inference to treat AF, in men of reproductive
age has come from a 2022 study in Denmark that reported an increase in genital defects in the male offspring,'*
supporting concerns raised in a 2018 study on the effects of metformin on the human epigenome'*” Further data are
required to clarify whether metformin is an endocrine disruptor in humans and whether this may limit the repurposing of
metformin for AF and other indications; however, it has been shown that at levels of metformin that are now found in
wastewater, and metformin has behavioural and endocrine disruptor effects in zebrafish (Danio rerio) and is an endocrine
disruptor in water fleas (Daphnia pulex)."*®* ' Interestingly, based on data from a metabolomic study, metformin has
been detected in plasma samples from patients who have not been prescribed metformin.'*'

Even though the use of metformin could result in the lowering of insulin dosage based on the results from the
REMOVAL trial (REducing with MetfOrmin Vascular Adverse Lesions), metformin is not recommended as an adjunct

with insulin for type 1 diabetes.'**'*
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Metformin: Side Effects and Contraindications, Complications, and Drug Interactions and Potential Impact on
Repurposing Metformin for AF

Before promoting the use of metformin for the treatment of AF and other indications, it is important to consider the
potential side effects and contraindications that may limit its use. Importantly, such side effects may reduce patient
compliance, particularly when chronic use is being considered.

The most frequently reported side effect of metformin is GI distress. Symptoms include nausea, vomiting, upset
stomach or diarrhoea, which although not usually serious, may reduce patient compliance in taking the medication.'**'%3
The GI symptoms are thought to result from the retention of metformin in the enterocytes of the GI tract resulting from
saturation of to OCT1-mediated efflux from enterocytes into the interstitial fluid, increased luminal serotonin (due to
release via enterochromaffin cells or reduced transport by the serotonin transporter (SERT)), inhibition of intestinal
mucosa (mitochondrial complex I), and, or, effects of metformin on the gut microbiome.””*'4¢~148

Chronic use of metformin has also been associated with vitamin B12 deficiency, which potentially can cause megaloblastic
anemia and worsen the neuropathy due to pre-existing diabetes.'* Although not fully understood, it is assumed that metformin
interferes with the calcium-dependent binding of the cobalt-containing vitamin B12 (also known as cobalamin) to the
glycoprotein, “Intrinsic Factor” IF, and thereby prevents cubilin receptor-mediated endocytosis of the vitamin B12.'0%!50-15!
Patients who are prescribed metformin should therefore be monitored periodically and, if appropriate, provided vitamin B12
supplements, especially if the patients have other co-existing conditions such as renal or hepatic impairment.'*'"'3* Metformin-
induced vitamin B12 deficiency has been linked to higher frequencies of autonomic neuropathy and linked to a 3.16 fold increase
in cardiovascular events, including cardiac arrhythmias, and a 3.17 fold increase in mortality and therefore of importance when
considering the chronic use of metformin in subjects with AF.'*'>3

Metformin is predominantly cleared by the kidneys thereby requiring that the dosage should be adjusted if the patient
has reduced renal function. The European Medicines Agency in October 2016 approved metformin to be safe for use in
patients with moderately reduced kidney function while remaining contraindicated in those with a glomerular filtration
rate (GFR) less than 30 mL/min. Kidney function should be established before use, particularly in geriatric patients.
Further, the dosage of metformin should be adjusted in patients on dialysis as metformin does not bind to plasma proteins
and because of its small molecular weight is easily dialyzable.*>>* Hypoglycemia with metformin use, although rare, can
occur at high levels of metformin (overdose), with reduced renal function, or when used with other anti-diabetes agents
or anti-coagulation agents (such as sulfonylureas and warfarin).>*'>* The status of kidney function, particularly in elderly
patients, is an important consideration before initiating treatment with metformin for a patient with AF.

Another biguanide, phenformin was withdrawn from use in most countries in 1976 due to the risk of lactic acidosis
leading to severe metabolic acidosis.'>> Although initially also considered a risk for metformin it is now clear that the
incidence of lactic acidosis that can be directly linked metformin use is very low and usually only observed in patients
with pre-existing co-morbidities such as significant renal and liver impairment, congestive heart failure, where its use
should be monitored (see Metformin and Heart Failure), or resulting from metformin overdose.**->*15¢

It is important to stress that lactic acidosis is also seen in people without diabetes and is increased in the presence of
both hepatic and renal impairment, as well as serious infection, surgery, poor circulation, hypoxia, or excessive alcohol
consumption, and therefore metformin should be discontinued and hemodialysis initiated if patients have a previous
history or are symptomatic for lactic acidosis.'**'>” However, even after 2016, the FDA approved the use of metformin
in patients with mild-moderate chronic kidney disease there has been no evidence presented that metformin-associated
lactic acidosis rates have increased.'*®

Metformin and Putative Protective Effects in AF

Several drug interactions with metformin should also be considered when prescribed to patients taking other drugs. For
example, drug-induced changes in the levels of CYP450 enzymes may result in elevated levels of a wide range of drugs
that then can compete with the cation transporters used by metformin for its bidirectional movement across cell
membranes.”*'**7'%? Data from numerous pre-clinical and clinical studies have demonstrated the cardio-micro- and
macro-vascular protective actions of metformin in reducing cardiovascular morbidity and mortality in patients with T2D
and coronary artery disease.'**7*%° However, comparable evidence for patients without diabetes is sparse.*’
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Metformin is inexpensive and can potentially reduce the number of drugs a patient may need to take, thereby reducing
the cost burden and increasing overall therapeutic compliance. However, before promoting its use in AF two important
questions need to be answered:

1. Does metformin have benefits beyond its role as an anti-hyperglycaemic drug to reduce the risk of AF and treat
AF? Thus, are the putative benefits of metformin in the prevention and treatment of AF simply secondary to its
therapeutic efficacy as an antihyperglycemic drug and thereby reducing the known link between hyperglycemia/diabetes
and increased risk of developing CVD?'%?

2. Does treatment with metformin also reduce the risk of AF in patients without diabetes?

To address these two questions, we evaluated data from both clinical and pre-clinical studies that have investigated
the actions of metformin in humans and animal or cell-based protocols to determine whether there is support for
repurposing metformin for use in AF.

Methods

Literature Search

For the purpose of evaluating the evidence regarding the efficacy of metformin therapy for AF, a narrative review of the
literature published on Embase was conducted, facilitated by a librarian and co-author (RM). For this review, both peer
reviewed original studies and reviews, along with non-peer reviewed (preprint) papers from bioRxiv and medRxiv etc.,
regarding the effects of metformin on AF were critically evaluated. Publications were selected based on evidence that the
manuscripts support their claims with statistical evidence. Their scientific merit was also determined on the basis of their
study design. Publications in Embase were identified by using the search strategy described in Table 2.

Table 2 Search Strategy Used on Embase. The Search Was Based on “Metformin and AF and
Diabetes and (Clinical Trials or Reviews)”. Total Number of Studies Used Was = 196 After Removing
Duplicates (n = 3)

Step Search Results
I (metformin or dimethylbiguanidine or dimethylguanylguanidine or glucophage).ab,ti. 47,480
2 Metformin emtree: exp metformin/ 86,023
3 (“Atrial fibrillation” OR AF OR Afib OR AFib OR A-fib OR A-Fib OR “Supraventricular | 346,331
tachycardia” OR SVT OR Arrhythmi* OR palpitat*).ab,ti.

