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Preface

It is now known that the causes and pathogenesis of many complex chronic diseases are
usually polyfactorial: genetic, environmental, constitutive factors, or a combination
of these. Many compounds have emerged as new potential therapeutic drugs for the
treatment of chronic and/or complex diseases.

Poly-target molecules have recently been recognized and efficiently used in the
treatment of several metabolic disorders, infectious and inflammatory diseases.
Enzymes capable of catalyzing several reactions are known as promiscuous
enzymes, for example, lipase, which is capable of converting lipids, phospholipids
or triglycerides into the corresponding fatty acids and alcohols. Promiscuity with
respect to the substrate (e.g., an aryl esterase of carboxylic acids acting on an amide
bond) can be called catalytic promiscuity. A further class of promiscuity is based
on the capability of small molecules (e.g., valproate, metformin, aspirin, quinine)
to selectively react with many receptors, leading to diverse pharmacological
activities.

A combination of different pharmacophores can be chosen from single-target
ligands and a series of compounds screened using computational models and/or
optimization using in vitro assays. Computer-aided drug design (CADD) can be used
to examine the possible interaction of ligand (drug) and receptor (target). Proteins/
antigens, as found in many infectious diseases or cancers, must be carefully selected.
Homologous proteins should not be present both in the causative agent and in the
host.

This book discusses the diverse applications of multi-target compounds in the treat-
ment of many chronic complex health disorders. Each chapter presents up-to-date
poly-pharmacology research, with particular reference to metformin, the broad-ranging
applications of which are illustrated in the circle below.

Chapter 1 presents the chemical and biological poly-pharmacology of metformin. New
insights into the use of metformin for diabetic patients are introduced in Chapter 2.
Chapter 3 reviews the beneficial effects of metformin on DM-related cardiovascular
complications and dissects the potential molecular mechanisms. while Chapter 4
discusses glycemic and extraglycemic effects of metformin in patients with diabetes.
Chapter 5 familiarizes the effects of metformin in non-diabetes related medical
disorders, advances in our understanding of this drug and its pathways in health and
diseases.

We hope this book will be useful to a wide range of readers, from students first learn-
ing about natural coloring compounds, to advanced clinicians, nutrition specialists,



and researchers looking for a review of current treatments and conceptualizations

of chronic conditions.

XIvV

Farid A. Badria

FAB-Lab,

Faculty of Pharmacy,
Pharmacognosy Department,
Mansoura University,
Mansoura, Egypt
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Chapter1

Metformin: A Small Molecule
with Multi-Targets and Diverse
Therapeutic Applications

Farid A. Badria, Ahmed R. Ali, Ahmed Elbermawi,
Yhiya Amen and Adel F. Badria

Abstract

Metformin is one of the most prescribed agents in the treatment of type 2 diabetes.
Its history goes back to the use of goat’s rue (Galega officinalis Linn., Fabaceae). G.
officinalis is rich in galegine, a guanidine derivative with a blood glucose-lowering
effect. Research based on the effects of guanidine rich on this traditional herbal
medicine led to the development of metformin. Metformin continues to serve as a
multi-target drug. Its benefits for treating/controlling several diseases were thor-
oughly discovered over time. These include health disorders such as cancers, obesity,
periodontitis, cardiovascular, liver, skin, and renal disorders. Moreover, there is
evidence to propose that metformin postpones the aging processes as well as modu-
lates the microbiota to promote better health. So far, it is not fully understood, how
metformin can accomplish such pleiotropic pharmacological and therapeutic effects.
Metformin may decrease malignancy via suppressing the signal of insulin/IGF-1,
avoiding the release of cytokines via NF-kB, and increasing the immune reaction to
cancer cells. This chapter discusses the history of metformin discovery, chemistry, its
role in diabetic patients, and proposed molecular mechanisms to shed more light on
the diverse effects and its ability to target multiple signaling pathways.

Keywords: metformin, galegine, biguanides, type 2 diabetes, drug repurposing, cancer,
metabolic disorders, degenerative diseases

1. Introduction

Currently, polyfunctional or polypharmacy or multiple targets may present new
therapeutic avenues for drugs for the treatment of many chronic and/or complex
health disorders which constitute multifactorial pathogenesis, for example, genetics,
environment, and lifestyle.

Recently, poly-target molecules including metformin have been recognized and
efficiently used in the treatment of several metabolic disorders, infectious, and
inflammatory diseases.
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2. Concept of multi-target drugs

Polyfunction or polypharmacy or multiple targets have emerged as new poten-
tial therapeutic drugs for the treatment of chronic and/or complex diseases. It is
well-known that many chronic diseases are usually polyfactorial including different
genetics, environment, constitutive, and mixed aspects [1].

Recently, poly-target molecules have been recognized and efficiently used in the
treatment of several metabolic disorders, infectious, and inflammatory diseases [1].
Promiscuous enzyme is an enzyme that is capable to catalyze several reactions; for
example, lipase enzyme is capable to convert lipids or phospholipids or triglycerides
to corresponding fatty acids and alcohols [2]. Also, the promiscuity of substrate (aryl
esterase of carboxylic acids) acts on amide bond and could be called catalytic pro-
miscuity. Moreover, there is another class of promiscuity based on the capability of
small molecules (e.g., valproate, aspirin, and quinine) to selectively react with many
receptors leading to diverse pharmacological activities [2].

Acetylsalicylic acid proved to act by different physiological and pharmacological
targets; for example, cyclooxygenase enzyme which may modulate several signal-
ing pathways, and subsequently prompt poly-target-dependent pharmacological
activities [1].

3. Approaches for developing multi-targets agents
3.1 Approach 1 (fragment-based)

Choosing a combination of different pharmacophores from single-target ligands
and screening a series of compounds using several computational models and/or via
optimizing in vitro assays [3].

3.2 Approach 2 (selection-based target)

Based upon the selection of preferentially expressed protein/antigen as mani-
fested in many infectious diseases or cancer. These selected proteins must not retain
homologous proteins in the same person or the selected proteins ought to be different
to keep the selectivity [1, 3]. However, in this approach many other parameters need
to be considered:

1. The characteristics of the disease under investigation (inflammatory, infectious,
metabolic, or complex).

2. The mode of drug/compound resistance (adaptive or mutation or amplification
of target amplification) [1].

3.3 Approach 3 (molecular docking or computer-assisted drug [CAD])

The design of CAD may be used to examine the possible ligand (drug) interac-
tion with a receptor (target) to figure out the existing energy and possible extent of
interaction. Therefore, based on this approach, we may arrange the existent ligand—
target interactions based on the calculated energy. The prediction of interaction will
be based on binding energy between a drug/compound and a target [4].
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4. Applications of multi-targets compounds
4.1 Complex health disorders (CHDs)

Several inherent and/or environmental factors represent the major causes of the
complex health disorders as presented in Figure 1. There are many examples of CHDs
but not limited to malignancy.

4.2 Drugresistance

Drug resistance may be defined as a decrease in the efficacy of certain drugs; for
example, anticancer, antimicrobial, and anti-epilepsy in curing or alleviating the
symptoms and/or conditions of a certain disease. Moreover, the term “drug resis-
tance” could be used alternatively in acquiring resistance to many types of cancers or
common pathogens.

Generally, drug resistance may be attributed to one or more of the following
mechanisms [1-4]:

* Releasing of drug/compound-inactivating enzymes

* Alteration of an existing receptor

* Acquisition of a site/target by-pass system

* Reduction of permeability of cells

The activity of metformin on modulating drug resistance of several types of
cancers may influence the proliferation and metastasis of resistant cells resistant to

Figure 1.

Cfmplex health disorders (CHDs) may present complex and combined factors; for example, genetics,
environment, and lifestyle which may vepresent the major causes of complex health disorders, metabolic disorders,
chronic degenerative, inflammatory, and neurological disovders. Multi-target compounds are very much valuable
in the modulation of CHDs where patients may avoid the risk of drug—drug interaction, drug intolerance, and
sustain better tolerance and pharmacokinetics [4].
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tamoxifen or paclitaxel in the case of breast cancer, for example, via focusing on many
changes in the Scribble (SCRIB)-induced activation of the Hippo pathway [5].

Metformin (MET), which exhibits anti-cancer activity via induction of AMP-
activated protein kinase (AMPK), directly phosphorylates YAP and inhibits YAP
transcriptional activity [6, 7].

4.3 Drug repositioning

Drug discovery or development of new drugs can be very lasting, costly, prone to
many side effects, tolerability, and toxicity, as well as high cost [8]. Therefore, drug repo-
sitioning or drug repurposing may consider a well-accepted concept. For the last decade,
metformin has been extensively proven high safety and tolerability in many clinical
trials, especially when used as adjuvant therapy in many resistant drug cancer [8].

Drug repurposing may include a broad spectrum of old or recently approved
drugs; for example, FDA-approved drugs or old, or even shelved drugs. Serendipity
was the main avenue for discovering new uses for commonly available old drugs.
However, computer-assisted drugs (CAD) showed to be an efficient method for
retrospectively discovering new uses/targets for several known drugs [9].

5. Metformin: a unique model for small molecules with multi-target
effects

Metformin molecules retained unique chemical and dynamic features. Chemically,
metformin is a derivative of guanidine, one of the closely related active components
in Galega officinalis Linn. (goat’s rue) [9]. Chemical studies of G. officinalis showed
that the plant was rich in guanidine and related compounds and proved to have hypo-
glycemic activity in animals but retained high toxicity in humans [10]. Therefore, a
less toxic component of G. officinalis, galegine (isoamylguanidine), has been brought

NH H NH HN NH HN
' \K\/N NHy HaN— DN HN— DN
HaN™ “NH, \[r HN—(CHz)10—NH HN—(CHg)12—NH
1 2 3 4
XL X
“T NN,

Figure 2.
Evolution of metformin discovery from Galega officinalis plant; guanidine (1), galegine (2), synthelin A (3),
synthelin B (4), and metformin (5).
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to light and it was used as an antidiabetic agent in the 1920s. Unfortunately, its
toxicity caused it to be swiftly discontinued. However, the unique chemical nature
of galegine has led the pharmaceutical industry to a new drug lead with lipophilic
nature [11]; for example, Synthelin A (decamethylene diguanide) and Synthelin B
(dodecamethylene diguanide) with better activity, tolerability, and unique dynamic
and energetic structure as well as the interaction features with DNA minor grooves
with AT-rich minor grooves of DNA [11-14] (Figure 2).

Generally, metformin, a biguanide derivate, is considered a safe drug. However, the
evolution for developing metformin starts from galagine (1) which was isolated from
G. officinalis plant, then followed by guanidine (2), biguanidine with (-CH2-)10 chain,
(-CH2-)12 chains as a linker between the two guanidine moieties for Synthalin A (3) and
Synthalin B (4), respectively. Unfortunately, even though their antihyperglycemic activ-
ity was better than metformin but showed to be more toxic with several side effects.

6. Metformin uses in CHDs

There are diverse and multiple therapeutic targets; inflammation, metabolic dis-
orders, cancer, and degenerative diseases which are revealed to be hit by metformin as
presented in Figure 3.

6.1 Metabolic disorders

This may include type 2 diabetes (DM-Type II), obesity, atherosclerosis (CVDs,
NASH), inflammation, and infectious disorders.

“_LIVER|  RENAL
DISEASE _ DISEASE (

0

DIABETES

 INDIRECT] CARDIOVASCULAR
 DISEASE DISF..-\SE.\

Figure 3.

Metformin has been recognized and efficiently used in the treatment of seveval metabolic disorders, infectious,
and inflammatory diseases. Having an enzyme capable to catalyze several reactions (Promiscuous engyme); for
example, lipase enzgyme is capable to convert lipids or phospholipids or triglycerides to corresponding fatty acids
and alcohols.
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6.1.1 Hepatic gluconeogenesis

Metformin can regulate hepatic gluconeogenesis via different mechanisms; for
example, activation of AMPK which leads to accumulation of AMP and subsequently
reduces the level of cAMP via inhibition of adenylate cyclase. Moreover, glycerophos-
phate dehydrogenase (mGPD) in mitochondria (enzyme responsible for converting
glycerol to dihydroxyacetone phosphate). This inhibitory activity of mGPD will lead
to the augmentation of both glycerol and glycerol-3-phosphate and suppress gluco-
genesis via alteration of the redox state in the cytosol [15].

6.1.2 Gut microbiome and inflammation

The gastrointestinal (GIT) physiology with its gut microbiota in glucose metabo-
lism plays a major role in metformin efficacy and tolerance. Healthy GIT may
contain huge numbers of microorganisms not limited to bacteria and fungi but may
have viruses, protozoa, and fungi. The collective microbiome genomes encode over
100-fold genes more than the human genome generating many metabolites which
can affect the health of the human; for example, inflammation, immunity, and
microenvironment metabolism as production of fatty acid (short-chain fatty acid
[SCFA]) which may lead to type 2 diabetes [16]. Therefore, a clinical study proved
the capability of metformin to increase the number of beneficial bacteria such as E.
coli species which proved to reduce the risk of the incidence of type 2 diabetes. On
the other hand, the role of the microbiome as a cause or result for therapeutic benefit
would require further investigation [17].

Metformin multi-targeted actions are induced through non-AMPK pathways and
AMPK mechanisms [18]. Therefore, a wide range of beneficial effects were observed
in several systems of the body including GIT, lung, kidney, pancreas, and CVS [18].

6.1.3 Cardiovascular systems

A prospective study carried out in the UK (UKPDS) showed that cardiovascular dis-
eases are a major complication of type 2 diabetes [19]. Separately, in the USA the program
for the prevention of type 2 diabetes revealed the significant role of metformin in the
prevention of type 2 diabetes via its effects on impaired glucose tolerance (IGT) [20].

Metformin has shown positive progress in the number of clinical outcomes of
CVD, including dyslipidemia, endothelial dysfunction, and systemic inflamma-
tion [21]. Regarding endothelial dysfunction, Metformin does this improvement by
increasing nitric oxide synthase (eNOS) releasing the vasodilator agent, nitric oxide
(NO). Additional pathways include stimulation of AMPK, inhibition of mitochon-
drial complex 1, and suppression of apoptosis [22].

Metformin has shown favorable effects on blood flow in several studies. It was able
to enhance the reaction of hemodynamics to amino acid L-arginine (early NO precur-
sor, vasodilator agent) [23]. Metformin also decreased dimethylarginine levels (NOS
endogenous inhibitor) and reduce clot formation via diminishing platelet activity
reduced through extracellular mitochondrial DNA (mtDNA) release [24].

6.1.4 Inflammation and infection

Metformin was initially used in many infectious diseases; for example, influenza
and as a synergetic drug treatment in broad numbers of common diseases [25].
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Figure 4.

Metformin with unique chemical features, multiple therapeutic targets, high safety therapeutic margin, and
affordable economic cost may contribute to reducing mortality and improving recovery due to pandemic diseases;
for example, COVID-19 and its fatal complications.

Repurposing metformin for fighting the current pandemic of COVID-19 represented
a promising strategy as an adjunctive therapy by altering the immune responses to
treat infections [26, 27]. A great advantage of metformin use is its lower mortality rate
in patients with type 2 diabetes affected by COVID-19 when compared to its coun-
terparts, especially among women population with obesity [28, 29]. Patients with
COVID-19 infection who received metformin developed lower levels of interleukins
[30] and other inflammatory bio-markers compared to non-users [31]. In addition,
patients with type 2 diabetes are likely to develop upper respiratory diseases as well
as their complications as presented in Figure 4; for example, chronic obstructive
pulmonary diseases [32].

Long-term treatment with metformin among patients with type 2 diabetes was
linked with a decreased ratio of neutrophil/lymphocyte, compared with sulfonylurea
antidiabetic drugs [33]. In addition, metformin showed a protective effect among
patients with type 2 diabetes regarding pneumonia-related hospitalizations and
mortality rates [34].

In a clinical trial comparing metformin with placebo, the study revealed that met-
formin decreases the extent of pneumonia and also all pro-inflammatory cytokines
among treated patients when compared with the placebo group [35]. The metformin
protective effects against pulmonary infections have been hypothesized according to
several mechanisms. In lung injury induced by hypoxia in animal models, metformin
reduced the level of inflammatory mediators; for example, cytokines IL-6 and TNF-
alpha [36]. Such traps, when overexpressed may result in exaggerated inflammatory
responses with damaging effects [37].