4 AF emtree: exp atrial fibrillation/ 126,438
5 | OR 2 89,227
6 3O0R4 379,499
7 5 AND 6 1,137

8 Diabetes (Emtree term): exp diabetes mellitus/ 1,224,380
9 Clinical trials (Emtree term): exp clinical trials/ 447,028
10 9 OR (randomized controlled trial.ti,ab). 574,555
I Reviews (Emtree term): exp review/ 3,175,799
12 I'l OR (literature review or literature).ti,ab. 4,159,842
13 7 AND 8 862

14 10 OR 12 4,515,765
15 13 AND 14 200
16 Limit 15 to yr="1998-2024" 199
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The data presented in Figure 1 was generated from the Scopus database and based on the following search:

(TITLE-ABS-KEY (metformin OR dimethylbiguanidine OR dimethylguanylguanidine OR glucophage)) AND
(TITLE-ABS-KEY (“atrial fibrillation” OR afib OR a-fib OR “Supraventricular tachycardia” OR svt OR arrhythmi*
OR palpitat*))

Results

As summarised in Table 3 there is clinical evidence that supports the benefit of prescribing metformin to reduce the risk
and/or symptoms of AF. However, the protective effects have not been universally shown, are not confined to metformin
and extend to some other anti-diabetes drugs, particularly GLP-1 RAs. A 1998 study reported that patients taking
a combination of metformin with other drugs experienced a significant decrease in the incidence of AF compared to those

Table 3 Summary of clinical studies evaluating the effects of metformin in patients with AR

Study Title Country Study Total Intervention/Control Outcome
Design Sample
Size (n)
Davis et al** “Arrhythmias and Australia Retrospective 5715 Diabetes group/non- Use of metformin in
Mortality After Myocardial data analysis diabetes group combination with other
Infarction in Diabetic drugs was associated with
Patients: Relationship to a significant decrease in AF
diabetes treatment”. than metformin
monotherapy or patients
who did not take any
drugs
Chang et al®® “Association of metformin Taiwan Prospective 645,710 T2DM Metformin users/ Metformin was associated
with lower atrial cohort study T2DM Metformin non-users | with reduced NAF risk for at
fibrillation risk among least 2 years in patients not
patients with type 2 using other anti-diabetic
diabetes mellitus: drug, probably by
a population-based attenuating myofibril
dynamic cohort and degradation, myolysis and
in vitro studies”. oxidative stress induced by
tachycardia in the atrial cells
Shi et al* “Comparison of the effect NA Meta-analysis NA NA GLP-1 RA was associated
of glucose-lowering agents with a significant reduction in
on the risk of atrial AF events compared to
fibrillation: A network metformin use
meta-analysis.”
Chen et al”’ “Antihyperglycemic drugs Taiwan Nested case- 9,790 NAF group with diabetes/ Metformin use was not
use and new-onset atrial control study non-NAF group with diabetes | associated with increase in
fibrillation in elderly NAF risk, however, use of
patients.” DPP4 inhibitors was associated
with a lower NAF risk
Liou et al®® “Antihyperglycemic drugs Taiwan Population- 2882 with | NAF with T2D and matched | Treatment of patients with
use and new-onset atrial based nested NAF and controls with T2D but not T2D with metformin and
fibrillation: A population- case control 11,528 NAF TZDs reduced the risk of
based nested case control study matched new onset AF (NAF). In
study.” controls contrast, the use of
sulfonylureas, glinides, a-
glucosidase inhibitors, and
dipeptidyl peptidase-4
inhibitors were not
associated with an
increased risk of NAF
whereas may insulin
increase risk.
(Continued)
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Table 3 (Continued).
Study Title Country Study Total Intervention/Control Outcome
Design Sample
Size (n)
Ostropolets et al”” | “Metformin Is Associated Taiwan Retrospective 645,785 T2DM wlo AF on metformin | Metformin monotherapy had
with a Lower Risk of Atrial cohort study monotherapy/T2DM wlo AF | significantly decreased AF
Fibrillation and Ventricular on sulfonylurea, TZD, DPP4 | risk compared to DPP4
Arrhythmias Compared to inhibitor or GLP-1 RA inhibitors, sulfonylurea and
Sulfonylureas: An TZD, but not significant
Observational Study.” compared to GLP-I RA
Retrospective 91,130 T2DM wio AF on metformin | Metformin combination with
cohort study combination (metformin + sulfonylurea was associated
sulfonylurea, TZD, DPP4 with significantly higher AF
inhibitor or GLP-1 RA) risk compared to metformin
combination with DPP4
inhibitors
S. Kim et al*® “Association between South Retrospective | 2,515,468 T2DM with metformin Metformin use
antidiabetic drugs and the Korea cohort study monotherapy, T2DM with (monotherapy or in
incidence of atrial metformin dual combination | combination) was associated
fibrillation in patients with (metformin + sulfonylurea, with a reduced risk of AF
type 2 diabetes: DPP4 inhibitors or TZD), development, but metformin
A nationwide cohort study T2DM with metformin triple | and TZD combination
in South Korea.” combination (metformin + showed protective effects
sulfonylurea + AGI, DPP4 and was found to be
inhibitor or TZD)/No effective as treatment for AF
medication
Iqbal et al®' “Association between USA Retrospective 5,664 T2DM with metformin Metformin monotherapy as
first-line monotherapy observational monotherapy as first-line first-line was not significantly
with metformin and the study /T2DM with monotherapy associated with a reduction
risk of atrial fibrillation with another anti-diabetic in the risk of AF
(AMRAF) in patients with agent (sulfonylurea, TZD, development, compared to
type 2 diabetes.” DPP4 inhibitors, GLP-1 RA, use of other anti-diabetic
meglitinides, AGI or SGLT-2 agents as first-line
inhibitors) as first-line
Zhou et al*? “Metformin versus Hong Kong Retrospective 108,684 T2DM with metformin Sulfonylurea monotherapy
sulphonylureas for new cohort study monotherapy/T2DM with was associated with
onset atrial fibrillation and sulfonylurea monotherapy increased risk of incident AF
stroke in type 2 diabetes than metformin
mellitus: a population- monotherapy
based study.”

Abbreviations: AF, Atrial fibrillation; AGI, a-glucosidase inhibitor; DPP4 inhibitors, Dipeptidyl peptidase 4 inhibitors; GLP-1RA, Glucagon-like peptide-| receptor agonists;
NAF, New-onset atrial fibrillation; SGLT-2 inhibitors, Sodium-glucose like transporter-2 inhibitors; T2DM, Type 2 diabetes mellitus; TZD, Thiazolidinedione; w/o, without.

on metformin monotherapy, or to those who did not take any drugs. However, the number of patients in the metformin
monotherapy group was low.”* The findings reported by Chang et al*® also emphasized that the protective effect of
metformin monotherapy in patients newly diagnosed with T2D only lasted for 2-3 years during a 13-year follow-up
period. This finding may indicate that the efficacy of using metformin for AF may be more pronounced during the earlier
stages of diabetes and the development of AF. However, a comparison of metformin with other anti-diabetes agents was
not made. In addition, based on studies with isolated atrial myocytes (HL-1 cells, derived from AT-1 mouse atrial
cardiomyocyte tumor lineage), metformin (1 mM) reduced tachycardia-induced Reactive Oxygen Species (ROS)
inferring that oxidative stress is an early trigger for AF.*> However, the effects of concentrations of metformin lower
than 1 mM were not investigated and evidence of a direct negative chronotropic effect when metformin is used
therapeutically have, to the best of our knowledge, not been reported.

Other studies have compared the effect of metformin on AF to other newer agents. For example, meta-analysis of 5 clinical
research studies comparing anti-diabetes drugs for the treatment of AF and atrial flutter showed that the GLP-1 RAs, in
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comparison to metformin, significantly reduced AF events in patients (OR 0.17, 95% CI 0.04-0.61).2° Chen et al*’ reported
that the use of metformin was not associated with an increased risk of new-onset AF (NAF); however, dipeptidyl peptidase
(DPP4) inhibitors, also known as gliptins, were correlated with a reduced new-onset AF risk.”” Ostropoletes et al,*’ in
a retrospective study (with a total study population of 645,785 patients) compared metformin monotherapy and as
a combination with other anti-diabetes drugs including sulfonylureas, thiazolidinediones (TZD), DPP4 inhibitors or GLP-1
RA. The study found that monotherapy with metformin significantly reduced the risk of AF when compared to DPP4
inhibitors (HR 0.90, 95% CI 0.84-0.96), sulfonylureas (HR 0.84, 95% CI 0.81-0.88) and TZD (HR 0.86, 95% CI 0.81-0.93).
However, no significant benefit was seen when metformin monotherapy was compared to GLP-1 RAs (HR 0.95, 95% CI
0.86—1.05). Comparing metformin in combination with each of these anti-diabetes drugs, the study found that the combination
of metformin with sulfonylurea was associated with a significantly higher AF risk when compared to a combination of
metformin with DPP4 inhibitors (HR 1.2, 95% CI 1.1-1.4). However, inter-comparisons of metformin combination with TZD,
GLP-1 RA or DPP4 and metformin and sulfonylurea with metformin and TZD or GLP-1 RA were not significant in terms of
affecting the risk of AF.*’

In a cohort study, Kim et al*® evaluated metformin monotherapy and combination therapy with other anti-diabetes
drugs against AF. Metformin monotherapy or combination therapies were seen to reduce the risk of AF development.
However, among all categories, metformin combination with TZD emerged as the most protective and effective as
treatment for AF.*® Igbal et al*' compared the use of monotherapy with metformin as first-line to monotherapy with
another anti-diabetes drug as first-line in patients with T2D and found that metformin monotherapy did not significantly
reduce the risk of developing AF.>' Zhou et al** reported that when compared to monotherapy with metformin,
monotherapy with sulfonylurea was associated with an increased risk of incident AF (HR 2.89, 95% CI 2.75-3.77).*
Treatment with metformin significantly reduced the risk of a recurrent atrial arrhythmia in patients with diabetes and AF
after undergoing a catheter ablation procedure for their AF.'®*

Collectively, the data from observational clinical studies provide supportive, although not conclusive evidence, that
metformin protects against AF. However, comparable benefits are also seen with some other anti-diabetes drugs, including
GLP-1 RAs in humans.?®'®* In addition, pre-clinical data with the db/db mouse model of T2D have shown that the GLP-1
RA, liraglutide, protects against AF.'®® Thus, the question remains whether the benefit from metformin therapy is mediated
as a result of its anti-hyperglycemic effects and low risk of hypoglycemia, or due to effects that offset the negative effects of
the dysregulation of cardiac metabolism seen in diabetes, and/or the electrical, mechanical or anatomic remodeling
mechanisms of AF itself."'®'®” To answer this question, prospective data from placebo, double-blinded, randomized
controlled clinical trials (RCTs) are needed. In this regard, the results of the REWIND trial with the GLP-1 RA, dulaglutide,

failed to show the benefit of once weekly treatment on atrial arrhythmias in patient with diabetes.'®

Mechanistic and Cellular Basis for the Benefits of Metformin in AF

AF is characterized by an irregularly irregular ventricular rhythm on the ECG, with atrial beats that can exceed 300 bpm,
while ventricular heart rates remain at less than 200 bpm.*' The pathophysiology, cellular and molecular basis of AF has
been extensively reviewed.'®'’" AF is thought to develop as a result of atrial, electrical and electromechanical coupling
and atrial remodeling, tissue fibrosis, and changes in ionic homeostasis, particularly with calcium handling in cardiac
tissue as well as gap-junction proteins.'®*~'7! Pre-existing hypertension is seen in 60-80% and diabetes in about 20% of
patients with AF.'”? In addition to age, other risk factors correlate with the development of AF in patients with diabetes
include female sex, Caucasian race, obesity, hyperuricemia, non-alcoholic fatty liver disease, heart rate recovery and
heart failure.'”® The current therapy for AF includes rhythm control with antiarrhythmic drugs, catheter ablation,
cryoballoon ablation, left atrial appendage closure, the Maze surgical procedure and anticoagulation therapy. In patients
with a CHADS2VaSc score, which is linked to age, sex and pre-existing heart failure, hypertension, diabetes, stroke and
vascular disease, equal to or more than 2 raises the risk for thromboembolic events such as stroke.'’*'”>

Metformin, Glycemic Control and AF

The exact mechanism of how diabetes increases the risk of AF remains uncertain.'’® Downstream sequalae that result from
poor glycemic control include the dysregulation of cardiac metabolism, as well as electrochemical and structural remodelling
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that are known to enhance the risk of AF in patients with diabetes.''®'”” Patients with diabetes are vulnerable to both episodes
of hypoglycemia and hyperglycemia, especially if they are undergoing anti-diabetes treatment with agents such as sulfony-
lureas and insulin.'”® Hypoglycemia in both T1D and T2D can also reduce the blood flow to the heart and cause disturbances
in conduction, thereby increasing the risk of cardiovascular complications such as arrhythmias and prolonged QT interval.'’®
A prolonged QT interval, in addition to severe hypertension and hypokalemia that can result from hypoglycemia, is also
associated with CVD, fatal arrhythmias and high mortality.'”®

regarded as proarrhythmic.”?> AF has been described as a complication of hypoglycemia in patients with diabetes.'’>

Hypoglycemia also causes sympathetic activation, which is

Hypoglycemia has also been shown to increase the susceptibility to AF in canine models and is associated with significantly
more AF events than those seen with hyperglycemia.'”> Thus, an obvious benefit of metformin is that its use, particularly as
monotherapy, is associated with a 4.5-fold decrease in the risk of severe hypoglycemia in patients with diabetes, when
compared to sulfonylureas, whereas the use of sulfonylureas is associated with a higher risk of AF.>*!*

Diabetic cardiomyopathy is a consequence of uncontrolled hyperglycemia which results in apoptosis of cardiac myocytes
and necrosis of the cardiac myocytes while stimulating the release of catecholamines from adrenocortical cells, resulting in an
increased sympathetic activity.'’® Severe episodes of hyperglycemia with sympathetic activation and reduced refractory
period are associated with atrial remodelling and an increase in the risk of AF in these patients with diabetes.”* Excessive
catecholamine release is also associated with increased insulin resistance, leading to impaired cardiac metabolism and
function, and has a poor prognosis in patients with CVD, enhancing the risk of AF by triggering endoplasmic reticulum
stress and myocardial fibrosis (see also Metformin AMPK and Cardiac Metabolism. On metformin and cardiac
metabolism)."®''® Overall, good glycemic control reduces the incidence of AF and thus supports the recommendation to
prescribe metformin to patients with diabetes who also are at risk of AF.'” Metformin use is regarded to be safe in AF and is
a drug of choice in diabetic patients with cardiac arrhythmias.'’® Although metformin therapy in patients with diabetes has
been shown to be beneficial in the primary prevention of AF, intense glycemic control does not seem to confer the same
advantages when compared to standard diabetes therapy.®*'** Furthermore, it is evident that, in general, anti-hyperglycemic
agents that optimise glucose control should also benefit patients with AF.

Interestingly, glycemic fluctuations/excursions in the patient may contribute to AF-induced arrhythmogenesis, rather
than just hypoglycemia or hyperglycemia alone. Supporting this possibility, glycemic fluctuations are positively
associated with inflammation and atrial fibrosis, along with the upregulation of thioredoxin-interacting protein (Txnip),
increasing the vulnerability of the heart to develop AF and new-onset AF.** Glycemic fluctuations increase levels of
oxidative stress as a result of increased ROS production due to increased NADPH oxidase activity and upregulated
expression of Txnip, thus leading to cardiac fibrosis.'’* Further, HbAlc variability over an extended period of time has
also been correlated to an increased risk of AF development.'® Overall, the increased exposure and the severity of
diabetes may dictate the onset and induction of AF in these patients.'’* Consistent with this possibility, a case—control
study in 2010 demonstrated that for every year a patient has diabetes, the risk of AF increases by 3%.'”