6.2 Breast cancer

Insulin resistance could frequently contribute to the co-existence of type 2 diabe-
tes, obesity, and cancer. This insulin resistance would result in abnormal cell growth
via over-stimulation of the insulin/insulin-like growth factor pathway [38]. Other
epidemiological studies showed that glycemic variability adds also some burden to
cancer-related death in type 2 diabetes [39]. In the case of breast cancer, metformin
exerted anticancer effects by changing the metabolic environment. This is achieved
via reducing the levels of circulating insulin by improving insulin resistance related
to phosphoinositide 3-kinases (PI3K) signaling [40]. Activating AMPK and liver
kinase B1 (LKB1) with metformin via inhibition mTOR pathway in cancer cells. This
would ultimately reduce protein synthesis and cell growth [41]. In addition, the signal
transducer and activator of transcription 3 (STAT3) play a contributing role through
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the AMPK and LKB1 pathway which activated apoptosis in triple-negative breast
cancer. Metformin had also been shown to shift the balance of sphingosine phosphate
toward ceramides which will result in the inhibition of cell growth. Additional anti-
cancer actions of metformin involved increased oxidation of fatty acids and reduced
transcription factors expression implicated in cancer proliferation [40].

Metformin-induced programmed cell death of cancer cells in experimental studies
with inhibition of vascularization of tumor cells through vascular endothelial growth
factor A. In addition, metformin proved its ability to increase patients’ responses
to programmed death-ligand 1 (PD-L1) chemotherapy via decreasing glucose and
consumption by tumor cells [37]. Metformin also helps to overcome the chemoresis-
tance of endometrial cancer cells by changing the epigenetic signature of tumor cells
[38]. Metformin showed the ability to reduce the incidence of cancers as shown in
several observational studies [39, 40]. A cohort study on patients in the UK showed
that metformin monotherapy was associated with a decreased cancer risk, compared
with antidiabetic sulfonylureas.

Activating the JNK/p38 MAPK pathway via metformin was proved to be con-
tributing mechanism by metformin to induce an apoptosis-mediated effect. This
would lead to growth inhibition and induce the expression of DNA damage-inducible
gene 153 (GADD153) [41]. Tseng et al. provided data proposing that metformin
could reduce MAPK-mediated paclitaxel-induced expression of excision repair cross
complementary 1 [42]. Human epidermal growth factor receptor-2 (HER2) isa
member of the epidermal growth factor receptor family. HER2 is overexpressed in
nearly 20-30% of breast cancers. In human breast cancer cells, AMPK-independent
inhibition of mTOR was induced by metformin which suppressed HER2 oncoprotein
overexpression [43]. In addition, combination therapy of metformin with trastu-
zumab, anti-HER2 monoclonal antibody, could eliminate cancer stem cell populations
in HER2-positive breast carcinoma cells [44].

Cancer stem cells, or tumor-initiating cells, are a group of cancer cells that have
unlimited ability to regenerate resulting in tumorigenesis [45]. Cancer stem cells are
believed to be both chemoresistant [46, 47] and radioresistant [48, 49]. They may be
responsible for cancer metastasis and relapse, which are the major obstacle to increasing
the overall survival of cancer patients. In 2009, the inhibition of cancer stem cells by
metformin was first proven clinically among breast cancer models [50]. Subsequently,
metformin was used as a chemo-sensitizers in cancer xenografts to eradicate cancer
stem cells in multiple cancer types [51]. Metformin was able to suppress cell prolifera-
tion and migration in pancreatic cancer by deregulating miRNAs of cancer stem cells
[52]. In addition, metformin inhibits esophageal and made cells more sensitive cells
to 5-fluorouracil cytotoxic effects leading to the inhibition of cancer cell growth [53].
Song et al. reported that the mechanism by which metformin targets cancer stem cells is
via increasing the sensitivity to radiotherapy. This would activate AMPK and suppress
mTOR and help to overcome radioresistance of cancer stem cells [54].

6.3 Degenerative and cognitive disorders

Type 2 diabetes frequently coexists with aging and cognitive dysfunction.
Alzheimer’s disease (AD) involves the formation of beta-amyloid plaques, neuroin-
flammation, and neuronal loss which causes dementia in patients with or without type
2 diabetes. Metformin demonstrated some capabilities in some experimental studies to
prevent amyloid plaque formation via AMPK-dependent mechanisms [55]. Metformin
improved neuro-glial cell differentiation and survival at the microenvironment level
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partially due to its anti-inflammatory effects [56]. Additionally, metformin might facili-
tate infarction-induced neural tissue repair which is done via favoring an M2 phenotype
[57]. In animal studies, metformin-treated rats demonstrated a reversal of cognitive
impairment caused by scopolamine [58]. In a rat model of forebrain ischemia, metformin
treatment over 7 days in a rat model of forebrain ischemia resulted in the restoration of
regulation of the AMPK-derived neurotrophic factor/protein S6 kinase mechanism with
enhanced learning and memory [59]. One of the main confounders of the effects of met-
formin on cognitive function is its inhibitory effect on vitamin B12 intestinal absorption
[60, 61]. In a pilot study including nondiabetic adults, a daily dose of 2 g metformin for

a treatment time of 8 weeks was associated with improvement in executive function and
other measures related to learning, attention capacity, and memory [62]. Taken together,
these results suggested that metformin showed favorable effects on cognitive function
depending on the duration and dose of metformin treatment.

7. Conclusions

In conclusion, metformin has been recognized and efficiently used in the treat-
ment of several metabolic disorders, infectious, and inflammatory diseases [63].
Having an enzyme capable to catalyze several reactions (Promiscuous enzyme); for
example, lipase enzyme which is capable to convert lipids or phospholipids or triglyc-
erides to corresponding fatty acids and alcohols.

Moreover, having a drug with a unique chemical feature, multiple therapeutic
targets, high safety therapeutic margin, and affordable economic cost [64, 65] may
contribute to reducing mortality and improving recovery due to pandemic diseases;
for example, COVID-19 and its fatal complications.

8. Future perspective

Nowadays, degenerative diseases, cancer, autism, psychological disorders, and
many other genetic diseases may be targeted by the newly developed polyfunctional
or mult-target drugs.

Recently, poly-targets molecules including metformin have been recognized
and efficiently used in the treatment of several metabolic disorders, infectious,
and inflammatory diseases. The capability of small molecules or drugs to react in a
selective manner with different receptors to produce broad pharmacological effects
may pose another useful class of promiscuity.

We do encourage all researchers to work vividly to develop as many multi-drugs
as we can either via choosing a combination of different pharmacophores from
single-target ligands or via the selection of preferentially expressed protein/antigen as
manifested in many infectious diseases or cancer or via examining the possible ligand
(drug) interact with a receptor (target) to figure out the existing energy and possible
extent of interaction.
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Abbreviations

AD Alzheimer’s disease

AMPK Adenosine monophosphate-activated protein kinase
CAD Computer-assisted drug

cAMP Cyclic adenosine monophosphate

CHDs Complex health disorders

COVID-19 Coronavirus disease of 2019

CVS Cardiovascular system

eNOS Endothelial nitric oxide synthase also referred to as NOS3 or NOSIII
FDA Food and Drugs Administration

GADD153 Growth arrest- and DNA damage-inducible gene 153
GIT Gastrointestinal tract
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Abstract

Metformin, in the anti-hyperglycemic pharmacological therapy, is consumed by
more than 150 million people annually in the world due to its affordable price, safety,
and because of considerable pleiotropic effect that has a positive impact on the con-
trol of glycemia, insulin resistance, cardiovascular health, and cancer in patients with
type 2 diabetes (T2D). Differences in metformin’s effect on glycemic control have
been associated with diet, abdominal obesity, years of T2D evolutions, and genetic
factors. The Population of Latin America presents an important genetic component of
Amerindians that could be explained to some extent in the response to metformin in
glycemic control. The most recognized effect of metformin is to inhibit gluconeogen-
esis hepatica. In recent years, it has been observed to reduce the effect on body mass,
positive effects on inflammation, and recently on the intestine with changes in the
microbiome that favor suppression of postprandial hyperglycemia. Association stud-
ies between genetic variants coding for proteins related to metformin pharmacody-
namics have shown different effects on glycemic control in several ethnic groups with
European and Asian ancestry, but in Latin America they are scarce or none. Nutrients
can interact with metformin favoring or decreasing its anti-hyperglycemic effect, so
the diet should be considered.

Keywords: metformin, type 2 diabetes, genes, pharmacogenetics, nutrigenetics,
Latin America

1. Introduction

Type 2 diabetes (TD2) shows an upward trend in its prevalence globally, and in the
developing countries of Latin America, an increase of up to 50% is estimated by 2045
[1, 2]. Drug treatment to control hyperglycemia in these patients is a daily challenge at
the first level of medical care. Metformin is a biguanide that is prescribed as the first
drug of choice to control blood glucose based on the treatment guidelines issued by the
European Association for the Study of Diabetes (EASD) and the American Association
for the Study of Diabetes (ADA), due to its efficacy and safety as well as its low cost
which makes this drug widely accessible in any socioeconomic stratum [3]. The main
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effect shown by this biguanide is the suppression of hepatic glucose production, but
the complete mechanism is not fully demonstrated. Despite the anti-hyperglycemic
therapeutic effects demonstrated in several trials since the 1950s of the last century, no
more than 35% of patients with this pharmacotherapy achieve the expected glycemic
control. In addition, the gastrointestinal side effects of this drug are a reason for non-
adherence to treatment, which explains why many patients seek alternatives and delay
their therapeutic goal. To explain these effects of metformin, studies have been carried
out focused on pharmacokinetics and pharmacodynamics that have shown the impor-
tant role of proteins related to its intestinal absorption as well as its uptake hepatic. The
organic cation transporters OCT1, OCT2, and OCT3 have gained relevance to under-
standing to a large extent the effects described by metformin to date [4].

Studies of gene variants that code for these proteins and their association with the
anti-hyperglycemic effect of metformin in subjects with TD2, have shown that the
genetic component of the patient is decisive to explain the anti-hyperglycemic effect
of this drug, as well as its gastrointestinal side effects. The focus of these gene-drug
association studies has been achieved thanks to the development of Pharmacogenetics
[5]. The first pharmacogenetic studies in TD2 emerged in Europe and Asia, and later
in the United States of America. From genome-wide association studies (GWAS) in
some cohorts, genes with the statistical association of response to metformin were
found which are not directly related to the action of the drug, so its usefulness was not
expected. Thanks to metformin pharmacodynamic studies it was possible to conduct
association studies with candidate genes such as those encoding the organic cation
transporters OCT1, OCT2, and OCT3, mainly. The solute carrier family 22 (SLC22)
genes encode for these transporters of organic cations located in the plasmatic
membranes of intestinal, hepatic, and renal cells, where metformin has its absorp-
tion, anti-hyperglycemic effect, and excretion, respectively [5]. The SLC22A1/0OCT1
gene encodes for the OCT1 transporter and has been the most explored for its close
relationship with the effect of metformin on the liver. More than 30 polymorphic
variants of this gene have been described and their association with the effect of
metformin has been variable in different populations with TD2. Among the most
studied SLC22A1/0OCT1 gene polymorphisms in recent times is Met408Val rs628031,
whose frequency of the risk allele variant A (408Val) reported for America in the
1000 Genome Project Phase 3 is the lowest [6, 7].

Diet is another factor that affects glycemic control and the therapeutic response
of metformin in patients with TD2. The diet of Latin American countries has been
modified in recent years influenced by the Westernized diet that is high in saturated
fats, simple sugars, cholesterol, and low in fiber which has an impact on the elevation
of blood glucose that impacts the expected anti-hyperglycemic effect of metformin.
Therapeutic dietary approaches to contribute to glycemic control in TD2 have focused
on caloric balance and the percentage contribution of macronutrients in the total
color intake of the patient’s requirement. The studies of the association of genes with
specific nutrients in the diet have begun to demonstrate the importance of the genetic
component in response to specific macro or micronutrients, which has allowed the
development of nutrigenetics.

2. Epidemiology impact of T2D and their comorbidities in Latin America

The prevalence of diabetes in Latin America in adults in 2019 ranged from less than
6% in Ecuador and Argentina to 17% in Belize. On average, the prevalence for Latin
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America was 9.7%, with an increase of 7.4% compared to 2010. The largest increase
was 10 percentage points recorded in Belize, while the largest decrease was 6 percent-
age points recorded in Uruguay and Venezuela between 2010 and 2019 [1]. Other
countries where it decreased were Peru, Panama, and Ecuador but with less than 5
percentage points in the same period. Two Latin American countries that are Brazil
and Mexico in the global Top Ten of T2D with sixth and seventh place, respectively,
contributing almost 30 million people with diabetes in general globally [8]. When con-
sidering the Americas region, the World Health Organization WHO includes Canada
and the USA. In the Region of America, about 62 million people have T2D, contribut-
ing 15% to the global prevalence of 422 million individuals diagnosed with T2D that
was reported in 2014, and with a trend towards an increase in cases. In the Americas
region, prevalence has tripled since 1980 and is estimated to reach 109 million by 2040
[2]. In 2019, diabetes was the sixth leading cause of death, with an estimated 244,084
deaths directly caused by T2D. In addition, it is the second leading cause of disability-
adjusted life years (DALYs), which reflects the limiting complications for their daily
activity that people with T2D suffer throughout their lives. In North America and the
Caribbean alone, 1 in 7 adults lives with T2D (51 million) and is expected to reach 57
million adults by 2030 and 63 million by 2045. In this region, it caused 931,000 deaths
and 415 million USD was spent due to this disease in the year 2021 alone [9, 10].

The International Diabetes Federation (IDF) divides the Americas region into
North America and the Caribbean (NAC), and South and Central America (SACA).
The NAC region has the second highest prevalence of diabetes among IDF regions at
14% and the number of people with diabetes for this region is projected to increase by
24% to 63 million by 2045. Of this region, Mexico is the second with the largest popu-
lation with diabetes (14.1 million), below the USA. In this NAC region, mortality from
diabetes is the second highest with 931,000 and the second highest percentage with
18.4%, in people of working age. In the SACA region, it is estimated that 1 day in 11
adults has diabetes (about 33 million), and it is estimated that it will increase by 50%,
that is, to 49 million in 2045. Of this region (SACA), Brazil is in first place with the
highest number of people with diabetes (15.7 million), followed by Colombia (3.4 mil-
lion), Venezuela (2.3 million), Argentina (8 million), and Chile (1.7 million [9]. In the
NACA region, 415 billion USD was spent due to this disease, while the SACA region
65 billion USD was spent [9]. In addition, Brazil of the SACA region and Mexico of
the NAC, are two Latin American countries that are in third and eighth place with the
highest total expenditure due to diabetes with 42.9 and 19.9 USD billion, respectively,
[9]. Of these amounts reported by the IFD in its Diabetes Atlas, about 90% of the
total of these amounts correspond to TD2.

Projections on the prevalence of TD2 estimate that developing countries will be
among those with the greatest increase due to the social determinants of health such
as diet, physical activity, access to health systems for timely diagnosis, and the budget
available for TD2 care. The increase in population in urban areas and the consequent
“Westernized” type diet in combination with a decrease in physical activity favor
overweight and obesity which are risk factors for the development of TD2, which
allow us to assume an unfavorable future for the control of TD2 and its comorbidities
in this geographical region.

2.1 Pharmacotherapy with metformin in TD2

In medieval times, the plant Galega officinalis (Galega or French lilac) was used in
Europe as a popular remedy to treat diabetes. Phytochemical studies in the late 1800s
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revealed that the plant was rich in guanidine. In 1918, animal studies showed that
guanidine had hypoglycemic effects, but with toxic effects for clinical use. In 1929
the biguanide “metformin” was synthesized, which demonstrated the hypoglycemic
effects observed by biguanide, but without the toxic effects [4]. The first clinical

trial using metformin to treat T2D was reported in 1957. In the mid-1950s of the last
century, metformin was approved in Europe as a treatment for T2D and in the United
States of America (USA) since1995 [4]. After more than 60 years of clinical use for
T2D, metformin has demonstrated safety and efficacy, making it the most commonly
prescribed oral drug globally to control T2D [4]. Metformin is prescribed as the first
choice of anti-hyperglycemic treatment worldwide, based on international guidelines
for the management of T2D issued by the European Association for the Study of
Diabetes (EASD) and the American Diabetes Association (ADA) [3]. Metformin is
taken by about 150 million people each year for its safety, efficacy, and low cost, in
addition to the pleiotropic effects that have a positive impact on glycemic control,
insulin resistance, cardiovascular health, and cancer in patients with T2D [11]. In
addition, metformin improves the inflammatory effects associated with obesity and
reduces body mass, which is why it is widely prescribed in Mexico and the USA,
where the prevalence of overweight and obesity is high [12, 13]. Despite the beneficial
effects described, only about 30% achieve the goal of glycemic control (HbAlc <7%),
so the pharmacokinetics and pharmacodynamics of this drug have been studied

to explain these results. Studies in this regard have shown that in the intestine, the
Organic Cation Transporter (OCT1 and OCT3), a protein with transmembrane chan-
nel functions in “enterocyte” epithelial cell, is responsible for the absorption of met-
formin, while in the liver this same protein is responsible for internalizing it to exert
one of the main anti-hyperglycemic effects, suppression of hepatic glucose produc-
tion “hepatic gluconeogenesis,” and in the kidney OCT1 and OCT?2 are the route of
excretion of metformin (Figure 1). This knowledge has allowed the search for genetic
variants in the SLC22A1/OCT1 gene which codes for the OCT1 protein, associated
with response to metformin with a disciplined approach known as Pharmacogenetics.

2.2 Mechanism of action of metformin and its effect on T2D

Although it is recognized that the main effect of metformin is the suppression
of hepatic glucose production, this drug has multiple mechanisms of action and
the clear benefits of its use in the treatment of T2D in relation to glucose metabo-
lism are complex and not fully understood [14]. Physiologically, metformin has
been shown to have a key role in the liver and intestine. At the molecular level, evi-
dence shows that metformin acts by mechanisms related to AMP-activated protein
kinase (AMPK) and by inhibition of mitochondrial respiration, which improves
blood glucose by acting on these mechanisms, both dependent and independent
mechanisms [15].

Traditionally, metformin acts on the liver through organic cation transporters 1
(OCT1), which absorbs the drug from the enterocytes into the portal vein through
the basolateral membrane and enters the hepatocyte, reducing hepatic glucose
production after a high-fat diet, which improves blood glucose levels [16]. In this
context, metformin reduces hepatic gluconeogenesis by inhibiting respiratory chain
complex I, which suppresses ATP production and increases cytoplasmic AMP — ATP
and ADP — ATP ratios, changes that activate AMPK mechanisms, which is the main
cellular bioenergetic sensor (Figure 2). Due to membrane potentials, metformin
accumulates up to 1000 times more within the mitochondria than in the cytoplasm of
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Figure 1.

Mftformz’n ‘pharmacodynamics. Scheme with the transporters responsible for the absorption, distribution, and
elimination of metformin. (A) Intestinal absorption through the plasma membrane monoamine transporter
(PMAT) and the Organic Cation Transporter 3 (OCT3), once in the “entevocyte” epithelial cell the Organic
Cation Transporter 1 (OCT1) which is located on the basolateral surface, transports metformin to the serosal side
of the endothelium, allowing its arrival in the bloodstream; (B) the transporters OCT1 and OCT3 are expressed
in the sinusoidal membrane of hepatocytes where they capture metformin from the bloodstream. The elimination
of metformin from inside the hepatocyte is by the Toxic Compound and Multidrug Extrusion Transporter
(MATEz1) helping to excrete metformin in bile, although in humans most of the metformin is excreted in the urine
through MATE31; (C) the uptake of metformin from the bloodstream to venal epithelial cells is mainly facilitated
by the Organic Cation Transporter 2 (OCT?2) located on the basolateral membrane of venal proximal tubule
cells, in turn, MATE1 and MATE2 expressed in the apical membrane of renal proximal tubule cells contribute to
the excretion of metformin in the urine.

the cell, this energy-intensive process does not have the required supply of ATP and
the concomitant suppression of this pathway could explain the effects obtained in the
T2D treatment [17].

The effect of metformin on hepatic gluconeogenesis goes beyond mitochondrial
control. Increases in the AMP — ATP ratio directly affect the activity of fructose-
1,6-bisphosphatase, one of the key enzymes in this metabolic pathway, resulting in its
acute inhibition. Due to the cellular energy imbalance, AMPK seeks to restore energy
homeostasis by activating the catabolic pathways that generate ATP while deactivat-
ing the cellular processes that consume ATP. Activated AMPK phosphorylates the
ACC1 and ACC2 isoforms of acetyl-CoA carboxylase (ACC), which inhibits fat
synthesis and promotes fat oxidation, reducing hepatic lipid stores and improving
hepatic insulin sensitivity in T2D patients [18, 19].

Although AMPK activation has not yet been determined exactly how it occurs,
in this sense the effect of metformin is extremely complex and occurs at multiple
levels by phosphorylating binding proteins, disassembling transcriptional coacti-
vation complexes, and even deacetylating proteins that limit the rate of energy
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Figure 2.

Mfchani:m of action of metformin in the liver. Metformin reduces hepatic gluconeogenesis by inhibiting
respiratory chain complex I, which suppresses ATP production and increases cytoplasmic AMP/ATP. Increases

in the AMP/ATP vatio divectly affect the activity of fructose-1,6-bisphosphatase, one of the key enzymes in
gluconeogenesis, resulting in its acute inhibition. In addition, those changes activate AMP-activated protein kinase
(AMPK), which is the main cellular bioenergetic sensor. Activation of AMPK vesults in the inhibition of lipogenic
gene expression and cholesterol synthesis. AMPK activity may also be modulated by metformin through kinases
such as the serine/threonine kinase encoded by ataxia telangiectasia mutated gene (ATM) or sevine/threonine
kinase 11 (STK11). FBPase, fructose-1,6-biphosphatase; GLUT 2, glucose transporter; MATE, Toxic Compound
and Multidrug Extrusion Transporter.

biosynthesis [20]. Even if controversies persist about the effects of metformin on

AMPK, the reduction in the expression of mRNAs encoding key enzymes of hepatic

gluconeogenesis, and the improvement in hepatic insulin sensitivity, are proven

long-term clinically relevant effects of metformin that are mediated by AMPK [21].
It has recently been postulated that the liver may not be the main target organ

for metformin action in T2D patients as might be assumed. In this sense, in the

gut, significant effects of metformin on anaerobic glucose metabolism have been

observed. The reduction in net glucose uptake and the increase in lactate have made

the intestines an important therapeutic target in the treatment of T2D with metfor-

min, highlighting three main lines:

* Extended-release metformin is primarily retained in the gut, with minimal

systemic absorption, and is as effective in lowering blood glucose as the standard
formulation commonly implemented in T2D patients [22].
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* The reduction of endogenous glucose production in the liver can only be partially
explained by the effect of metformin, indicating the existence of other extrahe-
patic glucose-lowering mechanisms [23].

* Human studies have established that loss-of-function variants of the SLC22A1
gene, encoding the OCT1 protein, reduce hepatic uptake of metformin but do
not affect its efficacy in lowering HbAlc in T2D patients [24].

Metformin increases intestinal uptake of fluorodeoxyglucose in the colon, an effect
that is accompanied by an increase in AMPK phosphorylation in colonic enterocytes,
which affects energy homeostasis and glucose metabolism. In addition, at the intestinal
level, metformin also affects glucose metabolism by increasing the secretion of glucagon-
like peptide 1 (GLP-1), a mechanism of action that has been described for both imme-
diate-release and prolonged-release metformin [25]. However, the potential mechanism
of action of metformin mediated by the intestine that has recently generated the most
interest has to do with the alteration of the intestinal microbiome and its inflammation.

In type 2 diabetes, metformin has been shown to have positive effects on intestinal
inflammation, by inhibiting NF-kB signaling and differentiation of monocytes into
macrophages, as well as suppression of proinflammatory cytokines from these mac-
rophages [26]. In humans, metformin-dependent effects on the increase in Escherichia
spp. and decrease in Intestinibacter spp. in the intestinal microbiome, have been linked
to a decrease in adipose tissue inflammation and significant suppression of postpran-
dial hyperglycemia [27]. This emphasizes that the changes in the microbiome in T2D
are predominantly associated with the mechanism of action of metformin and not
with the disease itself, although its role as a cause or consequence of the therapeutic
effect still requires further investigation.

2.3 Pharmacogenetics of metformin in Latin America

From the development of technology with which it was possible to sequence the
human genome and the software designs for the analysis of complete genomes that
have emerged in the last decade, which are more accessible to the international sci-
entific community, GWAS whole genome association studies have been generated to
expand the knowledge of genes associated with susceptibility to develop T2D. Thus,
since the first study of GWAS in T2D more than 100 loci of susceptibility have been
described in different regions of the world. With the development of drugs for the
treatment of hyperglycemia in TD2 with different effects and target tissues, studies
have been carried out to advance the understanding of the variability in the response
to these drugs based on the genetic component of the subjects studied. With this
approach to determine the interindividual genetic variability of response to specific
drugs arises pharmacogenetics, which focuses on the search for specific variants of
genes whose expression products “proteins” are associated with lower pharmacologi-
cal response (efficacy) or side effects to prescribed drugs.

The mechanisms of action of metformin have not been fully elucidated.
Pharmacokinetic studies of metformin have shown that this biguanide is not metabo-
lized in the body and is excreted without changes in its chemical composition through
active tubular secretion in the urine by the kidney. With advances in the pharma-
codynamics and pharmacokinetics of metformin, it has been possible to conduct
studies in TD2 pharmacogenetics in several population groups in recent years. Until
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the end of 2020, about 30 genes have been found with specific variants associated
with therapeutic response to metformin or side effects that limit their therapeutic
use, so they are considered candidate genes. There are three large-scale genome-wide
association studies (GWAS) conducted in different cohorts. In 2011, the firstina
European cohort “Genetics of Diabetes Audit and Research Tayside” (GoDART) was
completed and included 1024 patients affected by TD2 [28]. The main results of this
study showed 14 single nucleotide polymorphisms (SNPs) mapped on chromosome
11 locus 1122, which were successfully associated with treatment for achieving
HbA1c < 7% goal in the 18 months after starting metformin treatment. Subsequently,
the rs11212617 was studied in 2 independent cohorts, GoDARTS with 1783 patients
treated with metformin and the UK Prospective Diabetes Cohort (UKPDS) with 1113
patients, resulting in a significant association with response to metformin in both
studies [29]. This genetic variant rs11212617, is located in a large block of linkage dis-
equilibrium, which includes a set of genes among which is the ATM gene, which had
been one of the candidate genes in greater perspective since that study, by the replica-
tion of result emerged in other independent cohorts such as China Han and Western
Saudi Arabia. However, no significant difference was found between the response to
metformin and rs11212617 in patients with TD2 in the Iranian and Indian populations
[5, 30]. The ATM gene encodes for a protein belonging to the PI3/PI4 kinase family
whose function is an important cell cycle checkpoint, which is not directly related

to pharmacodynamics, pharmacokinetics or described mechanisms of intracellular
action of metformin [31].

In 2016, the Metformin Genetics (MetGen) Consortium conducted a three-stage
GWAS that included nearly 13,500 participants from different ancestry. The SLC2A2
gene encoding the glucose transporter GLUT?2, an integral membrane glycoprotein
expressed in the intestine, liver, islet beta cells, and kidney, presented a C-allele
variant rs8192675 with 0.17% (p = 6.6 x 10'*) greater metformin-induced HbA1c
in 10,577 participants with European ancestry [32]. The association of this SNP
18192675 with metformin response was replicated in the Germany Diabetes Study. In
a meta-analysis with 13,123 participants of any ancestry (European, Latino, African
American) the frequency of the C-allele associated with response to metformin
varied widely, but there was no genetic heterogeneity between the different ethnic
groups [32, 33].

The other GWAS-focused study that sought the association of genetic variants
with HbA1lc change in response to metformin pharmacotherapy in a TD2 cohort was
the one applied in the cohort of Action to Control Cardiovascular Risk in Diabetes
(ACCORD), which includes subjects from the USA. The rs254271 variant in PRPF31
gene and the variant rs2162145 in CYPA6 gene was found to be associated with worse
and better responses to metformin, respectively (p = 3.79 x 1075, beta = 0.16; p = 4.04
x 107%, beta = —0.197), these results were similar in a meta-analysis of independent
cohorts with response to metformin [34]. Previous studies that had identified the
rs11212617 variant in the ATM gene and the rs8192675 variant in the SLC2A2 gene
were not replicated in this study.

GWAS studies are very useful to identify genomic variants statistically associated
with a given phenotype such as a disease. These early genetic association studies
focused on the analysis of family-based linkage as well as candidate genes in small
groups of TD2 patients. It has been observed that this approach to studies is usually
useful only for the identification of genetic variants with large effects. Thus, the
selection of candidate genes for the study of metformin response in patients with TD2
was then focused on genes coding for proteins related to the pharmacodynamics of
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this biguanide. Therefore, genes whose expression products such as organic cation
transporters OCT are determinants for intestinal absorption, uptake liver, and renal
excretion have been the most explored.

2.4 Pharmacogenetics of response to metformin in TD2 based on its
pharmacodynamics

Organic cation transporters (OCT1, OCT2, and OCT3) are directly related to met-
formin pharmacodynamics as shown in Figure 1. The SLC22A1, SLC22A2, and SLC22A3
genes code for these proteins OCT1, OCT2, and OCT3. The OCT2 and OCT?3 proteins
are associated with intestinal absorption and renal clearance of metformin, so the genes
that code for them have been studied more with side effects than with anti-hyperglycemic
effects mainly. The OCT1 transporter is expressed in the intestine allowing its absorption,
in the liver, it is the one that allows the entry to the hepatocyte to exert the anti-hypergly-
cemic effect by reducing hepatic gluconeogenesis and in the kidney for its elimination,
which has become relevant for its close relationship with the efficacy of metformin
[35, 36]. In humans, the SLC22A1/OCT1 gene (ID6580), located on the chromosome
6 locus (6q25.3), is among the most studied regarding the pharmacological response to
metformin in glycemic control of patients with T2D. More than 30 polymorphic variants
of this gene associated with different effects on metformin response have been identified
in various ethnic groups, mostly from European and Asian regions, suggesting a popu-
lation-specific response. At the end of the last decade, a systematic review highlighted
and summarized the overall effects of polymorphisms in the SLC22A1/OCT1 gene in
response to metformin and evaluated the role of these in interethnic differences. In total,
34 polymorphisms were found in 10 different ethnic groups. The response to metformin
from these studies was measured with different variables such as %HbA1c, fasting plasma
glucose (FPG), and postprandial plasma glucose (PPG). The Met408Val polymorphism
of the SLC22A1/0OCT1 gene (rs628031) has been the most widely studied with response
to metformin and its genetic effect resulting in differences in glycemic control and side
effects in the groups studied. This allows us to suggest the variable response of metformin
based on the genetic variants according to the population studied [29]. These gene-met-
formin association studies have arisen in subjects with TD2 but with European and Asian
ancestry mainly, which forces studies to be carried out in populations of Latin America,
which presents a heterogeneity of ethnic groups with varied ancestry.

2.5 Global distribution of most studied SLC22A1/OCT1 gene variants with
metformin response

The Met408Val polymorphism of the SLC22A1/0OCT1 rs628031 gene has three
A/C/G alleles, the ancestral allele G (Met 408) and the minor allele A (408Val), the
latter associated with lower response to metformin. The global frequency reported
in the 1000 Genomes Project Phase 3 for this SNP is 69% for the G allele and 31% for
the A allele. The 1000 Genomes Project has the global regions defined in a particular
way in Africa, America, East Asia, Europe, and Southeast Asia. For the Region of
America, the frequency reported for the G allele is 78% and for the A allele 22%,
whose frequency of the risk A allele is the lowest. While in Europe the frequency of
allele G is 59% and for allele A is 41%, region that has the highest frequency of allele
A. In the Southeast Asia region, the frequency is 61% for the G allele and 39% for the
risk A allele, while in the African region the frequency of the G allele is 73% and 27%
for the risk A allele [7]. With the frequency of the risk A allele in America at a low
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percentage compared to the other regions, a higher proportion of subjects with T2D
who present a response to metformin for glycemic control would be expected. If we
consider that Mexico and Brazil are two countries with a considerable prevalence of
overweight and obesity in addition to TD2, which condition the metabolic control of
these patients, metformin should be a promising drug to contribute to metabolic con-
trol in these subjects, but studies are required to determine the response to metformin
considering in addition to these variant other variables of importance in TD2 such as
age, years with TD2, physical activity, diet, among others. With these pharmacoge-
netic studies that are increasingly accessible, it is possible to demonstrate the associa-
tion and magnitude of the effect of metformin in glycemic control that allows us to
know who are the patients with TD2 responders of the non-responders to metformin,
which will be a significant advance for the health of patients with TD2.

The SNP in gene SLC22A1/OCT1 rs594709 is another polymorphism that presents
two variants, the ancestral allele A and the minor allele G, the latter associated with
a lower response to metformin in glycemic control. The global frequency reported in
the 1000 Genomes Project Phase 3 for this SNP is 68% for the G allele and 32% for
the A allele. For the region of America, the frequency reported for allele A is 78%
and 22% and for the risk allele G, the lowest frequency reported in all regions. While
in Europe the frequency of allele A is 59% and 41% for allele G, a region that has the
highest frequency of the risk allele G. The Southeast Asia region is the most frequent
follower of the G risk allele with 39% and 61% for the A allele. In the African region,
it has a frequency of 29% for the risk allele G and 71% for the allele A [37].