Hyperglycemia and various other conditions, such as inflammation and aging, are also associated with the production
and accumulation of advanced glycation end products (AGEs) that are linked to the development and progression of
vascular disease in diabetes.'®® Significantly high plasma AGE levels are found in patients with diabetes, and also in
patients without diabetes. AGEs cross-link extracellular matrix proteins including type I collagen (expressed in atrial
fibroblasts of patients with diabetes) and elastin and have been shown to lead to atrial fibrosis and senescence in diabetic
mice.'**'®” AGEs also stimulate inflammatory and oxidative responses by binding to their transmembrane receptors for
AGEs (RAGE). Collectively, these factors contribute to AF-induced arrhythmogenesis in human subjects.'% %
Metformin has also been shown to chemically interact with methylglyoxal, a reactive dicarbonyl compound related to
AGEs and levels of which are increased in diabetes, suggesting that metformin may also have direct effects to protect
proteins against glycation by AGEs; however, whether this chemical interaction occurs when metformin is used clinically
is unknown.'?!

In summary, metformin by virtue of its proven positive effects to control hyperglycemia and insulin resistance result
in downstream benefits to reduce oxidative stress and inflammation and can be predicted to have positive downstream

effects on cardiac function and reduce the risk of AF.
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Metformin and Heart Failure
Heart failure (HF) often accompanies AF and metformin reduces the risk of development of HF, atherosclerosis and
coronary artery disease in patients and is considered a safe choice in patients with HF unless the HF is acutely
decompensated, or if the patient has a GFR < 30 mL/min/1.73 m?."'*!7¢ As stated earlier, the benefits of metformin
may be due to the low risk of hypoglycaemia and improved glycemic control, as well as other effects such as improved
vascular function via protective actions on the endothelium that has been demonstrated in numerous clinical and pre-
clinical studies.'?*®!7>192:193 However, other anti-diabetes drugs, alone or together with metformin, have also been
shown to be effective — notably SGLT-2 inhibitors and GLP-1 RAs."”®!” In their 2020 review, Salvatore et al discuss the
benefits of metformin as an adjunct to reduce the risk and treat HF, but also stress the need for prospective studies.’®
Similarly, although the use of metformin to treat T2D with (at a dose of 1.5 g daily) is associated with a significant
reduction in all-cause mortality, mortality due to cardiovascular events, non-fatal MI, non-fatal stroke, and arterial
revascularization results in the context of treatment with the sulfonylurea, glipizide (30 mg daily), were not significantly
different.'” These data are consistent with the benefits being associated with the anti-diabetes glucose-lowering actions
of the agents rather than specifically to the class of drug.'”* Similarly, treatment with metformin along with the
thiazolidinedione (also known as glitazone or TZD), pioglitazone, or sulfonylurea, has been reported to be associated
with a reduction in stroke, non-fatal MI and all-cause mortality.'*>

Possibly independent of metformin’s anti-hyperglycemic actions it has been hypothesized that metformin increases
intracellular levels of adenosine which in turn prevents myocardial reperfusion injury by activating the adenosine receptor.
The administration of 50 pM metformin in rats protected against myocardial reperfusion injury via the activation of adenosine
receptors and protection was blocked by the adenosine antagonist, 8-(p-sulfophenyl)theophylline (8-SPT); however, the
mechanism of action remains to be elucidated but does not involve effects on adenosine deaminase'*® Others have also argued
that adenosine may in part be responsible for the cardioprotective benefits of metformin.'®” In atrial tissue, adenosine activates
its A1 receptor in the sinoatrial node resulting in the Gy subunit-mediated opening of inward rectifying potassium channels
(GIRK). When administered intravenously adenosine acts as a rapid onset and short-acting anti-arrhythmic drug to convert
supraventricular arrhythmias to sinus rhythm.'”'*°

In summary, the use of metformin in patients with diabetes via its cardioprotective actions reduces the risk of HF that
may accompany AF, however, data from prospective studies are required.

Metformin, AMPK and the Endothelium
The endothelium via pharmaco- and electromechanical coupling to the underlying vascular smooth muscle layer plays an
essential role in the overall regulation of vascular tone, blood flow and conducted vasodilation in the microvasculature. In
addition, the vascular endothelium generates an array of vasodilator agents, notably NO and prostacyclin, as well as
vasoconstrictor molecules such as endothelin 2 and thromboxane A2. Disruption in the balance of locally acting vasodilator
agents, that usually oppose vasoconstrictor molecules, is an important contributor to CVD.'”>2°*"2%2 Metformin also reduces
the levels of the endogenous inhibitor of eNOS, asymmetric dimethylarginine (ADMA). Elevated levels of ADMA are
associated with diabetes and endothelial dysfunction and, in a rat model of hypertension, also elevated blood pressure.?%*>**

An accumulation of evidence indicates that the activation of AMPK by metformin is an important contributor to the
cardiovascular protective benefits of metformin. Metformin activation of AMPK increases eNOS activity and NO-
mediated cellular events that extend beyond direct effects on blood flow and including a positive effect on angiogenesis
and revascularization. These combined actions have been argued to explain the protective effects of metformin in CVD,
including HF, and may also extend to benefits for reducing the risk of AF.!'3:98:92:94.114.180.193.205-207

The anti-inflammatory effects of metformin may in part result secondarily to the activation of AMPK, eNOS and the
enhanced generation of NO.'**2% AMPK-dependent effects include the reduction of lipotoxicity and enhancing
autophagic flux.?°*2'° In addition, AMPK levels have been reported to be lower in cardiac tissue from animal models
of AF, and the restoration of AMPK levels by metformin has been shown to reduce the infiltration of lipids and myofibril
degradation in the diabetic heart.?>'®*2!! Furthermore, treatment with metformin is associated with a lower risk of MI

when compared to insulin therapy.”'? Activation of the AMPK-eNOS-NO pathway also activates peroxisome
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proliferator-activated receptor-gamma coactivator lalpha (PGC-1a) that plays an important role in the regulation of
energy metabolism, cardiovascular function and the biogenesis of mitochondria.?'* 2!

It is important to note that in general, patients with AF are older with the addition of comorbidities such as diabetes,
hypercholesterolemia, hypertension and other disorders, which also negatively affect endothelial function.'”> AF is
associated with endothelial dysfunction, but the mechanism is still unclear. However, the disruption of normal shear
stress, laminar flow, and the resultant turbulent flow that results from the dysrhythmia are likely contributors. Such
disturbed blood flow patterns are proposed to lead to eNOS down-regulation with reduced generation of NO resulting in
hypercoagulability, as has been reported in patients with AF.?'® NO also has strong antithrombotic effects in the arteries
when released by activated platelets it prevents platelet recruitment, impedes plasminogen activator inhibitor-1 (PAI-1)
activity and thus, prevents thrombus formation and development.?'”'® Data from animal models of AF show a reduced
expression of eNOS and low bioavailability of NO that arguably results from the low blood flow in the left atrium due to
the dysregulation of atrial mechanical coupling.?'® Data from patients also indicate that treatment with metformin lowers
the levels of PAI-1 and stimulates the activity of the tissue plasminogen activator (TPA), decreasing the hypercoagul-
ability state and increasing fibrinolysis, thereby attenuating a driver for AF.*?° Furthermore, these effects appear to be
independent of the impact of metformin on glycemic control.”*° However, not all data from patients with and without AF
support a role for the downregulation of eNOS as a major contributor; instead the data link the generation of ROS and its
interaction with NO to produce cytotoxic peroxynitrite as key contributors to atrial myocyte dysfunction.”?' A further
link between AF and endothelial dysfunction is the increase in levels of von Willebrand factor (vVWF), a large
glycoprotein that is required for platelet adhesion, aggregation, and stabilization of Factor VIIT (FVIII).??* 24

In summary, collectively, these data support the argument that treatment with anti-diabetes drugs including metformin
can have a benefit in reducing the risk and mortality associated with CVD such as AF but do not preclude that there are
specific additional benefits that are linked to metformin’s cellular actions to protect endothelial-vascular function. In this
context, metformin use may lower the risk of a stroke,** although not all studies support this conclusion.**

Metformin, AMPK and Connexins

Intercellular communication via gap junction channels plays a critical role in the regulation of numerous cell processes
including the coordinated contraction of cardiac tissue via facilitating the movement of small molecules including calcium and
cyclic nucleotides, but not macromolecules.”*® Gap junction channels are formed from hexamers of connexin proteins that
come together to form connexons, which in the heart play an important role in the propagation of electrical signaling.”*” There
are three main connexins that are expressed in cardiomyocytes, among which, connexin 43 (Cx43) is expressed at the highest
levels in the two ventricles. Cx40 and Cx43 are expressed at equal levels in the two atria, and Cx45 is expressed in the
sinoatrial and atrioventricular node myocytes.””® Cx43 interacts with Zona Occludens-1 (ZO-1) to maintain the optimal
physiological function of the gap junctions found between the adjacent cardiomyocytes thereby maintaining normal cardiac
rhythm. An abnormal distribution, expression, and regulation by phosphorylation of connexins contributes to the structural
and electrical remodelling of the atria and conduction abnormalities, increasing susceptibility to AF.'’* Abnormalities in the
expression of Cx43 proteins and remodelling of the gap junctions have been linked to cardiac arrhythmias and to slower
conduction and re-entry pathways that trigger AF.** In patients with diabetes, expression levels of Cx43 in the atrium are
upregulated. However, phosphorylation of Cx43 is reduced significantly and thereby affecting both the gating of the connexin
channels and the turnover of the gap junctions.'”*?*® Similarly, patients with diabetes are vulnerable to myocardial ischemia
and diabetic cardiomyopathy and the expression of Cx43 is abnormally increased.**'

Based on studies in transgenic mice, it has been found that the differential phosphorylation of Cx43 is important for
the modulation of gap junction function at the intercalated disks and that remodelling of gap junctions contributes to
arrhythmias by slowing the propagation of impulses. This remodelling may provide the basis for arrhythmogenesis.***
Mutations at the CK1 phosphorylation site of Cx43, S325/328/330, have been shown to be deleterious for gap junction
assembly, size, turnover and optimal physiological function of the gap junctions. Such gap junction dysregulation can
lead to electrical remodelling and a vulnerability to developing arrhythmias.?***%

The importance of AMPK and the regulation of connexin expression are supported by data from cardiac-specific LKB1-
knockout mice wherein by the age of 12 weeks 97% have demonstrated spontaneous AF and show structural changes
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including bilateral atrial enlargement. Levels of ROS and inflammatory markers including CRP, interleukin 6, and tumor
necrosis factor a are elevated, but there is decreased AMPK activity and reduced expression of Cx40 and Cx43 proteins.?**
Data from cardiomyocytes from LKB1-knockout mice as well as cardiomyocytes from explanted hearts from patients with HF
and AF have demonstrated evidence of mitochondria dysfunction as evidenced by reduced levels of ATP and changes in levels
of markers of mitochondria function including mitochondrial electron transport chain, matrix, and inner and outer membrane
proteins.”*> Ozcan et al further demonstrated that treatment of cardiac specific LKB1-knockout mice with metformin (10 mg/
kg/day) activated AMPK, and significantly reduced the incidence of AF; as well as the expression of connexin proteins.>*®
Interestingly, a report based on studies with diabetic rats has linked elevated AGEs to reduced phosphorylation of AMPK and
dysregulation of Cx43 thereby promoting AF.'”® Yang et al'’® also reported that the AMPK agonist, 5-aminoimidazole-
4-carboxamide ribonucleoside (AICAR), reversed the effects of AGEs to down-regulate Cx43 expression.

Phosphorylation of Cx43 by protein kinase C-gamma (PKC-y) regulates the assembly and disassembly of Cx43 and
its interaction with ZO-1.23" PKC-y-mediated serine phosphorylation of Cx43 causes disassembly of cardiac gap
junctions, ie, loss of the gap junction Cx43 from the cell membrane or internalization of the gap junction Cx43.%%’
The interaction of Cx43 with ZO-1 is very important for converting the phosphorylation signals into structural and
functional actions, while also maintaining the ability of Cx43 to respond to the activation of PKC-y. Disruption of this
interaction reduces the communication through these gap junctions as there is an increased retention of Cx43 on the
interior of the cell membrane. Together, they are necessary to maintain the size, location, and structural integrity of these
gap junctions and thus regulate the transduction pathway via phosphorylation by PKC-y.*® Activation of AMPK by
metformin, albeit based on the use of a high concentration of 200 uM, has been shown to modulate PKC-y activity in

human breast cancer cell lines>>®

and potentially may have a comparable effect in atrial tissue thereby potentially
contributing to a protective action against AF.

The voltage-gated sodium channel Na, 1.5 also interacts with Cx43 (but not ZO-1) in the perinexus of the cardiomyocytes
and is important for impulse conduction between cells.*** LKB1 knockout mice also have a reduced expression of the cardiac
Na, 1.5 channel and show atrial remodeling that results in hypertrophic cardiomyopathy, thus reflecting an important role for
LKBI in both atrial structure, the maintenance of ionic homeostasis, and electro-mechanical coupling.?*'*** Along with the
reduction in Cx43 and Na, 1.5 that was associated with the knockdown of LKB1, the transforming growth factor-beta (TGF-f3)
pathway was activated and an increased secretion of profibrotic factors were also seen, leading to fibrosis and increased
susceptibility to AF.23>-241242

As previously discussed (Section 1.1.2), metformin has been reported to activate AMPK via the serine-threonine
kinase LKB1.%° However, as an upstream regulator of AMPK, numerous cellular processes are also affected by LKBI,
including glucose utilisation so the cardiac-specific knockdown of LKB1 would be expected to affect numerous cellular
pathways. LKB1 also targets cellular pathways other than those regulated by AMPK and therefore some of the effects of
metformin may be independent of AMPK activation including, for instance, an increase in the production of catalase and
superoxide dismutase and suppression of Bax-dependent caspase 3 mediated apoptosis.?****?

In summary, collectively, data based on pre-clinical in vitro studies indicate that via the activation of AMPK,
metformin may, at least in part, offset pathophysiological changes in the regulation of cardiac connexins and thereby
reduce the risk of AF. Whether, these same mechanisms contribute to the benefits of metformin in treating patients with

AF remains speculative (see Figure 4).

Metformin, AMPK, Mitochondria, ROS and Anti-Inflammatory Effects

The contribution of mitochondrial dysfunction to the pathophysiology of AF has been reviewed by Pool et al.*** Chronic
treatment of mice with a high dose of metformin (300 mg/kg/day) reduces cardiac injury during ischemia-reperfusion and
the effect, linked to the activation of AMPK, improved mitochondrial function and caused a reduction in endoplasmic
reticulum (ER) stress.>*> Support for the link between metformin and a role in the treatment of HF and AF via the
protection of mitochondrial metabolism has been provided by independent studies in a mouse model of HF (coronary
artery ligation) as well as clinical data from a randomized double-blinded study of metformin versus placebo in non-
diabetic patients with HF.>****7 These data together with that summarized in reviews and systematic and retrospective
meta-analysis of clinical cases, support the hypothesis that metformin has cardioprotective actions in patients with HF

272 https: Vascular Health and Risk Management 2024:20

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove

Sarkar et al

A Endothelial function B Connexins
J ) | [ ; =
.. y ]
J \ ﬁ. AMPK activation s
Diabetes
T Do aem ROS and AGE Bt ﬁlﬁ |
activation . PAI-1and poducHon Endothelial \ \
increase in TPA lipotoxicity \
po Stroke JULV T
i i i prevention =]
— Increased ZO-1 Cx‘i i Abnormal
I expressionand  UPregulation gap junction
Endothelial T Endothelial interaction with Cx43 distribution
NOEI Snd hypercoagulability dysfungnon
bioactivi and cause anc,
ioactivity fibrinolysis reactivity
D Ion Channels E Adenosine
Cc ! } o
Cardiac Dysmetabolism ‘ el {)ﬁ AMPK activation
I I AMPK
J l { l activation STK11/LKB1
AMPK activati
Tc Hvation LGt Triglyceride and Lipid )
7 — 1 | fattyacidlevels  ccumulationin Intracellular
Ty o LA apA)Endage .. adenosine
L~ (ca?" PO lipid Kare channels 35
S :
& e n}flltratlon in opening Nais
Calcium  VLCAD diabetic heart | exprevs'sion

Fattyacid Fatty acid B- homeostasis l

and glucose  oxidation +
uptake I £
H
’ s T cgg)m SX rllnegai Other carfdfioprotectlve
Fatty acid B- effects
ot;iydatior? Cardiac action potential receptor '

Oxidative Stress, Inflammation and Apoptosis

! } . [ ! }
3 v @ gm0

) AMPK activation
STK11/LKB1 TNF-a, IL-18, IL-6, CRP, MCP-1 Macrophage polarization Adiponectin levels
and expression of NF-«kB Mitochondrial ROS productlon
l(p\ and oxidative damage
2
-
] O A ~ - Endothelial NOS
AMPK activation g ) . @ T and NO bioactivity
I'Ifl?roducﬂon of M2 anti- . Production of M1 pro- on Insulin sensitivity
Production of catalase Apoptosis
and superoxide
dismutase

Figure 4 Putative sites of action of metformin that contribute to its protective action against AF.