These two SNPs rs628031 and rs594709 show that their frequency in Latin America
is the lowest compared to the other regions, as well as other SNPs studied in Europe
and Asia. A la fecha se han encontrado cerca de 15 variantes geneticas asociadas con
respuesta a metformina Table 1. In Latin America, the association studies of these
SNPs should be an important issue to determine their association and magnitude
with respect to the effect on glycemic control in different populations to approach the
personalized medicine required by the patient with TD2. This personalized medicine
would allow us to approach finding responders versus non-responders to establish
metformin treatments with more patient achieving the therapeutic goal (%HbAlc <7).

2.6 Nutrition and dietary interactions between macro and micronutrients with
metformin in T2D

Lifestyle modifications involve the incorporation of regular physical exercise,
as well as complete, varied, sufficient, and balanced nutrition to ensure a correct
supply of carbohydrates, protein, fiber, and polyunsaturated fats in patients with
TD2, who present impaired metabolism of carbohydrates, lipids, and proteins. The
typical nutritional approach includes a diet with caloric reduction to achieve weight
loss and control the percentage of body fat. The different editions of the international
guidelines of the American Diabetes Association (ADA) highlight the importance
of macronutrient consumption and control, however, specific recommendations
for micronutrients in diabetes control are limited in the scientific literature [3]. In
addition, nutrition is directly related to the success of the anti-hyperglycemic drug
therapy of metformin because the absorption of nutrients can influence the pharma-
cokinetics of the drug and consequently its therapeutic effect [13].

Some studies have explored the relationship between the consumption of macro
and micronutrients with the effect of metformin on T2D. Diets high in saturated fat
were found to have a negative impact on the effect of metformin on glycemic control
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in animal models [38]. Also, it has been reported that the consumption of leucine at
doses of 24 g / kg combined with the use of metformin in mice with obesity induced by
a high-fat diet, significantly reduced the degree of adiposity, liver weight control, liver,
and plasma lipids, as well as inflammatory markers in mice. One of the characteristics of
patients with advanced T2D is the accumulation of liver fat and increased dyslipidemias.
Therefore, focusing nutritional therapy with combined leucine-metformin intake, even
at low doses, appears to have a significant effect on adiposity and completely reverses
hepatic steatosis in diet-induced obese mice [39]. The amino acid leucine participates

in the activation of the AMPK/Sirt1 signaling pathway, thus modulating energy;, lipid,
and glycolytic metabolism. Leucine has the ability to activate Sirt1, in part, by reducing
energy in NAD+ activation, and as a consequence other sirtuin activators [40]. Also, the
combined effect of leucine with resveratrol (nutrient—nutrient interaction) has been
evaluated, and increased insulin sensitivity, muscle glucose utilization, and lipid oxida-
tion were found. In this sense, the authors of this study propose the consumption of
leucine as an adjuvant amino acid in the efficiency of metformin, since, as this is a drug
that also converges in the AMPK/Sirt pathway, the combination of both could be a first-
line proposal in patients with T2D, especially those who are overweight or obese [41, 42].

There is increasing evidence that metformin is associated with physiological
processes in the gastrointestinal tract, since a pronounced effect can be observed
when metformin is administered orally, in that sense, evaluating its interaction with
the absorption of specific nutrients from the diet becomes highly relevant within the
area of pharmacokinetics [43, 44]. Under this hypothesis, a study in animal models
was conducted to evaluate microbiota changes in mice that were fed a high-fat diet
and, in addition, received metformin treatment. Stool samples were collected before
and after drug treatment and found 100 different species related to metformin.
Functional analysis targeting carbohydrate, lipid, and amino acid metabolism path-
ways revealed 14 modified hierarchies. Sex-specific differences in response to metfor-
min treatment were also observed. Males experienced greater changes in metabolic
markers, while females showed important changes in the gut microbiome [45].

Micronutrients such as calcium, magnesium, zinc, potassium, and sodium (Ca, Mg,
Zn, K, and Na) are cations that are absorbed in the intestine through the transmembrane
channel “transporter of organic cations” (OCT1) mainly. This is the same protein related
to the absorption of metformin, so the study of the interactions between the dietary
intake of micronutrients with specific variants of the OCT1 gene in subjects receiving
metformin, may explain to some extent the differences in terms of the effect on glycemic
control observed in subjects with this pharmacotherapy. A recent study reported that
there is a significant interaction between the consumption of specific micronutrients
such as calcium and potassium with the risk variant 408Val rs628031 of the SLC22A1/
OCT1 gene and glycemic control in T2D patients receiving metformin [13].

With the above, the importance of carrying out Nutrigenetics and
Pharmacogenetics studies in patients with T2D is highlighted that allows the timely
detection of subjects who do achieve glycemic control based on personalized diet and
metformin, while in non-responders seek the particular treatment that guarantees the
goal in glycemic control that is HbAlc <7%.

3. Conclusions

The most recognized effect of metformin is the suppression of hepatic glucose
production, which favors glycemic control in subjects with TD2. The response to
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metformin in glycemic control is variable in each population studied, which forces
us to study genetic factors related to the pharmacokinetics and pharmacodynamics
of this drug to find associated genetic variants that explain these differences to some
extent. Metformin is eliminated without structural modification by urine mainly,

so genes closely related to its pharmacodynamics such as solute carriers (SLC) are

of greatest interest in future studies in Latin America. With the Pharmacogenetics
approach, it will be possible to predict the genetic component that differentiated
responders from non-responders to drug treatment with metformin for glycemic
control in patients with TD2 in Latin America.

The mechanisms of action of metformin are not fully understood, there is evi-
dence of some physiological effects in the intestine that suggest a mechanism in
glucose homeostasis and the intestinal microbiome that favors glycemic control in
patients with TD2, which makes a promising future of this drug by expanding the
target organ.

Interaction studies between metformin and macro or micronutrients with genes
encoding organic cation transporters (SLC22), may help improve glycemic control in
patients with TD2 from specific populations in Latin America.
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Chapter 3

Therapeutic Potential of Metformin
in Diabetes Mellitus-Related
Cardiovascular Complications

Hongmei Tan and Jun Tao

Abstract

The diabetic population continues to grow worldwide, resulting in many chronic
cardiovascular complications, including atherosclerosis and diabetic cardiomyopathy,
as well as an increase in the incidence of heart failure. Metformin, as the first-line
oral therapy for type 2 diabetes, lowers blood glucose and reduces the incidence of
diabetes mellitus (DM)-related cardiovascular events, such as myocardial infarction.
The cardiovascular protective effect of metformin is due not only to the relief of
insulin resistance and the improvement of glucose and lipid metabolism but also to
the inhibition of oxidation and inflammation. Metformin exerts its multiple effects
primarily through AMPK-dependent and AMPK-independent mechanisms. This
chapter reviews the beneficial effects of metformin on DM-related cardiovascular
complications and dissects the potential molecular mechanisms.

Keywords: diabetes mellitus, metformin, cardiovascular complications, AMPK

1. Introduction

Cardiovascular disease (CVD) is the leading cause of death in adults with diabetes
mellitus (DM) [1]. DM caused 3.7 million deaths in individuals aged 70 and under,
the majority of which were due to cardiovascular disease (43% of this 3.7 million)

[2]. According to the action in diabetes and vascular disease: preterax and diamicron
modified release controlled evaluation (ADVANCE) trial, adults with diabetes are
two to three times more likely than adults without diabetes to develop cardiovascular
disease. Adjusted for age at diagnosis, the risk of macrovascular events, including car-
diovascular death, nonfatal myocardial infarction, or non-fatal stroke, increased by
49% for each additional 5-year duration of type 2 diabetes in adults. However, more
severe hypoglycemic events occurred after intensive glycemic control, and the type of
glycemic control had no significant effect on cardiovascular-related mortality [3, 4].

Metformin was not the first blood-glucose-lowering agent to be developed, and the
process has an interesting history that begins with the withdrawal of phenformin and
buformin (the only other biguanides used to lower blood glucose at that time) after
they were found to have harmful effects in clinical trials [5]. Although the evidence
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of cardiovascular benefits was published in the United Kingdom prospective diabetes
study (UKPDS) in 1998 [6], metformin emerged as the first-choice and most-prescribed
oral medication for lower blood glucose in the USA in 1995 [7]. Recent studies have
found that metformin has cardiovascular benefits as well, lowering mortality and
morbidity associated with cardiovascular diseases, such as stable coronary artery
disease and myocardial infarction [8, 9]. This chapter provides an overview of the
cardiovascular benefits of metformin and its underlying mechanisms.

2. Metformin and atherosclerosis (AS)

Over the last 30 years, accumulating evidence has shown that metformin reduces
atherosclerotic plaque formation in animals fed a high-cholesterol diet [10, 11].
Metformin significantly reduced atherosclerotic plaque and serum high-sensitivity
C-reactive protein while inhibiting the activation of the nuclear factor k-B (NF-kB)
pathway in the vessel wall in a high cholesterol diet-induced atherosclerotic rabbit
[11]. The same observation was also made in an atherosclerotic mouse model as well.
Metformin treatment decreased plaque formation in a high-cholesterol diet-induced
apolipoprotein E knockout (ApoE~'") mouse model [12]. It should be noted that
metformin had an effect on plaque instability as well. Recent studies have found that
metformin [100 mg/ (kg-day)] significantly reduced calcification plaques in ApoE ™'~
mice fed a high-fat diet (HFD) [13]. These findings suggest that metformin may not
only alleviate atherosclerotic plaque formation but also improve plaque stability.

2.1 Metformin and endothelial injury

Vascular endothelial dysfunction is one of the most important pathological
alterations and is considered an initial event for the development of AS. Metformin
has been shown in clinical studies to improve endothelium-dependent vasodilation
in diabetic patients [14]. In a preclinical study, metformin improved nitric oxide
(NO)-mediated vasodilation in endothelial cells (ECs) in vitro by increasing NO
production via the Adenosine 5'-monophosphate (AMP)-activated protein kinase
(AMPK) pathway [15, 16]. Dong et al. demonstrated that activating AMPKa2 attenu-
ates endoplasmic reticulum stress in vascular ECs [17], and metformin, an AMPKa2
agonist, protects human coronary artery ECs from diabetic lipoapoptosis by activat-
ing AMPK [18].

While investigating the effects of metformin on hyperglycemia and associated
insulin resistance, clinical studies have addressed its effects on endothelial dysfunc-
tion as well. A study conducted in 2001 on the effects of metformin on endothelial
function in type 2 diabetes (T2D) patients demonstrated that metformin improves
insulin resistance and endothelium-dependent vasodilation; however, no signifi-
cant effect of endothelium-independent or nitrate-independent vasodilation was
observed in this study [19]. These findings suggest that vasodilatory effects are closely
associated with metformin-induced insulin sensitivity. AS is a chronic inflamma-
tory pathological process, and anti-inflammatory therapy is considered a functional
approach for alleviating the atherosclerotic process. Long-term treatment (4.3 years)
with metformin added to insulin therapy decreased the levels of several inflamma-
tory biomarkers of endothelial dysfunction, such as von Willebrand factor (vWF)
and soluble vascular cell adhesion molecule-1 (sVCAM-1) in T2D patients. These
data indicate the potential of metformin in reducing cardiovascular events [20].
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A similar study was conducted by Vitale et al. in 2005. They recruited 65 patients
with metabolic syndrome to investigate the effects of metformin (500 mg, b.i.d, for

3 months) on endothelial function. Metformin treatment increased brachial artery
endothelial-dependent flow-mediated dilation. It was shown that insulin resistance
and endothelial dysfunction are interrelated and can be affected by metformin [21].
These effects of metformin have been demonstrated to benefit patients with type

1 diabetes as well [22]. In the REMOVAL trial in type 1 diabetes, metformin was
shown to reduce cardiovascular risk, but no effect of glycemic control on endothelial
dysfunction was observed [23]. Other studies involving women with polycystic ovary
syndrome (PCOS) treated with metformin or rosiglitazone have shown that met-
formin is associated with improved flow-mediated vasodilation and does not affect
endothelial relaxation independently, making it more effective than rosiglitazone [24,
25]. Metformin treatment for 3 months improved arterial stiffness and associated
endothelial dysfunction and reduced carotid intima-media thickness in women with
PCOS [26, 27]. Clinical trials involving metformin monotherapy (NCT00169624)

or metformin in combination with other antidiabetic drugs in T2D patients
(NCT00169624) and PCOS (NCT01459445) can be found online (https://clinicaltri-
als.gov). All of the aforementioned findings indicate that metformin monotherapy or
in combination with other antidiabetic strategies can be a viable option for treating
endothelial dysfunction in patients with hyperglycemia and insulin resistance.

2.1.1 Metformin and inflammatory vesponse in ECs

Metformin (0.1-2.5 pg/ml) has been shown to inhibit advanced glycation end
products (AGE)-induced monocyte adhesion by inhibiting endothelial cell adhesion
molecules [28]. Metformin (2-10 mM) inhibits tumor necrosis factor (TNF)-a-
induced gene expression of vascular cell adhesion molecule 1 (VCAM1), E-selectin,
intercellular cell adhesion molecule-1 (ICAM-1), and monocyte chemoattractant
protein-1 (MCP-1), thereby facilitating monocyte adhesion to activated ECs and the
IKK/IKBa/NF-KB signaling pathway [29]. Poly ADP-ribose polymerase-1 (PARP-1)
inhibits the expression of BCL6 (zinc finger protein 51) by binding to its intron 1,
and it subsequently increases the expression of pro-inflammatory cytokines, such
as VCAM-1 and MCP1. The AMPK activator or metformin (1 mM) induces PARP-1
dissociation from the Bcl-6 intron 1, thereby increasing the expression of Bcl-6,
and inhibiting the expression of inflammatory mediators [30]. These findings
indicate that metformin may be an effective drug for preventing monocyte adhe-
sion. Additionally, metformin (20 uM) alleviated intracellular oxidative stress by
up-regulating the expression of lectin-like oxidized low-density lipoprotein receptor
1 (LOX1) [31].

2.1.2 Metformin and NO production in ECs

NO is crucial for vascular physiological function and maintaining vascular tone.
Endothelial nitric oxide synthase (eNOS)-dependent NO production increases
endothelium-dependent vasodilation. Metformin (60 mg/kg/d) restores arterial
endothelial function in Goto-Kakizaki (GK) rats (a spontaneous T2D animal model)
and rats treated with streptozotocin (STZ) (an induced T2D animal model) by
increasing NO bioavailability and restoring endothelium-dependent vasodilation
[32]. Metformin (50-500 pM) also increases eNOS phosphorylation and its interac-
tion with HSP90, resulting in an increase in NO production. High glucose levels
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indicate impaired eNOS-HSP90 interaction, which can be restored with metformin
[16]. Metformin (250 mg/kg/d) has also been found to activate eNOS in endothelial
progenitor cells isolated from STZ-induced diabetic mice [33]. Tetrahydrobiopterin
(BH4) is a cofactor for the biological function of eNOS and regulates the NO

level, which is important for vascular physiology. Cyclohydrolase 1 (GCH1) is a
rate-limiting enzyme in BH4 biosynthesis whose deficiency affects BH4 level. The
eNOS-activating effect of metformin is also related to guanosine triphosphate
GCH1. Metformin (300 mg/kg/d) increases the protein expression of GCH at a post-
translational level [34]. In diabetic and obese mice, this protective effect increases
endothelial-dependent vasodilation [35].

2.1.3 Metformin and vascular integrity in ECs

Another leading cause of diabetic vascular change is abnormal vascular integrity.
Increased vascular permeability promotes monocyte extravasation. Metformin
(0.1-1 mM) has also been shown to decrease vascular permeability of ECs in the
brain. Metformin-induced AMPK was demonstrated to be involved in the preven-
tion of endothelial dysfunction [36]. Glycocalyx is a matrix structure that prevents
vascular permeability; metformin (0.33 mg/ml) can improve glycocalyx barrier
function in db/db mice [37]. Metformin (400 mg/kg, bid) reduced lung endothelial
hyperpermeability and systemic inflammatory response by activating AMPK in STZ-
induced diabetic mice and db/db diabetic mice. Metformin administration improved

survival, which was associated with suppression of VE-cadherin phosphorylation
(pVE-cadherin) [38].

2.2 Metformin and macrophage
2.2.1 Metformin and inflammation

Chronic inflammation is an important pathological process in the onset and
progression of AS [39]. Cholesterol metabolism homeostasis in macrophages can
be disrupted in the process of lipid degradation [40]. The inflammatory response
can be activated during the development of AS by free cholesterol (FC), which
induces the formation of cholesterol crystals and, subsequently, the formation of
foam cells [41]. Excessive chemotaxis retention factors released by foam cells caused
pro-inflammatory cytokines and the inflammatory response. Plaque rupture can
be caused by excessive inflammation and increases the risk of coronary thrombosis
[42]. Currently, targeting cytokines (such as interlukin (IL)-1p, IL-1f; IL-17, and
TNF) has been shown to slow the progression of CVD in some cases [43]. Treatment
with metformin has been shown to be beneficial in the treatment of macrovascular
complications in addition to its hypoglycemic effect. Metformin (0.09 U) can reduce
the log-transformed neutrophil to lymphocyte-ratio after 8 to 16 months compared
to sulfonylurea therapy. Metformin also inhibited blood cytokines, including the
C-C motif chemokine 11 (CCL11) in a non-diabetic heart failure trial (registration:
NCT00473876). Methionine increased the levels of homocysteine (Hcy), TNF-a,
H,S, and IL-1p in C57BL/6 mice while decreasing the level of cystathionine g-lyase
(CSE). Hcy increased the expression of DNA methyltransferase and the methylation
of the CSE promoter in macrophage, whereas metformin treatment can reduce the
deleterious effects of methionine [44]. Phosphatase and tensin homolog (PTEN)-
deficient macrophages create a persistent inflammatory microenvironment in which
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they induce nitric oxide synthase (iNOS)/NO and cyclooxygenase-2 (COX)-2/
Prostaglandin E2 (PGE2), which can be inhibited by metformin by inhibiting reactive
oxygen species (ROS) production and Akt activation [45]. These anti-inflammatory
effects of metformin are also the result of AMPK activation, but even after treatment
with compound C, an AMPK inhibitor, residual metformin activity remains signifi-
cant [46]. Our previous study also demonstrated that metformin inhibits NOD-like
receptor thermal protein domain associated protein 3 (NLRP3) inflammasome and
suppresses DM-accelerated AS in ApoE™'~ mice through AMPK activation [47].
Metformin treatment of mouse or human alveolar macrophages prevents particle-
induced production of complex III mitochondrial ROS, thereby inhibiting calcium
release-activated channel (CRAC) activation and IL-6 release [48]. These studies
suggest that metformin reduces oxidative stress in macrophages.

2.2.2 Metformin and foam cell formation

Foam cells are an important element of atherosclerotic plaque. Macrophages
absorb modified plasma-derived lipoproteins, leading to the formation of lipid-filled
foam cells and atherosclerotic lesions [39]. Metformin inhibits the accumulation of
cholesterol in macrophages under various inducible conditions. The ATP-binding cas-
sette transporter G1 (ABCG1)-mediated cholesterol efflux cannot effectively regulate
glycated high-density lipoprotein (HDL) particles. Metformin can restore cholesterol
efflux mediated by glycated HDL [49]. This is also observed in oxidized low-density
lipoprotein (oxLDL)-stimulated cholesterol accumulation and in foam cell formation,
which may be associated with ABCG1 up-regulation. Metformin also reduced the
rate of cholesterol biosynthesis from acetate in the J774A.1 macrophage cell line [50].
Metformin inhibits foam cell formation and reduces the expression of adipogenic
differentiation-associated protein (ADRP) in LPS-induced THP-1 macrophages [51].

In addition, when metformin is combined with other drugs, its efficacy increases
while adverse reactions are reduced. Coadministration of metformin and T317 (liver
X receptor agonist) with an HFD alleviated the development of AS in ApoE—/— mice.
This was due to a decrease in monocyte adhesion and macrophage cell prolifera-
tion, which was associated with an increase in ATP-binding cassette transporter
A1(ABCA1)/ ABCGI1 expression [52].

2.2.3 Metformin and macrophage polarization

In the pathological process, tissue injury and pro-inflammatory cytokines
secretion promote the differentiation of monocytes into macrophages and fur-
ther exacerbate inflammation [53]. M1 macrophages are traditionally involved in
pro-inflammatory and bactericidal activity, whereas M2 macrophages produce
anti-inflammatory mediators and growth factors in response to the resolution of
inflammation [54]. In a clinical study involving 30 healthy volunteers and 30 obese
volunteers (20 with diabetes), the obese volunteers were treated with metformin
and peripheral blood mononuclear cells (PBMCs) were isolated to measure polariza-
tion markers. The results revealed that the level of the CD68 marker was increased
in diabetic patients, while CD11b, CD11c, CD163, and CD169 were decreased. The
elevated expression levels of TNF-q, iNOS, IL-6, CD16, CD36, and CD206 indicated
the presence of macrophages with an M1-like phenotype. After treatment with met-
formin, the levels of TNF-a, iNOS, IL-6, CD11c, CD36, CD169, and CD206 showed no
significant difference between healthy volunteers and diabetic patients. These results
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Figure 1.
Schematic of the molecular signaling pathways involved in anti-AS effect of metformin.

suggest a close relationship between metformin treatment and distinct patterns of
phenotypic markers [55]. Metformin treatment decreased not only M1 macrophage
marker levels (MCP1 and CD11c) but also blood levels of TNF-a and IL-6 in male
C57/6 ] mice fed an HFD for 7 weeks. Therefore, metformin-regulated AMPK may
be involved in M2 phenotype macrophages and decreases inflammation in obesity
[56]. Chronic metformin administration also promoted microglia/macrophage M2
polarization by regulating AMPK, which may improve functional recovery after
middle cerebral artery occlusion (MCAO) in mice [57]. Metformin-activated AMPK
also induced macrophage M2 polarization and inflammatory cytokines expression,
alleviating the formation of atherosclerotic plaque [57].

Taken together, metformin has been shown to have a great anti-AS effect by regulat-
ing different molecular signaling pathways related to vascular homeostases, such as
increasing NO production, maintaining endothelial integrity, decreasing oxidative
stress, preventing M1 type polarization, inhibiting inflammation, and so on (Figure 1).

3. Metformin and diabetic cardiomyopathy

Diabetic cardiomyopathy (DCM) is typically characterized by left ventricular (LV)
dysfunction and the absence of a history of coronary artery disease or hypertension
[58, 59]. The molecular mechanism initiating DCM is unclear, but the major clinical and
biochemical dysfunctions in DCM development have been identified, such as hyper-
glycemia, systemic insulin resistance, and impaired cardiac insulin signaling [60-62].
Emerging evidence highlights the significance of abnormal mitochondrial function and
energy metabolism in causing pathological remodeling of the cardiac structure [63, 64].
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Metformin has been shown to be cardioprotective in ongoing clinical and basic
research and it has been recommended as first-line therapy in diabetic patients with
heart failure (HF) based on clinical practice guidelines [65]. Numerous studies have
shown that monotherapy or combination therapy with metformin reduces mortality
and/or hospitalizations in patients with diabetes and/or HF [66]. Similarly, a 10-year
follow-up study revealed that metformin reduced the incidence of myocardial infarc-
tion from all causes [67]. In basic research, it was found that metformin protects
against oxidative stress [68, 69]. It attenuates pro-inflammatory responses induced
by LPS or oxidative stress [70, 71]. However, there are contradictory analyses of these
positive reports as well [72, 73].

3.1 Metformin and free fatty acid (FFA) metabolism

In diabetic patients, increasing FFA released from adipose tissue leads to an
increase in circulating levels, especially in patients with visceral adiposity. Abnormal
circulating levels of FFAs cause a shift from glucose to FFA uptake and utilization,
impairing myocardial energy metabolism [74, 75]. This elevated FFA in circulation
also increases the expression of the nuclear receptor peroxisome proliferator-acti-
vated receptor-a (PPAR-a) [76]. Activated PPAR-a improves the expression of FFA
oxidation-related genes (pyruvate dehydrogenase kinase 4, PDK4; CD36), thereby
increasing mitochondrial FFA uptake [77]. Myocardial FFA uptake that exceeds its
FFA B-oxidation capacity results in lipid accumulation [78]. This metabolic disorder
protects against subsequent oxidation and toxic lipid metabolites at first, but this
metabolic imbalance eventually leads to mechanical dysfunction and organ failure.
Lipid accumulation also promotes the production of toxic lipid intermediates (diac-
ylglycerol, DAG; ceramides) which contribute to oxidative stress and cardiomyocyte
apoptosis. Research has shown that lipid accumulation in myocytes is closely related
to the severity of ischemia-reperfusion (IR) and CVD [79, 80].

Metformin treatment was associated with a decrease in fasting plasma glucose
(P < 0.05), insulin (P < 0.05), triglyceride [TG] (P < 0.05), and FFA (P < 0.03) levels,
according to a 2004 study involving 120 overweight T2D patients treated with placebo
+ diet (n = 60) or metformin (850 mg twice daily) + diet (n = 60) for 4 months [81].
Jeppesen also demonstrated that metformin treatment lowers postprandial glucose,
insulin, FFA, and TG levels (P < 0.001) in patients with non-insulin-dependent DM
(NIDDM) [82]. During the early stages of hypertension, spontaneously hypertensive
rats (SHR) exhibited myocardial metabolic changes including FFA. Metformin-
treated SHR exhibited normalization of FFA levels, mean arterial blood pressure,
cardiac glucose uptake rates, left ventricular mass/tibia length, and wall thickness.
Metformin may exert its effects mechanically by increasing fatty acid oxidation and
decreasing oxidative stress by activating AMPK [83]. These findings suggest that the
cardioprotective effect of metformin is attributable to its ability to lower FFA levels.

3.2 Metformin and AGE

The nonenzymatic glycation and oxidation of proteins and lipids result in the
formation of AGE, and this is an important pathogenetic change in DCM [84].
AGE can covalently bind to each other or to extracellular proteins, such as collagen,
laminin, and elastin, rendering the AGE complex vulnerable [84]. This can impair the
degradation of collagen leading to collagen accumulation and fibrosis, which causes
local tissue stiffness and increases myocardial stiffness [85].
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In a clinical trial, metformin (1700 mg daily) was administered to 15 T2D patients
for 3 months; the results indicated that patients treated with metformin had lower
levels of circulating AGE, which was associated with fasting plasma glucose and
glycated hemoglobin after 3 months of treatment [86]. Although the exact molecular
mechanism is unknown, metformin is thought to bind its guanidine group to the
a-dicarbonyl group of methylglyoxal, which is an intermediate in the formation of
AGE, leading to the neutralization of reactive dicarbonyls. Furthermore, metformin
activates glyoxolase, promoting the conversion of methylglyoxal to D-lactate [87, 88].

3.3 Metformin and mitochondrial dysfunction

The heart is an energy-dependent organ with abundant mitochondria that provide
cellular energy through oxidative phosphorylation. In a diabetic model, abnormal
dynamic mitochondrial structure was observed, as well as impaired function and
decreased glutathione concentration in mitochondria, all of which promote DCM
[89]. On the other hand, proteomic research proteins from mouse cardiomyocytes
of the type 1 diabetes model revealed that a large portion of the altered proteins was
related to mitochondrial origin and FFA oxidation [90]. This decrease in mitochon-
drial respiration and expression of the proteins involved in oxidative phosphorylation
was also observed in an obese T2D mouse model, suggesting that impaired mitochon-
drial oxidative capacity and reduced ATP production promote cardiac dysfunction
and subsequently limit myocardial contractility [91]. A recent study by Anderson et
al. indicates that reducing mitochondrial dysfunction and oxidative stress in diabetic
patients may promote the pathogenesis of HF [92].

Metformin has been reported to have a potent effect on improving mitochon-
dria function and regulating the metabolism of cardiomyocytes in a failing heart.
Metformin-induced activation of AMPK upregulated the expression of eNOS and
peroxisome proliferator-activated receptor-gamma coactivator 1-alpha (PGC-1a),
which are important in regulating the biogenesis and function of mitochondria
[93, 94]. Metformin increased the expression of stimulated NADH dehydrogenase
(ubiquinone) alpha subcomplex-1 (NDUFA1), NDUFA2, NDUFA13, and manganese
superoxide dismutase, indicating that it promotes mitochondrial biogenesis under
hyperglycemic conditions, as well as mitochondrial biogenesis-related transcription
factors (nuclear respiratory factor; NRF-1 and NRF-2). Metformin also upregulated
mitochondrial NDUFA13 protein expression by activating AMPK signaling [95].

3.4 Metformin and oxidative stress

The intracellular imbalance between ROS production and antioxidant regula-
tion leads to oxidative stress. The pathological process in both type 1 and type 2
rodent diabetic models is associated with excessive ROS production in the mito-
chondria [96]. Increased ROS production from both non-mitochondrial (activating
NADPH oxidase) and mitochondrial (modulating mitochondrial electron chain to
generate superoxide) sources as a result of various risk factors may lead to cardiac
dysfunction by directly damaging proteins or DNA or inducing apoptosis [97]. It is
notable that a reaction between ROS and NO produces peroxynitrite species, which
triggers a range of pathogenic events including impaired coagulation and inflam-
mation [98]. The progression of oxidative damage and antioxidant defect leads to
a number of responses that promote ventricular remodeling, including cardiomyo-
cyte hypertrophy [99, 100].
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Metformin has been studied for its antioxidative capacity in animal models.
Previously, activation of protein phosphatase 2A (PP2A) was shown to attenuate
myocardial cell apoptosis in vitro under high glucose conditions by deactivating
NF-«B signaling [101]. Metformin has been shown to reduce ROS production,
pro-inflammatory mediator release, and NF-kB signaling in human and rat pri-
mary cardiomyocytes in response to high glucose levels by activating PP2A [102].
Metformin has been reported to prevent mitochondrial dysfunction, alleviate intra-
cellular oxidative stress, and prevent the loss of aconitase activity that was linked to
the development of diabetes in the aorta and kidney of Goto-Kakizaki rats. However,
this effect was not observed in the heart during hyperglycemia or after administration
of metformin [103].

3.5 Metformin and calcium homeostasis

Ca”" in cardiomyocytes is a crucial regulator of cardiac contractility. Diabetic
myocytes exhibited abnormal protein modifications, including a shift in myosin
isoenzyme composition (from V1 to V3 isoforms) and an abnormal predominance
of the p myosin heavy chain (MHC), which resulted in a decrease in contractile
protein Ca-ATPase activity and shortening velocity [104]. The diabetic heart was also
observed to have abnormal intracellular Ca®* handling during the contractile cycle,
as a result of ryanodine receptor-mediated Ca® release reduction from the sarco-
plasmic reticulum (SR) and a decrease in the upstroke phase of the Ca®* transient in
streptozotocin-induced diabetic rats. This may result in cardiac dysfunction [105].
Ca” dysregulation was determined in human cardiomyocytes from T2D patients, and
decreased Ca** sensitivity in myofilaments was observed [106]. The sarco- (endo-)
plasmic reticulum Ca®* ATPase (SERCA) 2 is a key enzyme in the regulation of Ca*"
localization in SR and has a close relationship with contractile dysfunction. Decreased
activity of SERCA was observed in cardiomyocytes incubated in high-glucose
medium, in which abnormal Ca** signaling has been reported [107]. There is also a
hypothesis that the slower transient Ca** kinetics in the diabetic heart results from a
slower action potential and reduced SERCA2a expression [108]. The dysfunctional
calcium homeostasis and its clinical consequences require further confirmation.

Metformin was reported to have a novel therapeutic perspective role in regulating
abnormal mitochondrial Ca™* content in dystrophin-deficient mice, which is a mito-
chondrial dysfunction model, and mitochondrial Ca®* uptake kinetics significantly
increased the mitochondrial Ca** content. In metformin-treated cardiomyocytes from
3-month-old dystrophin-deficient mice, decreased mitochondrial Ca** content and

FFA metabolism
AGE production

Metformin Mitochondrial dysfunction Alleviating DCM
Oxidative stress

Calcium homeostasis

Figure 2.
Schematic of the cardioprotective mechanisms of metformin on DCM.
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increased complex I-driven respiration were observed [109]. However, there is no
direct evidence that metformin regulates Ca** homeostasis in cardiomyocytes.

In conclusion, Metformin alleviates DCM development in different approaches,
such as promoting FFA oxidation, decreasing FFA and AGE levels, reducing toxic
lipid metabolite, and protecting against oxidative damage (Figure 2).

4. Metformin and cardiac ischemia: Reperfusion injury

In 1998, the UKPDS study reported that metformin treatment was associated
with a 39% reduction in the risk of myocardial infarction (MI), and a 36% and 42%
reduction, respectively, in 10-year overall mortality and diabetes-related mortality,
compared to insulin or sulfonylureas (SUDs) therapy [6, 67, 110]. According to data
from the reduction of atherothrombosis for continued health registry, metformin
use is associated with a 24% reduction in all-cause mortality [111]. In a meta-analysis
of observational studies, Pladevall et al. found that metformin is associated with a
lower risk of MI when compared to SUDs [112]. In the rat models of MI, metformin
administration was found to reduce infarct size, preserve myocardial function, and
attenuate myocardial remodeling [113, 114].