Notes: (A) (Endothelial function): Metformin, via activation of adenosine monophosphate-activated protein kinase (AMPK) increases the bioactivity of endothelial nitric oxide synthase
(eNOS) thereby increasing the generation of nitric oxide (NO). Metformin also reduces hypercoagulability and facilitates fibrinolysis by decreasing plasminogen activator inhibitor-|
(PAI-1) and increasing Tissue Plasminogen Activator (TPA). Additionally, metformin reduces endothelial dysfunction by inhibiting the production of Reactive Oxygen Species (ROS) and
Advanced Glycation End-Products (AGE), as well as endothelial lipotoxicity. Lastly, metformin, in part via its vascular protective effects, reduces the risk of stroke. (B) (Connexins):
Metformin activation AMPK which results not only in beneficial effects on glucose regulation and insulin resistance but also results in increase in the expression of Zonula Occludens-|
(ZO-1) and its interaction with and expression of connexin 43 (Cx43). (C) (Cardiac Dysmetabolism): Metformin, via its activation of AMPK, increases fatty acid and glucose uptake and
fatty acid B-oxidation, while improving calcium homeostasis. Metformin also activates Peroxisome Proliferator-Activated Receptor o (PPARa) either directly or through AMPK, to
increase fatty acid f-oxidation by increasing the activity of Very Long-Chain Acyl-Coenzyme A Dehydrogenase (VLCAD). In addition, metformin reduces triglyceride and fatty acid levels
in the body and inhibits the accumulation of lipids in the left atrial (LA) appendage and the infiltration of lipids in the diabetic heart. (D) (lon Channels): Metformin activation of AMPK
results in the inhibition of the opening of ATP-sensitive potassium (Krp) channels, and it also increases the expression of voltage-gated sodium channels (Na, I.5) by activating serine/
threonine kinase || (STKII/LKBI1) (also known as liver kinase Bl (LKBI)), either through AMPK activation or its direct effect on Na, 1.5 expr'ession.35 (E) (Adenosine): Metformin
activation of AMPK leads to an increase in intracellular adenosine which has cardioprotective effects via the adenosine A, receptor. (F) (Oxidative Stress, Inflammation and Apoptosis):
Metformin activation of AMPK via the STK| I/LKBI pathway results in the activation of eNOS, and increased production of catalase and superoxide dismutase which reduces ROS, and
inhibits apoptosis. Metformin also decreases the generation of pro-inflammatory cytokines and inflammatory including Tumor Necrosis Factor-o. (TNF- o), Interleukin-1p (IL-1p),
Interleukin-6 (IL-6), C-Reactive Protein (CRP), Monocyte Chemoattractant Protein-1 (MCP-1), and Nuclear Factor-kB (NF-kB) and induces the polarization of macrophages towards
anti-inflammatory M2 subtype over the pro-inflammatory M| subtype).**'%*'”® Created with BioRender.com.
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and coronary artery disease (CAD) that extend beyond those reported in patients with diabetes and result from improved
cardiac metabolism and reduced oxidative stress.”®**® For instance, several studies have reported that metformin reduces
mitochondrial ROS production and thereby ameliorates oxidative damage and apoptosis in the (atrial cell lysis and
myolysis) heart, while increasing mitochondrial oxidative metabolism and Ca”" levels.''®'*® Similarly, metformin has
been shown to reduce tachycardia-induced oxidative stress and myolysis in the heart in in-vitro experiments with mouse
atrial myocytes 22 as well as reduce the ROS production due to tachypacing.?"'®

Metformin, via the activation of AMPK and downstream effects, enhances SIRT3-mediated mitochondria biogenesis
and protects against senescence in human aortic endothelial cells in culture.>*’ Evidence that metformin may have the
same effects in patients with T2D is provided by data showing that treating patients with metformin at a dose of
1700 mg/day for at least one year corrected the expression of electron-chain complex proteins and reduces plasma levels
of ROS in peripheral blood mononuclear cells (PBMCs) in 141 patients with T2D versus data from 101 healthy
controls.”>® Thus, in PBMCs from patients with T2D, levels of the mitochondrial serine/threonine PTEN-induced kinase
1 (PINK1) as well as the mitochondria quality control protein, Parkin, were reduced in comparison to those from
controls; levels were restored after metformin treatment.*>' Similarly, metformin restores PGClo. expression, indicating
a role for metformin to enhance mitochondrial biogenesis and to protect cells from diabetes and stress-induced
mitochondrial dysfunction.”>® Comparable data for positive effects of metformin on PGCla expression and mitochon-
drial biogenesis have been reported in rat and human hepatocytes treated in cell culture protocols with high (0.5 to 2 mM)
concentrations of metformin.*"'

Pro-inflammatory biomarkers such as IL-6, IL-17, TNF-a and CRP that are elevated in patients with diabetes are
associated with dilatation and structural remodelling of the atria and an increased incidence of AF.?* Pro-inflammatory
mediators potentially can directly induce arrhythmias.>>* These data suggest that the protective effects of metformin
treatment against AF include the reduction of inflammatory factors such as CRP and IL-6.**2% Furthermore, the
pathways of glycolysis and fat oxidation, among others, are also associated with activation of the NLR family pyrin
domain containing 3 (NLRP3) inflammasome in macrophages.”>* A rise in the level of Ca*" in the mitochondria also
leads to NLRP3 inflammasome activation via increased ROS production. The inflammasome is a crucial inflammatory
signaling complex, and its activation sensitizes the cardiac myocytes to inflammatory mediators, and causing them to
become susceptible to spontaneous Ca®" leaks and arrhythmogenic after depolarizations. Targeting the NLRP3 inflam-
masome signaling to treat AF is supported by results of a study of atrial cardiomyocytes from patients with AF wherein
there was increased NLRP3 activity in AF.**> That metformin, via AMPK/mTOR signaling, can reduce NLRP3 activity
is supported by cell culture data showing the effects of 2 mM metformin in cardiomyocytes from streptozotocin-induced
diabetic mice treated with oral metformin (200 mg/day, for 8 days).”® The potential for targeting the NLRP3
inflammasome with metformin for the treatment of CVD has been reviewed in 2020 by Salvatore et al,”® and will not
be discussed further in this review.

In summary, data from both pre-clinical and clinical studies indicate that metformin is associated with improvement
in mitochondria function that can be argued to have beneficial effects in reducing inflammation and protect endothelial-
vascular and cardiac function thereby reducing the risk of developing AF and HF.