In a study conducted in 1988, it was demonstrated that oral administration of met-
formin reduces infarct size 48 h after coronary artery ligation in a mammalian model
[115, 116]. Solskov et al. found that a single dose of metformin (250 mg/kg, orally)
24 h before coronary occlusion reduced infarct size in the Langen-dorff isolated rat
heart perfused model [113]. Research has shown that a much lower dose of metformin
(125 ug/kg) administered intraperitoneal 18 h before ischemia reduced infarct size
by more than 50% [117]. In the other isolated working rat heart model, metformin
treatment appeared to promote the recovery of contractile function before ischemia
and during reperfusion. This finding reflects an effect on cardiac pumping [118].

Clinical and animal studies have shown that metformin has an effective role in
ischemia-reperfusion injury, and mechanical studies have provided a new perspective
on metformin. Calvert et al. reported that phosphorylation of AMPK occurs after
the onset of myocardial ischemia and remains active for 24 hours or more following
reperfusion in a murine model of coronary artery occlusion. In rat hearts exposed
or not to ischemia, a very low dose of metformin augmented the phosphorylation of
AMPK. This implies that the beneficial effect of metformin on ischemia-reperfusion
injury is AMPK-dependent. Recent research has shown that metformin-induced
eNOS phosphorylation activates AMPK, which is also required for cardioprotective
action [117, 119]. One of the first things that happen is mitochondrial dysfunction,
which leads to regulated cell death, oxidative stress, and the release of inflamma-
tory cytokines. Mitochondrial dysfunction is caused by an abnormal opening of the
mitochondrial permeability transition pore (mPTP), which is also seen in ischemia—
reperfusion injury. Immediately after reperfusion, the mPTP opening causes the
release of pro-apoptotic factors, such as cytochrome C [120, 121]. It has been reported
that metformin activates several kinases of the Reperfusion Injury Salvage Kinase
(RISK) pathway like phosphatidylinositol-3-kinase (PI3K) and Akt, thereby restor-
ing abnormal opening of the mPTP (Figure 3). In a mammalian study (nondiabetic
Wistar rats and type 2 diabetic Goto-Kakizaki rats), metformin upregulated the
level of Akt phosphorylation after reperfusion, while concurrent administration of a
PI3K inhibitor prevented Akt phosphorylation and abrogated the protective effect of
metformin [122].
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Schematic of the signaling pathways of metformin in regulating eNOS level and mPTP.

5. Metformin and heart failure

The therapeutic effects of metformin in HF appear beneficial based on clinical
trials, as it reduces all-cause mortality and improves cardiac function, as confirmed
by the American diabetes association [65]. In an observational study involving 10,920
HF patients taking metformin, sulfonylureas, and/or insulin, the sulfonylurea mono-
therapy group served as a reference group. This study demonstrated that metformin in
monotherapy and in combination with sulfonylureas was associated with a reduction
in all-cause mortality compared to sulfonylureas in monotherapy; These findings were
consistent with those of a separate analysis of patients treated with or without insulin
[72]. Another observational study involved 16,417 T2D patients discharged with a
major diagnosis of HF. These patients were treated with thiazolidinediones (n = 2226),
metformin (n = 1861), or both thiazolidinediones and metformin (n = 261). Although
patients treated with metformin had a lower risk of hospitalization for HF, there was
no significant difference in all-cause hospitalization between the three groups [9].

In an analysis of the PL-ASC registry (Polish registry of acute coronary syndromes),
admitted diabetic patients with acute coronary syndrome who underwent percu-
taneous coronary intervention (PCI) were accessed. Two groups of patients were
compared: those who used metformin and those who did not. Therefore, metformin
treatment has been shown to benefit HF patients and discharges [123].

In vivo or in vitro basic research also determined the therapeutic role of metformin
in cardiomyopathy, which may lead to HF progression. Metformin has been reported
as an anti-inflammatory agent and an antioxidant in cardiomyopathy via AMPK-
dependent and AMPK-independent mechanisms. Metformin inhibited high glucose-
induced oxidative stress in HOC2 cardiomyocytes by promoting mitochondrial
biogenesis, mitochondrial biogenesis-related transcription factors, and AMPK activa-
tion [95]. Yang et al. demonstrated that metformin improved diabetic heart function
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by inhibiting the NLRP3 inflammasome; however, AMPK inhibitors can counteract
this effect. Furthermore, metformin inhibited NLRP3 inflammasome-induced cell
death by inhibiting mTOR and promoting autophagy [124]. Lai et al. established the
2-hit pulmonary hypertension associated with heart failure with preserved ejection
fraction (PH-HFpEF) model (double-leptin receptor defect (obese ZSF1) with the
combined treatment of vascular endothelial growth factor receptor blocker SU5416)
in rats with multiple features of metabolic syndrome. The glucose-lowering effect of
the agent was abrogated in Sirtuin3 (SIRT3)-deficient human skeletal muscle cells
and in SIRT3 knockout mice fed an HFD. Additionally, oral metformin treatment

on model rats reduced right ventricular systolic pressure and media well thickness,
which was associated with activated AMPK and SIRT3 levels. These findings indicate
that metformin normalizes PH-HFpEF in a rat model involving AMPK and SIRT3
activation [125]. Hence, these findings demonstrated the role of metformin diabetic
cardiomyopathy.

6. Conclusion

Over the course of 50 years of clinical experience, metformin has been well-estab-
lished as the first-line hypoglycemic drug for the management of diabetes. Metformin
inhibits hepatic gluconeogenesis to exert its antihyperglycemic effect. Metformin
inhibits the respiratory-chain complex 1, resulting in a decrease in energy charge and
a subsequent reduction in hepatic glucose output. These lipid-lowering effects and
improvements in insulin sensitivity are primarily dependent on the AMPK signaling
pathway.

It is evident that metformin plays a significant role in diabetic cardiomy-
opathy at various sites. Metformin promotes FFA oxidation and decreases FFA
levels, thereby preventing oxidative stress and toxic lipid metabolites. Metformin
decreases AGE levels and may alleviate collagen accumulation and fibrosis, which
subsequently reduces myocardial stiffness. Importantly, metformin restores
mitochondrial function, decreasing intracellular ROS levels and oxidative stress.
The chronic administration of metformin to patients has cardioprotective effects,
reducing the risk of heart failure and myocardial ischemia-reperfusion injury.
Various molecular mechanisms are implicated in the beneficial effects of met-
formin, such as reducing oxidative stress and cell death via AMPK-dependent
and AMPK-independent pathways. Metformin influences vascular physiology by
increasing NO production, maintaining endothelial integrity, decreasing oxidative
stress, and inhibiting inflammation, all of which contribute to its anti-AS effect.
Metformin is regarded by clinicians as an established drug with a significant role
in the treatment of T2D. However, there are still many significant unanswered
questions from a mechanistic perspective. Understanding the pharmacological
mechanisms of metformin may aid in the treatment of not only diabetes but also
cardiovascular diseases.
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Abstract

For several decades, metformin has been the mainstay of treatment of type 2
diabetes (T2D), not only due to its remarkable efficacy in both monotherapy and
combination therapy regimens, but also due to its favorable safety profile, weight
neutrality, and low cost. Other advantages have been reported, including improve-
ments in lipid profile and inflammatory markers and reports of cardioprotective
effects, albeit with scant evidence. The modification of the cellular energy metabo-
lism is the core of metformin’s mode of action. Metformin works to lower serum
glucose concentration by inhibiting hepatic gluconeogenesis and countering the
action of glucagon. Secondarily, it enhances glucose uptake in peripheral tissues,
predominantly in the muscles. Long-term and widespread use of metformin has shed
light on its other potential uses mediated by its effects on deranged metabolic path-
ways. Moreover, metformin is gaining research interest by demonstrating its potential
in the treatment of multiple disorders other than diabetes and has been proven to have
anti-cancer, immunoregulatory, and anti-aging properties. As a result, metformin is
currently being researched as a potential treatment option for various diseases.

Keywords: metformin, diabetes, extraglycemic effects, longevity, microbiome,
anticancer

1. Introduction

Metformin is a widely utilized oral treatment for type 2 diabetes (T2D),
FDA-approved since 1998, this guanidine derivative has been thoroughly researched
in molecular, biochemical, animal, human, and epidemiological trials first for its
glycemic effects, with additional effects noted later. Metformin has come under the
spotlight for its pleiotropic effects, which include anti-inflammatory, immunomodu-
latory, antibacterial, antiviral, anticancer, anti-aging, hormone regulatory, cardiopro-
tective, and anti-lipid effects [1, 2]. These vast effects have led to research showing
shared molecular mechanisms and multiple effects on cellular, biochemical, and other
signaling pathways in the body, resulting in complex positive effects, particularly
during chronic use. Furthermore, these extra glycemic effects are potentiated by the
treatment of T2D, a risk factor for many conditions, including cardiovascular disease,
cancer, infections, and obesity. Its low side-effect risk, low cost, and widespread use
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strengthen the interest in using metformin for treating conditions other than T2D,
with some researchers labeling it “the Aspirin of the twenty-first century.”

2. Glycemic effects of metformin

In use for over 30 years, metformin is the most commonly prescribed oral anti-
hyperglycemic and is the first-line treatment for T2D. It acts primarily by decreasing
hepatic glucose production, with additional effects by decreasing intestinal absorp-
tion of glucose and improving peripheral glucose uptake (Figure 1). Hypoglycemia
is unlikely with metformin, making its side effects more favorable when compared to
other, older oral antihyperglycemics such as sulfonylureas. In primary hepatocytes,
metformin activates the AMP-activated protein kinase (AMPK) pathway, which
results in the inhibition of glucose production [3, 4]. Additionally, recent advances
have shown that metformin’s effects on gluconeogenesis may be independent of
AMPK activation. Metformin acts on the respiratory chain in mitochondria, chang-
ing the intracellular ATP levels, thereby impairing the supply of ATP required for
gluconeogenesis [3-6]. Another recently reported potential target of metformin
may be mitochondrial glycerophosphate dehydrogenase [7]. Other mechanisms of
metformin on glycemia include potential improvements in homeostasis via actions on
glucagon-like peptide 1 and antagonization of glucagon, further suppressing hepatic
gluconeogenesis [8-10].

The effect of metformin on the intestines involves several mechanisms.
Fundamentally, metformin decreases proximal intestinal glucose absorption, possibly
by increasing enterocytic glucose utilization and increased lactate production [11].

METFORMIN

4

Figure 1.
Overview of metformin glycemic effects.
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The complete mechanisms by which glucose utilization is increased are unclear; how-
ever, animal models indicate a role in increased GLUT?2 expression on the enterocyte
membrane. The other pathways of metformin’s action on the gut involve its effects on
the incretin system. Metformin increases GLP-1 secretion by enteroendocrine cells
in the intestine, thereby enhancing glucose homeostasis. Mechanisms of this GLP-1
increase are under debate, and the currently prevailing opinion is that metformin acts
by increasing GLP-1 production rather than by preventing its degradation by DPP-4
[12, 13]. Other glucoregulatory effects via the intestines include modulations of the
gut-brain axis and its effects on the intestinal microbiome [14].

Metformin reduces gluconeogenesis and hepatic glucose production, increasing
peripheral glucose uptake and improving insulin sensitivity.

3. Extraglycemic effects of metformin
3.1 Metformin and aging

Aging is an inevitable biological process occurring in all organisms and is defined
by the accumulation of numerous detrimental alterations that are correlated with an
increased risk for morbidity and mortality. Although aging itself cannot be called
a disease, it is undeniable that age-related disorders are one of the major causes of
mortality worldwide. Aging is regulated by numerous cellular signaling mechanisms,
namely protein homeostasis, nutrient-sensing pathways, and ROS-mediated oxida-
tive stress [15]. In recent years, there has been considerable interest in researching
metformin as an anti-aging medicine that could not only improve health but also
increase lifespan. Research showed that metformin can increase lifespan by modulat-
ing the generation of ROS via the SIRT-3, Nrf-2/GPx7, and PRDX-2/SKN-1 signaling
pathways [16-18]. Furthermore, it was established that it promotes the autophagy-
mediated clearance of decaying components while reducing mTOR-induced
production of aging-related proteins (e.g., progerin). Several studies have already
demonstrated metformin’s positive effect on aging in humans. Metformin in longevity
study (MILES) is a 3-year trial in which 14 senior individuals with impaired glucose
tolerance were treated with metformin at 1700 mg/day. The findings of the study
showed that metformin administration caused transcriptome alterations in aging-
related pathways, such as mitochondrial pathways, adipose tissue, fatty acid metabo-
lism, and DNA repair processes [19]. Campbell et al. conducted a systematic review
and a meta-analysis of 53 studies that showed that metformin might enhance both
health span and longevity irrespective of its antihyperglycemic effects, implying that
metformin fits the criteria for the anti-aging medication [20]. Likewise, an analysis of
over 180,000 T2D patients’ medical records from the UK Clinical Practice Research
Datalink indicated that, despite being more obese and having more comorbidities
than their non-diabetic counterparts, metformin-treated diabetic patients had
survival rates comparable to their matched nondiabetic control group [21]. On the
other hand, some studies demonstrated that metformin is less effective than exercise
and may negate some of the benefits of exercise [22, 23]. Despite mentioned positive
findings, metformin should be used with caution beyond the treatment of T2D, par-
ticularly in older people who may be at risk of metformin toxicity due to their possible
hepatic and renal impairment. Further research is needed to demonstrate metformin
as potential prophylaxis for age-related complications.
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3.2 Metformin and cancer

Diabetes types 1 and 2 are both associated with increased rates of developing certain
types of cancer, a link noticed over 90 years ago [24]. Common risk factors for diabetes
and certain cancer types deepen the correlation among these entities. Bearing this in
mind, could treatment or prevention of diabetes play a role in cancer incidence? This
large and productive study question was initiated by a 2005 epidemiological report
describing a link between metformin use and decreased rates of cancer occurrence
[25]. Similar observational studies of patients with diabetes type 2 with or without
metformin report lower cancer incidence in patients on metformin [26]. This sparked
numerous in-vitro, animal, retrospective, prospective, and randomized controlled trials
(RCTs), with several hundred registered RCTs investigating the effects of metformin
on different cancer types currently in progress. In-vitro and animal studies have shown
elaborate evidence of the anticancer effects of metformin as well as its modes of action
on various mechanisms in cancer cells. Metformin has been shown to disrupt cellular
energy mechanisms by affecting AMPK and mTOR pathways and by decreasing avail-
able glucose, has further effects on inhibition of protein synthesis and cell growth, as
well as anti-angiogenic and anti-inflammatory effects [2, 27]. An important barrier to
translating the findings of in-vitro and animal studies is the concentration of metformin
used to achieve these effects, which is frequently 10-1000x times higher than the usual
human dose. However, after oral intake, metformin distribution is different across the
body, and for certain targets, such as the gastrointestinal, hepatic, and urinary systems,
reaching these concentrations is possible. In the gut, the concentration of metformin
remains 30-300 times higher than in plasma. At the same time, imaging studies show
metformin accumulates in the liver, kidneys, and urinary bladder at concentrations far
higher than those in plasma [28-30]. Another important factor for the responsiveness
of cells was the expression of organic cation transporters, whose increased expression
enables a very high concentration of metformin in the endoplasmic reticulum and
mitochondria [31]. A wide body of findings indicates a potentially high therapeutic
potential of metformin in cancer, particularly in these organ systems. However, defini-
tive evidence of its beneficial effects, particularly in human studies, is lacking and often
contradicting. It is studied for various cancer types at various stages, such as preven-
tion, chemotherapeutic and neoadjuvant treatment. Meta-analysis of observational
studies showed a 31% overall relative risk reduction (CI 0.61-0.79) for overall cancer
development in participants taking metformin compared with other antidiabetic drugs.
Promising trends were noted for breast, colon, pancreatic, and hepatocellular cancer
[32]. Epidemiological and observational studies show a risk reduction of colorectal
cancer incidence in metformin users, particularly diabetics. However, no RCTs have
identified any association, but a protective effect was noted when metformin was
compared to other antihyperglycemics [33, 34]. Similarly, for pancreatic cancer, obser-
vational and epidemiological studies show a 44% risk reduction, while RCTs show no
protective effects of metformin. A systematic review of an RCT and nine observational
studies for liver cancer showed a significant protective effect (OR 0.34; CI 0.19-0.60).
As for pancreatic and colorectal cancer, observational studies showed a protective effect
on stomach cancer, however, when pooled with results from RCTs, the protective effect
was lost. Melanoma, prostate, kidney, lung, ovarian, and uterine cancer all showed no
beneficial effects from metformin in both observational studies and RCTs, albeit met-
formin had a marginally protective effect against lung cancer in observational studies
[34]. Its lack of effect on advanced cancer independent of the site or type of cancer was
demonstrated in a recent meta-analysis [35].

66



Glycemic and Extraglycemic Effects of Metformin in Patients with Diabetes
DOI: http://dx.doi.org/10.5772/intechopen.109357

Overall, the vast heterogeneity of published data indicates the need for meticulous
RCTs with long follow-ups and adequate confounder control to fully investigate
metformin’s anticancer effects in humans for prevention, chemotherapy, or neoad-
juvant treatment. Several hundred registered ongoing RCTs promise to elucidate the
potential of metformin in cancer treatment.

3.3 Metformin and gut microbiota

Numerous microorganisms have a critical role in physiologic and metabolic
processes in our body. Their habitat is mainly in our gut and therefore are called
“gut flora” or “gut microbiota.” The composition of the microbiota is influenced
by both internal and external factors, such as the type of delivery, nutrition,
exposure to antibiotics, gut inflammation, stress, menopause, and toxins. The
process of altering the predominant microbiota is known as dysbiosis, and it has
been linked to the development of various illnesses. The internal gut medium can
be aggrieved by changes in the microbiome in a variety of ways, including altered
pancreatic enzyme function, biliary acid degradation, damage to the intestinal
brush border, and the development of dysregulated immunological responses
due to bacterial antigens. These changes, however, are reversible [36]. There is a
strong correlation between the incidence of inflammatory diseases and distur-
bance in the microbiome composition. The gut microbiota interacts closely with
the inflammatory, renal, cardiovascular, and endocrine systems via metabolic,
humoral, and neural signaling pathways [37]. Several important molecular and
pathophysiologic mechanisms linking the microbiome, obesity, and diabetes mel-
litus have been elucidated, most prominently low grade-inflammation, lipopoly-
saccharides, bile acids, short-chain fatty acids (SCFAs), and reduced intestinal
permeability [38]. Of note, besides their direct effects on glucose homeostasis
and insulin resistance, the effects of intestinal microbiota span to other factors in
diabetes development, like body mass index (BMI) and low-grade inflammation,
as well as the consequences of existing DM, including chronic kidney disease and
diabetic retinopathy [37].

Novel studies have shown the effects of metformin on the composition of the
gut microbiome, resulting in changes affecting several processes and diseases,
including effects on diabetes mellitus, the cardiovascular system, and aging
(Figure 2) [39]. The half-life of metformin in the blood is 3-4 hours, while its
glucose-lowering effects are observed for much longer. Furthermore, glucose
lowering was shown to be stronger after intraduodenal than intravenous admin-
istration [13, 39]. Metformin treatment has been shown to result in positive
changes in the microbiome composition both in animal models and humans,
namely, increased relative rates of Akkermansia and Firmicutes/Bacteroides ratio
[13, 40]. Even short-term metformin treatment is associated with a lowered
abundance of Bacteroides fragilis in the intestine, leading to improved glucose
tolerance, which was reversed when B. fragilis was reintroduced to the gut [41]. A
randomized double-blind trial investigated the treatment of naive T2DM patients
versus placebo and showed improved glucose tolerance in mice with fecal trans-
plants from metformin-treated patients. This indicated that the glucose-lowering
effect of metformin is at least partially mediated by its effect on the microbiome
[42]. The study conducted by Zhang et al. concluded that metformin modulated
gut microbiota and contributed to the increase of SCFA metabolizing bacteria in
treated rats [43].
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Figure 2.
Effects of metformin on diabetes via the gastrointestinal tract.

Metformin affects glycemia via several mechanisms resulting in a decrease of
intestinal glucose absorption, positive changes in the gut microbiome leading to
decreased “intestinal leak” and lower circulatory levels of proinflammatory cytokines
resulting in improved glucose homeostasis. Decreased bile acid resorption has posi-
tive effects on the plasma lipid profile, as well as additional effects on glucose homeo-
stasis via increased glucagon-like peptide 1 (GLP-1) secretion and changes associated
with positive alterations of the intestinal microbiome.

3.4 Other extraglycemic effects of metformin
3.4.1 Polycystic ovary syndrome

Polycystic ovary syndrome (PCOS) is an endocrine disorder marked by hyperan-
drogenism, polycystic ovaries, and disorders of ovulation, making it one of the most
common causes of female infertility. It is a heterogeneous condition also associated
with features of metabolic syndrome. Prevalence of PCOS, based on the Rotterdam
consensus workshop, rates up to 15% [44]. Insulin resistance in women with PCOS
was first described by Burghen et al. in 1980 [45]. Weight gain is associated with
insulin resistance in both women with and without PCOS; however, PCOS is associ-
ated with insulin resistance even in 75% of lean women with PCOS, albeit less severe
than in obese women with PCOS [46]. Another important component of metabolic
derangements in PCOS is dyslipidemia, most commonly manifested as increased
LDL and total cholesterol [47]. Interestingly, genes most commonly associated with
PCOS are genes related to the insulin receptor, primarily insulin receptor substrate
1and 2 (IRS-1and 2), calpain 10, genes for the expression of androgen-producing
enzymes, and polymorphisms peroxisome proliferator-activated receptor gamma
(PPARy) [48]. These findings represent the basis for the use of “insulin-sensitizers,”
such as metformin, for the treatment of PCOS. Studies show that the combination of
metformin and lifestyle changes leads to more weight loss and improved menstrual
cycle regularity when compared to lifestyle changes alone. The proposed benefits of
metformin in PCOS stem from its effects on weight loss, lowering of serum testoster-
one, and beneficial effects on dyslipidemia and endothelial function [49]. Metformin
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improves menstrual regularity, an effect more pronounced in lean patients, even
those who are underweight [50]. Women (particularly obese) with PCOS are signifi-
cantly more insulin resistant than their age- and BMI-matched female counterparts.
Adipose tissue deposition in women with PCOS is more pronounced in the visceral
and abdominal areas, termed android body fat distribution. Such fat deposition has
adverse effects on hyperinsulinemia, causing consequent co-gonadotropic effects

on the ovaries. Additionally, it endorses further android fat generation exacerbat-
ing weight gain [51]. Metformin does not primarily target fat tissue. Moreover, its
effects on adipose tissue are unclear and many findings are debated. Many in-vitro
and animal findings, such as increased glucose uptake and metabolism by adipo-
cytes, effects on mitochondrial and peroxisomal fatty acid oxidation, lipolysis, and
aerobic and anaerobic respiration, are yet unproven in human studies [49]. However,
metformin may affect adipocytes through the activation of AMPK, which results in
counteraction to the obesogenic effects of corticosteroids [52]. Metformin reduces
hyperinsulinemia, effectively and safely ameliorating the reproductive, metabolic,
and cardiovascular morbidity in PCOS. Metformin seems to have additional effects on
the ovary itself. All current studies are in-vitro studies, and the exact mode of action
is unclear. So far, it appears that metformin inhibits androgen production in human
ovarian granulosa cells [53]. Metformin is a drug for all reasons. Other observed
modes of action include AMPK-related pathways, similar to those in other tissues. In
rat granulosa cells, metformin treatment resulted in AMPK activation and reduced
steroidogenesis [54]. Studies evaluating pregnancy outcomes in women with PCOS
remain inconclusive. In some patients, improved pregnancy outcomes could be a
result of attenuation of hyperinsulinemia, reduced insulin resistance, and inhibition
of the plasminogen activator, resulting in improved oocyte quality and folliculogen-
esis [55]. However, due to the non-significant improvement in outcomes, the use of
metformin only in patients with impaired glucose tolerance [56].

3.4.2 Non-alcoholic fatty liver disease

Non-alcoholic fatty liver disease (NAFLD) is a term used for liver disorders often
seen in obese individuals, particularly those with type 2 diabetes. These disorders
include simple fatty liver disease, non-alcoholic steatohepatitis (NASH), liver fibrosis,
cirrhosis, and hepatocellular carcinoma (HCC). The prevalence of NAFLD in people
with diabetes is between 50 and 90% [57]. Because of this high correlation, NAFLD is
considered a novel T2D predictive indicator [58]. Initial treatment of NAFLD, as well
as diabetes, includes weight loss and lifestyle changes to improve insulin sensitivity,
reduce serum liver enzyme levels, and lower the degree of fatty change in the liver.
Metformin has been shown to suppress hepatic gluconeogenesis, change hepatic fatty
acid metabolism, increase fatty acid oxidation, suppress lipogenesis, and improve
insulin sensitivity. Recently, it was revealed that metformin has beneficial effects
on liver histology in patients with NAFLD/NASH [59]. Nonetheless, metformin
is commonly prescribed off-label to patients with NAFLD since it is thought that
activation of AMPK is associated with a myriad of positive benefits, such as reduc-
tion in oxidative stress and liver inflammation [60]. However, its long-term clinical
effects on NASH patients, particularly in lowering the risk of HCC in NAFLD/NASH
patients, are unknown. Patients with established T2D should be evaluated for NAFLD
as it contributes to the progression of diabetes (Figure 3). Because viable noninvasive
diagnostics for histological and biochemical indicators of NASH are unavailable, liver
biopsy remains the current gold standard for diagnosis. The most practical approach

69



Metformin - A Prospective Alternative for the Treatment of Chronic Diseases

TYPE 2 DIABETES

-> promotes development of
steatohepatitis

- promotes progression to cirrhosis
and possibly hepatocellular
carcinoma

NAFLD

—>» exacerbates insulin resistance

—» causes release of proinflammatory
cytokines that promote T2D
development

Figure 3.
Relationship between type 2 diabetes (T2D) and non-alcoholic fatty liver disease (NAFLD).

for detecting NAFLD is liver ultrasonography; however, it has yet to be proven for
monitoring response to treatment. Therefore, metabolic markers remain viable
indicators of therapeutic response.

In NAFLD the lipid accumulation within hepatocytes results in hepatic insulin
resistance, hepatic insulin clearance is reduced and toxic cytokines are released which
promotes the development of T2D. Type 2 diabetes is associated with higher rates
of development of steatohepatitis, progression to liver cirrhosis, and possibly the
development of hepatocellular carcinoma.

4. Future perspective

The described pleiotropic effects of metformin may be potentiated or affected
when used in combination with other oral antihyperglycemic drugs. Frequently, the
choice of second-agent drugs is dependent on the comorbidities, cost, and target goals
individually tailored for each patient. The combined effects of other drugs, includ-
ing GLP-1 receptor agonists, SGLT?2 inhibitors, and DPP-4 are the focus of current
research investigating their combined effects on glycemic control as well as influences
outside regulation of plasma glucose concentration. In light of the new evidence and
effects of other oral antihyperglycemics on the cardiovascular and renal systems, the
Japanese guidelines are the first not to recommend metformin as a first-choice agent,
but rather, one of the possible choices for first-line monotherapy. Other guidelines,
including Korean and the American Diabetes Associations, recommend including
different oral antihyperglycemics earlier than before [61]. Combination therapy of
metformin with additional one or two drugs is currently being investigated for long-
term safety and glycemic control. A recent study compared a metformin-DPP4 inhibi-
tor combination compared to metformin, DPP-4, and an SGLT2 inhibitor, and the
results showed similar long-term glycemic control, indicating better cost-effectiveness
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of dual than triple therapy [62]. Of note, extraglycemic effects were more pronounced
in patients on triple therapy; however, in selected populations, dual therapy may be
similarly effective at a lower cost. Long-term efficacy studies and cost-effectiveness
need to be studied for all possible combinations, and the results of these studies may
guide physicians in selecting more appropriate treatments for their patients.

5. Conclusion

Metformin has been the first-line treatment for T2D for decades. The advantages
of using metformin include its safety profile and low cost compared to newer medica-
tions such as GLP-1 receptor agonists and SGLT-2 inhibitors. Apart from its usage
in the treatment of diabetes, growing evidence suggests that metformin may be
beneficial in the treatment of cancer, PCOS, NAFLD, and a variety of other chronic
diseases. By its effects on glucose homeostasis, the incretin axis, lipid metabolism,
and the gut microbiome, it is reasonable to assume that metformin has a multitude of
roles in disorders other than diabetes, and consequently, may increase healthspan and
longevity.
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Abstract

Metformin has been proven to be one of the most safe and effective antihyper-
glycemic agent. Jean Sterne in 1957 first used metformin for treatment of diabetes
mellitus type II. The main effect of this drug from the biguanide family is to acutely
decrease hepatic glucose production, mostly through a mild and transient inhibition
of the mitochondrial respiratory chain complex I. The drug is an insulin sensitizer,
leading to reduction in insulin resistance and significant plasma fasting insulin levels.
Additionally, the resulting decrease in hepatic energy status activates AMPK (AMP-
activated protein kinase), a cellular metabolic sensor, having action on hepatic gluco-
neogenesis. It depicted marvelous non-glycemic related effects. The drug because of
positive charge, can only partially cross the plasma membrane by passive diffusion. Its
intracellular pathways are mediated by different isomers of organic cation transport-
ers (OCT 1 for liver tissues and OCT 2 in the kidneys). These effects include modula-
tion of different points of cancer timeline, weight reduction, cardiovascular health,
thyroid diseases, polycystic ovaries disease and many other medical conditions. The
aim of this review is to familiarize the effects of metformin in non-diabetes related
medical disorders, advances in our understanding of this drug and its pathways in
health and diseases.

Keywords: metformin, anti-proliferative, AMPK, mTOR, endothelium, insulin
resistance

1. Introduction

History of metformin is linked to Galega officinalis (also known as goats rue), a
traditional herbal medicine in Europe, found to be rich in guanidine, which, in 1918,
was shown to lower blood glucose. Guanidine derivatives, including metformin,
were synthesized and some (not metformin) were used to treat diabetes in the 1920s
and 1930s but were discontinued due to toxicity. Metformin was rediscovered in the
search for antimalarial agents in 1940s. It proved to be useful in clinical cases to treat
influenza when it had also shown to lower blood glucose. This property was pursued
by the French physician Jean Sterne, who first reported the use of metformin to treat
diabetes in 1957.
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Metformin is under use over 65 years worldwide. The data has shown beneficial
effects of the drug on obesity, PCOS, fatty liver disease, cardiovascular dysfunction
as anti-oxidant and on inflammation, besides its use in pre diabetic and diabetic
subjects. Moreover, drug has ardent usefulness in various malignant conditions,
Alzheimer’s disease and dementias. The literature is also rich on use of metformin
in diabetic and non-diabetic related effects on endocrinal disorders, especially on
thyroid and different malignant conditions. The present review is focused on these
alternate non-diabetic uses of metformin.

2. Metformin structure and pharmacology

Metformin is a plant based medicinal product a synthetic guanidine with two
coupled molecules with loss of ammonia, hence named biguanide with additional
substitution. Metformin structure is shown below:

Metformin
MH  NH
- o .-'I'L\. .-"u"!-\.
N I M
H

2

Metformin is conjugate base, a member of the class of guanidines that is biguanide
the carrying two methyl substituents at position 1. It has a role as a hypoglycemic
agent, a xenobiotic, an environmental contaminant and a gero protector. It derives
from a biguanide.

Galega or guanidine is extracted from herbal plant G. officinalis [1]. Attention
was paid initially on guanidine itself. The drug proved too toxic for clinical use. The
drug is mainly absorbed from upper intestine with bioavailability of around 50%.
The plasma half-life ranges from 0.9 to 2.6 h varying with different formulations. The
transportation into the cell is via organic transporter-3 (OCT 3 & OCT 1). The drug
is excreted unchanged in urine. This oral medicine is mainly concentrated in liver,
kidney and jejunum site [2]. Because of short half-life and low oral bioavailability
GI tract upsets are often noticed with the therapy. This limitations have overcome by
designing delivery system and development of novel formulations. The drug delivery
system have been investigated to decrease the side effects, frequency of dosage and
enhancing the effect of oral anti-diabetic drug. The interest with novel formulations
with nanoparticles is expected to improve drug bioavailability, dosing, frequency and
GI tract side effects. The process of nano particles in the optimized concentration
and surface characteristics has generated a great potential offer for treatment of type
2 diabetic mellitus [3]. The rational development of nano skilled delivery system has
been described in literature by many workers [4, 5]. Their objectives were to achieve
specific advantages using apt nano size and surface modifications of the particles to
improve the target delivery of the drug to any compartment of the body at cellular
and subcellular levels. Improving therapeutic potentials are the main goals of this
drug delivery system in their researches [5].
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Around 120 million people worldwide are using the drug as antihyperglycemic
agent, without much having overt hypoglycemic episodes. In human beings, the drug
molecules works at 2 levels: at liver level and at peripheral tissues.

The process is active through AMPK (adenosine monophosphate protein
kinase) as cell regulatory mechanism. In humans, AMPK is essential for metabo-
lism of glucose and fatty acids by downsizing glucose output from the liver,
reducing gluconeogenesis and fatty acid synthesis in the liver. AMPK is essential
for enhancing glucose uptake and fatty acid oxidation in peripheral muscles. The
beneficial effects are seen on multiple organ system. Mitochondrial metabolism
is also found altered by metformin which helps in reduction in gluconeogenesis
by down regulation. The drug mechanism has tumor modulation as prerogative
role as adjunct therapy in cancer [6]. Metformin also inhibits GI uptake of carbo-
hydrates, reduces leptin levels and results in augmentation of glucose like peptide
on gut cells. At molecular level, metformin modulates Adenosine Al receptors
(ADORA 1) which are essential in the cellular energy cycle. The human colorectal
cancer cells may remain energy deprived when ADORA 1 are downregulated with
resultant apoptosis [6].