Atrial Remodelling

Patients with diabetes are susceptible to structural and electrical remodelling of the atrium, which in turn enhances the risk of
AF. Evidence from both cellular and clinical studies indicates that metformin can reduce the impact of remodeling and thereby
reduce the risk of AF.*>'722%7 Glycemic fluctuations, oxidative stress and inflammation go together in diabetes and contribute
to the remodelling of the heart.** Based on both animal and human studies, hyperglycemia has been linked to triggering
remodelling.'®*-***2% Additionally, activation of AGEs and RAGE and the RhoA and Rho-associated protein kinase (ROCK)
pathway along with oxidative stress, inflammation and ROS production, and changes in connexin expression also contribute to
the proarrhythmic remodelling of the atria.'’*® Increased pro-inflammatory factors such as TGF-B and connective tissue
growth factor (CTGF) lead to increased atrial fibrosis, which in turn causes stiffening of the atria and the ventricles to

contraction/relaxation, leading to diastolic dysfunction, and remodelling of the atria.?*'">
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Studies have also found that a large left atrial size, left ventricular hypertrophy and poor functioning of the left
ventricle correlate with a high AF prevalence.'® Furthermore, studies show an association between diabetes and
disordered arrangement and increased area of cross-section of the atrial cells, with the appearance of irregular myofibril
arrangement, swollen, fragmented or vacuolated mitochondria and Z-lines that have degenerated.'’® All of these factors
contribute to the structural remodelling and increased susceptibility to AF development.

Diabetes is also associated with the proarrhythmic electrical and electrophysiologic remodelling of the atria. Diabetes
is associated with the slowing of atrial conduction, along with the prolongation, spatial dispersion and changes in action
potential duration (APD).?®' Changes in the ionic currents for Na*, K* and Ca** may also alter the conduction velocity or
the morphology of the action potential in the atria, making the atria vulnerable to the development of AF.'® Data based
on a study with diabetic rabbits showed a decrease in the Na* current and an increase in L-type Ca>" current linked to
abnormalities in atrial conduction.'”®!83

In conclusion, metformin, by virtue of its anti-hyperglycemic actions, may help offset both structural and electro-
mechanical remodelling and thereby contribute to reducing the risk of AF. This conclusion is supported by data from
a study with a high fat and high sucrose-fed rat model of T2D, which shows that metformin corrects the expression
levels of calcium-activated potassium channels SK2 (K¢,2.2) and SK3 (K¢,2.3).°*?% Additionally, metformin has
been reported to reduce the production of ROS and other oxidative components such as AGEs, which adds to the

efficacy of metformin to protect against endothelial dysfunction.’** Nantsupawat et al*>

have reviewed the pre-clinical
and clinical data that provides support for metformin targeting a number of pathways that prevent the structural
remodelling of the atria and potentially contribute to the claimed beneficial effects of metformin in reducing the risk of

AF (see Figure 5).

Metformin, AMPK and Cardiac Metabolism
Cardiac muscle is active continuously under aerobic conditions (oxidative phosphorylation), and relies mainly on fatty
acid oxidation (approximately 95%), over glucose oxidation (approximately 5%) as a source of energy, due to the relative
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Figure 5 Metformin reverses pathological remodeling.

Notes: Putative targets for metformin to reverse pathological cardiac remodeling. (A) (Structural Remodeling): Metformin activation of adenosine monophosphate-activated
protein kinase (AMPK) results in improved energy balance, improved mitochondrial function, inhibition of fibrosis, and reduced generation of Reactive Oxygen Species
(ROS). AMPK also corrects gap junction expression and improves cell-to-cell coupling. Metformin reduces the generation of pro-inflammatory mediators leading to
reduction in fibrosis and degradation of myofibrils in the diabetic heart. Lastly, metformin also reduces the production of Advanced Glycation End-Products (AGE) and
Receptors for Advanced Glycation End-Products (RAGE) by counteracting hyperglycemia, which also reduces ROS and tissue fibrosis. (B) (Electrical Remodeling): In animal
models as well as in humans metformin reduces electrical remodeling by improving ionic homeostasis via the activation of AMPK. (C) (Electromechanical Remodeling):
Metformin has direct effects to improve ionic homeostasis and inhibit fibrosis and reduce electromechanical remodeling. (D) (Autonomic Remodeling): Metformin, via its
anti-diabetes actions, reduces the risk of autonomic neuropathy thereby reducing remodeling of the heart.''®'¢¢'%8-!70 Created with BioRender.com.
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efficiency of the former vs the latter in terms of ATP production.®>%® In brief, fatty acid uptake into cardiomyocytes
occurs through plasma membrane protein transporters that involve fatty acid translocase (FAT)/CD36 and fatty acid-
binding proteins (FABP).>’ Fatty acids are oxidized in the mitochondria (B-oxidation) forming acetyl-CoA which is then
used as a substrate in the Tricarboxylic Acid Cycle (TCA).>*® Glucose uptake into cardiomyocytes occurs via GLUT]
and GLUT4 transporters and is oxidized via glycolysis to produce pyruvate as the end-product, along with ATP. Pyruvate
is converted to acetyl-CoA by the pyruvate dehydrogenase complex (PDC), which is fed into the TCA cycle.?*® The heart
can also utilize, to a limited extent, ketone bodies, which in a normal heart may provide 10-15% of the ATP supply.”’°

In pathologic states, such as AF, cardiac metabolism is impaired and this predisposes the heart to atrial arrhythmias,
which in turn negatively affect metabolic activity, thus contributing to a downward spiral that further enhances metabolic
dysregulation. The role of the dysregulation of cardiac metabolism to arrhythmogenesis and the mechanisms and
potential benefits of metformin have been reviewed by Lkhagva et al.''® Cardiac disease is also associated with
a greater contribution of ketone bodies to energy supply.®’'*’* In addition, analysis of transcriptional data from patients
with AF indicates there is a downregulation of the enzymes that regulate fatty acid oxidation and a compensatory
upregulation of the enzymes involved in glucose utilization.?”* In patients with new onset AF, as for instance with post-
operative AF, there is a decrease in expression of the fatty acid-binding protein, FABP3, and this decrease is associated
with a lower level of fatty acid uptake and oxidation.’* In contrast, chronic AF is associated with a higher expression of
FABP3 and an increase in the uptake of fatty acids into myocytes.”’> As a consequence, patients with chronic AF have
higher levels of free fatty acids in the serum and a higher expression of genes involved in transport uptake of fatty acids
into the atria. The increased uptake promotes arrhythmogenesis of AF in these patients.”’® Furthermore, elevated plasma
levels of fatty acids as well as glucose inhibit Na"/K" ATPase, resulting in an increase in intracellular Na” and Ca”" that
can induce cardiac dysfunction and arrhythmias.?”” 7

In patients with T2D, the risk of AF is enhanced as insulin resistance reduces glucose uptake and utilization, while
increasing fat oxidation, thereby decreasing the flexibility to obtain energy from alternative substrates, and enhancing the
susceptibility of the heart to ischemia and arrhythmogenesis. Supportive evidence is provided from studies with regular
versus irregular paced rat cardiomyocytes as well data from mouse and human atrial myocytes-paced models of AF that
indicate that the transport of glucose into cardiomyocytes is reduced due to a lower expression of GLUT4 transporters
and a reduced expression of the protein SNAP-23, which is required in the translocation of GLUT4 to the plasma
membrane.”®® The reduced expression and translocation of glucose transporters is associated with an increase in fat
uptake into these cells as a result of the increased expression of FAT/CD36 in the membrane, thus further enhancing the
downward spiral of cardiac metabolism dysregulation.”®' A correlation has also been shown between infiltration of
adipose tissue in the epicardium of patients with diabetes, which can contribute to the development of AF.**?

As a result of the accumulation of fatty acids inside cardiomyocytes, ROS levels and lipotoxicity are enhanced, and
this increase in ROS results in mitochondrial dysfunction, which also occurs with aging.’®**! The overproduction of
ROS results in the oxidation and activation of calmodulin-dependent protein kinase 11 (CaMKII) at methionines 281/282,
which is involved in the regulation of Ca** handling, resulting in Ca®" dysregulation and arrhythmogenesis.”® The levels
of GLUT4, PPARGa, sirtuin-1, mast cell protease 1 (mCPT-1), medium-chain acyl-CoA dehydrogenase, and peroxisome
proliferator-activated receptor-gamma coactivator-lalpha (PGC-la) are substantially downregulated, signifying
a reduced glucose uptake.”®* In patients with short-term AF, such as paroxysmal AF (intermittent, spontaneous termina-
tion or within a week of treatment) and short-lasting persistent AF (does not terminate within a week), mitochondria are
able to adapt to the ATP demand through oxidative phosphorylation.''®?*> However, in patients with longstanding AF,
the mitochondria fail to cope, leading to a diminished ATP level. The reduction in intracellular ATP levels affects
enzymatic reactions and the ionic balance across membranes, impairing the ionic homeostasis and contractions of the
myocytes.”® This reduction in ATP also leads to an increased compensation via anaerobic glycolysis, resulting in an
increased lactate production, similar to the metabolic stress related to the Warburg effect. Studies have detected increased
levels of lactate in the cytosol and inhibition of pyruvate dehydrogenase by kinases suggesting that pyruvate is
increasingly converted into lactate rather than acetyl-CoA, in a context of anaerobic glycolysis/Warburg effect in the

cardiomyocytes and the uncoupling of glycolysis from mitochondrial oxidation of pyruvate in AF.?*¢ Increased lactate
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accumulation has been shown to promote arrhythmogenesis and thereby contribute to the development of AF through the
dysregulation of the electrophysiological characteristics of the atrial cardiac cells.?®” 2%

In canine models of AF, levels of very-long chain acyl-CoA dehydrogenase (VLCAD) the rate-limiting enzyme in the
B-oxidation of fatty acids in the mitochondria are reduced. In this context, metformin can reduce fat accumulation by
upregulating the AMPK/PPARa/VLCAD pathway.?> It remains unclear if this effect is AMPK-dependent or indepen-
dent. However, AMPK activates the peroxisome proliferator-activated receptor o (PPARa), which in turn activates the
VLCAD to stimulate B-oxidation of fatty acids, thereby providing another potential mechanism whereby metformin may

reduce AF.>>

Metformin reduces the accumulation of lipids and the levels of triglycerides and free fatty acids in the left
atrial appendage and stimulates the uptake and B-oxidation of fatty acids, while reducing the synthesis of triglycerides
and fatty acids, and inhibits both ACC 1 and 2 through the same AMPK/PPARa/VLCAD pathway.>*°

In conclusion, metformin, via the activation of AMPK, stimulates uptake of both glucose via GLUT4 transporters, and
B-oxidation of fatty acids while reducing the synthesis of triglycerides and fatty acids, and inhibiting both ACC 1 and 2; this
provides strong support for a protective action of metformin against AF."'®?°*?°! Treatment of patients with T2D with
metformin has also been reported to increase adiponectin levels, which in turn increase insulin sensitivity and B-oxidation of
fats and reduce hepatic glucose synthesis; this reduces metabolic dysfunction and the risk of AF.>*> However, the
relationship between adiponectin levels and AF may be U-shaped as high levels of adiponectin have been linked to
a heightened risk of AF, requiring further investigation.*”*
In summary, treatment with metformin via its AMPK-mediated effects on cardiac metabolism can correct metabolic

dysfunction and thereby reduce the risk of AF.

Limitations

Our study has Limitations. Although we reviewed an extensive literature base such is the interest in the potential for
repurposing metformin for multiple diseases, including AF, it was not possible to provide equity and critically evaluate
and cite all of the studies with the same level of emphasis. Another limitation, is that care is required in extrapolating data
from pre-clinical studies with metformin to the clinical setting. To offset this limitation we have, where appropriate,
provided a critique of the protocols used in these studies. Furthermore, as has been emphasised, there are very few
studies that address the effects of metformin in patients without diabetes, thus potentially biasing our conclusions in
favour of a pleiotropic effect of metformin in reducing the risk of AF. However, we have been careful to repeatedly
address this issue by providing the details of the studies as well as the limitations of the studies that we have cited.

Conclusions

There is a general concordance based on extensive data primarily from pre-clinical studies that metformin, via the
activation of both AMPK-dependent and AMPK-independent signaling pathways, has multiple actions on glucose and
lipid metabolism as well as cardiac and endothelial-vascular function that could contribute to reducing the risk of
diabetes-associated CVD, including the risk of AF. Figure 6 provides a summary of the major benefits of metformin that
may offset AF and support the use of repurposing metformin to treat AF. Data from pre-clinical studies also provide
evidence that metformin via a number of cellular mechanisms that include effects on cardiac gap junctions can reduce the
risk of AF by reducing the risk of arrhythmogenesis. A number of observational studies (see Table 1 and®>2"*%) also
provide support for a protective effect of metformin against the development of AF thereby supporting the argument that
treatment with metformin would be a useful adjunct in the management of AF. However, data from the same clinical
studies show that the benefits were not sustained in older (>65 years old) patients. In addition, to date there is also a lack
of sufficient supportive data from prospective RCT double-blinded studies. One such RCT study, which investigated the
effects of metformin on the occurrence of arrhythmias post coronary artery bypass surgery, failed to show a benefit of
metformin over placebo.””* Interestingly, the conclusions are similar for GLP-RAs where pre-clinical and data from
observational clinical data are supportive of protection against the development of AF, whereas data from prospective
studies, such as REWIND, have failed to show a benefit over placebo.'®” The lack of positive data from RCTs needs to
be tempered by the fact that to date relatively few studies have been completed and therefore a definitive conclusion
cannot be reached at this time. Nevertheless, for the majority of patients with T2D, metformin is a safe drug that has
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Figure 6 Metformin as a treatment for AF.

Notes: In this schematic metformin is depicted to have multiple beneficial effects that collectively lower the risk of AF and arguably justify its repurposing as an adjunct
therapeutic drug for the treatment of atrial fibrillation (AF). A long history of clinical use indicates that metformin, via its antihyperglycemic and insulin sensitizing actions, is
a safe drug for the treatment of type 2 diabetes that unlike sulfonylureas and insulin is not associated with the risk of hypoglycemia. These actions as an anti-diabetes agent
may entirely explain metformin’s putative benefits in AF including the reduction of oxidative stress, cardiac metabolism dysregulation, inflammation and decreased fibrosis
and structural remodeling; however, pleiotropic actions of metformin may also contribute. An accumulation of evidence supports the hypothesis that metformin’s cellular
actions are mediated, at least in part, via the activation of 5’ adenosine monophosphate-activated protein kinase (AMPK), either directly or via activation of upstream kinases
such as liver kinase Bl (LKBI). AMPK has multiple downstream targets that include: (i) Effects on cardiac connexins and ion channels that can improve electrical conduction
in the heart. (ii) Enhanced activity of endothelial nitric oxide synthase (eNOS) and generation of nitric oxide (NO) that has multiple positive effects to improve endothelial
function and reduce cardiac and vascular dysfunction that collectively can reduce the risk of AF. (iii) A reduction of oxidative stress in part via its antihyperglycemic actions
and beneficial effects on fatty acid uptake and metabolism in the heart as well as also via direct effects on mitochondrial function. (iv) Collectively, these actions result in
a reduced inflammation, and beneficial effects to offset atrial remodeling. Created with BioRender.com.

proven benefits in terms of improving glycemic control with a minimal risk of hypoglycemia and has cardiovascular
protective actions and is therefore appropriate to be used in patients with T2D who are also at risk of AF. At the same
time (as is the case for all drugs) there are potential side effects associated with the chronic use of metformin such as

vitamin B12 deficiency plus its associated neuropathy and elevated risk of AF and other cardiac arrhythmias.'**'5

d,13 0-133 a5 well as the environmental

Concerns over use in pregnancy and effects on fetal growth have also been expresse
effects of metformin when it ends up in wastewater, which, as we have discussed, have been linked to potential effects on
human reproductive health.'?® Finally, it remains uncertain whether metformin’s multiple cellular effects via AMPK

extend to benefits in patients without diabetes, and additional data is needed from appropriately designed RCTs.
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