The certain authorities have commented that drug probably does not directly
activate AMPK and LKBlgene. LKB1 gene is tumor suppressor gene {Serine/
threonine kinase 11 (STK11) also known as liver kinase B1 (LKB1) }. The drug
does not influence the phosphorylation of AMPK by LKB1 in a cell free assay [7].

Metformin
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- § .
|
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Figure 1.

Mfchanism of action of metformin. Metformin activates AMPK through its effect on mitochondria. Growth
inhibition include mTOR activity vesulting in inhibition of protein synthesis and cell growth. AMPK activation
also enhances p53 and p21 along with inhibition of cyclin D1. These small molecules exhibit divers’ biological
activities with inhibition of cell cycle. Inhibition of lipid and sterol biosynthesis pathway wide inhibition of
sterol regulatory element — binding protein-1c (SREBP 1) and downregulation of fatty acid synthase. Inhibition
of CoA carboxylase (ECC) influences tumor suppression. Source: Pharmaceuticals 2022, 15, 442. DOI: 10.3390/
ph15040442.
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Metformin activates AMPK through its effect on mitochondria. Growth inhibition
include mTOR activity resulting in inhibition of protein synthesis and cell growth.
AMPK activation also enhances p53 and p21 along with inhibition of cyclin D1.
These small molecules exhibit diverse biological activities with inhibition of cell
cycle. Inhibition of lipid and sterol biosynthesis pathway wide inhibition of sterol
regulatory element - binding protein-1c (SREBP 1) and down regulation of fatty
acid synthase. Inhibition of CO-A carboxylase (ECC) influences tumor suppression.
The main mechanism of action of metformin and cancer is summarized in Figure 1.
(Adopted from Chow Elaine and colleagues) [8].

3. Multifaceted impact of metformin
3.1 Antioxidant activity

The exact privileged mechanism is yet unclear. The antioxidant effect includes
decreased gluconeogenesis and activation of AMPK system, upregulation of pro-
tein to fat and beta cell oxidation that lead to increase in the fatty acid metabolism
and beta oxidation in fatty tissue [9]. A healthy heart obtains 60-90% energy for
oxidative phosphorylation from fatty acid oxidation, whereas a failing heart has
a balance for increase the glucose uptake and utilization [10]. The utilization of
fatty acids use more oxygen per unit of ATP than the generated glucose which may
improve ventricular performance. The drug also normalized non-esterified fatty
acids, suggesting metabolic adaptation with use of the drug, as the drug modifies
cardiac lipid/glucose oxidation ratio. Further, metformin action on cardiomyo-
cytes attenuates the production of pro-apoptotic proteins, increase in anti-apop-
totic proteins that reduce the percentage of apoptotic cardiomyocytes [11]. The
studies with support of AMPK on endothelial functions revealed beneficial effects
on it, suppressing oxidative stress in endothelial cell [12]. Thus, findings related
to oxidative stress in endothelial cells, cardiomyocytes functionality and produc-
tion of radical oxidative substrates (ROS) are inhibited by metformin which helps
in preventing endothelial dysfunction, atherogenesis and improves myocardial
dysfunction. Metformin is avoided in patient with heart failure because of risk of
lactic acidosis. Currently, this contraindication weighs insignificance in literature
[13]. Eurich and coworkers in 2011, indeed suggested that metformin alone or
in combination with sulphonylurea reduce both the mortality and morbidity of
type 2 diabetic patients with heart failure in comparison with Sulphonylurea as
monotherapy [14].

3.2 Endothelial function and anti-inflammatory agent

The mechanism of metformin on endothelial function is unclear. However,
endothelial function modulation was suggested in acquiring insulin resistance
improvement. Endothelial dysfunctions are chiefly observed in diabetic and patients
of ischemic heart disease [15]. The results of metformin as anti-inflammatory agent
is controversial [16]. Metformin inhibits nuclear factor kappa B (NF-kB) by down
regulating inflammatory responses. The factor NF-kB, a protein transcription factor
is also a regulator of innate immunity.
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3.3 Obesity and hormonal imbalances

It is argued by many researchers that weight reduction by metformin per say is
owing to diabetic related medications rather the drug itself. The weight changes are
evidently observed with impaired glucose tolerance unlike diabetics without obesity
where in the drug failed to reduce the weight significantly [17]. Others elaborated
the reasons for reduction in weight with metformin which are (1) reduction in leptin
levels, (2) augmentation of glucagon like peptide one effects on fatty tissues, (3)
reduction in carbohydrates uptake by the gut [18]. Metformin induced reduction in
hepatic lipid content is consistent with increase in fatty acid oxidation and inhibition
of lipogenesis mediated through AMPK activation [19].

3.4 PCOS (polycystic ovarian syndrome)

It is now recognized that insulin resistance, is a common feature of PCOS. The
disorder affects at least 5-15% of reproductive age women. Pharmacological option
in PCOS and insulin resistance with insulin sensitizer are being proposed. Metformin
medications increased ovulation, reduce serum androgen levels [20].

The beneficial effects of metformin are based on production of excess insulin
or ovarian effects. Insulin directly stimulates enzymes in ovary such as cytochrome
Pss0, 3beta SHD (3 beta hydroxysteroids) by improving insulin sensitivity by CYP 17
(cytochrome P450) activity, inhibits androstenedione effects on theta cells, reduces
factors such as endometrial androgen receptor expression - factors with high risk of
abortion. The observations have clinical significance that the use of metformin in
an overweight PCOS patient would be fruitful. Metformin has been shown to reduce
risks of abortion in PCOS in pregnancy.

3.5 Thyroid gland function

Metformin is considered a cornerstone of type 2 diabetes medication umbrella. Many
prospective and retrospective studies have shown that serum TSH levels in hypothyroid
patients decreased in response to metformin therapy and increased again when met-
formin was withdrawn [21]. Relevant changes were not observed in serum thyroxine
(T4), triiodothyronine (T3) levels. In a study, by Cappali et al. [22] in 2009 that diabetic
patient on metformin, had significant decline levels of TSH, but T4, T3 remained
unchanged for 1 year. The changes were also noticed in group with already existing
hypothyroidism on medication irrespective of metformin therapy. Following this initial
findings a number of studies that were performed elucidated various mechanisms of
the drug on TSH level. Metformin was shown to have a lowering effect on TSH level.
Metformin likely affects thyroid function through peripheral conversion of thyroxine to
triiodothyronine [23] when TSH value was higher than 2.98 mU/L, whereas the oppo-
site effect was seen on individual having serum TSH level lower than 2.98 mU/L. The
thyrotropin effect was not observed in hyperthyroid subjects with type 2 diabetes [24].

Use of metformin is hypothesized to change the affinity of thyroid hormones to
increase the dopaminergic tone or induce activation of TSH receptors [21].

Metformin is also found to modulate hypothalamic pituitary thyroid axis at
the level of peripheral tissues. The observations indicated that metformin treat-
ment could have an impact on thyrotropin function in hypothyroid patient in apart
associated with alterations in dopaminergic regulation of thyrotropin secretion.
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Duntas et al. [25] suggested that metformin is proved to have inhibitory effect on
AMPK activity in hypothalamus. Clinical studies under taken by Al-Alu-Si 2015 [26],
concluded that levothyroxine absorption remains unchanged by concomitant metfor-
min. TSH suppression effect of metformin may be useful in clinical hyperthyroidism.
However, complexity exist for monitoring thyroid function status in diabetic patient
on metformin. The depressed TSH level may provide false reassurance in decreasing
T4 (levothyroxine) dosage with low TSH level. The proper interpretation of thyroid
functions is mandatory in patients receiving metformin therapy in diabetes.

3.6 Central nervous system

Metformin effect on nervous system is also puzzling. In Alzheimer’ disease, there
is remarkable progressive insulin resistance of the brain cells leading to formation of
amyloid cells. The disease is unofficially considered as type-3 diabetes. The brain cells
here are dependent on glucose for survival and have low antioxidant enzyme contents as
aresult of oxidative injuries. Activation of AMPK pathway play a vital role in reducing
insulin resistance and oxidative stress. The drug metformin is known to activate AMPK
thus, partially could have a protective role in Alzheimer’s disease and others oxidative
distress related neurological disorders. Metformin also plays a pivotal role in breaking the
cycle of permeability transition protein release in the mitochondria. By virtue of drug
effect, metformin in the mitochondria, plays a role in this cascade with resultant delay in
the program of cell death [27]. The drug metformin influences and reduces neuro inflam-
matory status along with glucose metabolism leading to protein dephosphorylation, acts
as an anti-oxidant and helps reducing neuro inflammation and degeneration (Figure 2).
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Figure 2.

Mgtformin effects in neuron. It shows metformin counteraction protein hyperphosphorylation, oxidative stress
and neuro inflammation, neuro fibrillary tangles, processes known to drive neural loss. The drug metformin
influence neuro inflammatory status along with glucose metabolism leading to protein dephosphorylation,

as an anti-oxidant and reducing neuro inflammation. Source: (https://www.researchgatenet/figure/
Metformins-potential-as-a-neuroprotective-agent-Metformin-can-counteract-protein,).
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3.7 Anti-retroviral agents

HIV treatments lead to metabolic consequences as insulin resistance, dysregulation
of glucose metabolism, dyslipidemia, and lipodystrophy in 80% of subjects as side
effects of medication. Metformin as an adjunct therapy, diet and exercise effectively pre-
vent these consequences by improving visceral fat distribution, reduces risk of insulin
insensitivity, dyslipidemia, weight gain, hyperglycemia and endothelial dysfunctions.

3.8 Renal cancer

AMPK which suppresses the cell proliferation. AMPK pathway subsequently lead
to inhibition of mTOR that is responsible for cell growth. mTOR the mammalian/
mechanistic target of rapamycin is a kinase that in humans is encoded of MTOR gene.
mTOR pathway is involved in number of important physiological functions including
cell growth, cell proliferation, metabolism and protein synthesis. Inhibition of mTOR
vide AMPK pathway is responsible for anti-proliferative effect. Metformin is also
known to inhibit mTOR independently of AMPK pathway, making the outcome more
effective in controlling the proliferation of cell growth. Metformin not only prevents
phosphorylation of mTORc1 complex component but also inhibits phosphorylation of
AKT, amTORc2 substrate which is beneficial in the treatment of cancer.

3.9 COVID19

Metformin blocks the viruses from binding the host receptors ACE2. Other effects
of metformin are AKT inhibition, AMPK activation, inhibition of mTOR activity
there by suppressing virus — host protein interaction. The drug also inhibits mitochon-
drial generation of ROS which leads to rising intracellular calcium and subsequent
release of pro-inflammatory cytokines (IL1, IL6, TNF alpha and IL beta). In COVID 19
infection, the drug metformin increases insulin sensitivity that modify endosomal pH
and reduces viral replications and maturation. ACE2 downregulation by SARS Co-2 is
prevented by metformin. This drug mediated increase levels of ACE2 and phosphory-
lation of ACE2 subsequently regulates RAAS and offers cardiopulmonary protection.

4. Therapeutic applications of metformin
4.1 Cancer

The large number of cohort studies have confirmed the significance of associated
diabetes mellitus with increased risk of cancer affecting pancreas, kidney, prostate,
colon and breast. This increased risk is attributed to persistently elevated plasma
glucose and plasma insulin levels. Insulin resistance, hyperinsulinemia that might
promote carcinogenesis, directly or indirectly increasing levels of insulin-like growth
factor (IGF) (formerly called somatomedin) that functions primarily to stimulate
growth. However, that also possess some ability to decrease blood glucose levels and
inflammatory process [28].

Metformin therapy in these malignant cases were associated with relative reduce
risk of cancer and cancer mortality in diabetic patient [29]. These observations are
consistently seen with iz vitro and invivo studies revealing anti-proliferative action of
metformin on various cancer lines [30].

83



Metformin - A Prospective Alternative for the Treatment of Chronic Diseases

4.1.1 Breast cancer

As mentioned previously, the action of metformin is having direct effect on
AMPK that when occurs, lowers the ATP ratio in cells resulting in stimulating AMPK
pathway for regularizing energy homeostasis. Excess energy, in turn will signal the
need to decrease the energy consumption. Thus, resulting cytotoxic effects are met
with inhibition of cell growth and proliferation of breast tissue. Further, Metformin
is known to exert an indirect effect on cells by lowering insulin levels and decreasing
PI3k pathway, inhibiting cell growth and proliferation. PI3k signaling pathway stimu-
lates the cells for proliferation and growth, simultaneously inhibiting cell apoptosis.
It is an enzyme that transmit signal in cells that helps to control the cell growth.
Some tumors have higher level than normal of PI3k (PI3 kinase). By inhibiting this
enzyme, PI3k inhibitors cause cell death and inhibit the proliferation of malignant
cell. Iliopoulos and coworkers [31] in 2011, suggested the need of higher dosage of
metformin (1.5-2.5 g) to attain anti-neoplastic effect [31].

4.1.2 Liver cancer

Lack of well-designed trials on the subject, reserves the outcome of metformin use
in liver cancer. However, in metaanalysis compiled by zhang and colleagues concluded
that metformin appears playing a role in reducing liver cancer risk in type 2 DM [32].
More well designed trials would be needed to evaluate this point.

4.1.3 Pancreatic cancer

Many trials have assessed possible link between type 2 diabetic and pancreatic
cancer. The study by Huxley et al. [33] 2005, noticed in their study a higher risk of
pancreatic cancer development in diabetic subjects who are having short duration of
illness. Yet another study revealed to significantly lower risk of mortality in patients
with pancreatic cancer who used metformin [34]. More further studies needed to
consolidate this conclusion.

4.1.4 Endometrial cancer

A large numbers of studies had explained the improvement of overall survival in
patient with advanced endometrial cancer taking metformin. Studied patients were
either diabetic or non-diabetic [35, 36]. Metformin’ role in recurrence of endome-
trial cancer as remained unclear. Prospective study under taken by Soliman et al. in
2016 in newly diagnosed endometrial cancer, demonstrated the reduction in serum
molecular markers of cancer who were using metformin in a week’s period [36]. It is
also described that mechanism of metformin in tumor cell is vide FOXO 1 pathway
involvement. FOXO family is a subclass of fork head transcription factors. The
pathway is responsible for regulating the expression of gene in the cellular physiologi-
cal events including apoptosis, cell cycling control, glucose metabolism, oxidative
stress resistance etc. It was also revealed that providing a AMPK inhibition in the
FOXO 1 pathway by injecting silencing RNA for FOXO 1 in endometrial cell, sub-
sequently eradicated anti-proliferative effects of metformin. The observation bears
strong therapeutic implication [37, 38]. The proposed scheme for the antiproliferative
mechanism of metformin in estrogen-dependent endometrial cancer (EC) cells is
shown in Figure 3 (Source: [39]).
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Prgposed scheme for the antiproliferative mechanism of metformin in estrogen-dependent endometrial

cancer (EC) cells. Metformin activates AMPK/human forkhead FOXO1 —P in the cytoplasm thus decreasing
phosphorylation (P) of FOXO1 protein. Theve by organizing RE localisation of FOXO1 protein from cytoplasm
to nucleus with enhance FOXOz1 activity. FOXOz1 function contributes to incveased efficacy of metformin therapy
against EC-novel mechanism of metformin as anti-neoplastic. Findings are supportive for prostate cervical
cancer.

4.1.5 Cervical cancer

Limited data is available on this subject. Xiao et al. 2012 [40] examined
metformin dynamics in these cancer cells with focus on LKB1. Cell lines were either
responsive to metformin or remained non-responsive to metformin. The cell lines
which are responsive to metformin stimulate AMPK via LKB1 and prevents mTOR.
Nonresponsive cell to metformin were void of LKB1. LKB1 gene also known as STK
1 gene, provides instruction for making enzyme called serine/threonine kinase 1.
This enzyme is a tumor suppresser that helps the cells in growing and its division
rapidly. Metformin also suppress other cell lines of cervical cancer cell viz. C33A,
ME180. Metformin may, Therefore, have an adjuvant role especially in such cervical
cancer having presence of LKB1 cell line. C33A is an epithelial cell line isolated from
cervix of uterine cancer patient. Herein, arginine to cystine substitution takes place
at codon 273.

4.1.6 Lung cancer

Poor association are shown between use of metformin and lung cancer [41]. A
retrospective cohort study by wink et al. [42] had concluded that patients of diabetics
on metformin and with locally advanced non-small cell (NSCL) cancer where having
less chances of disease progression and metastasis, than those who were not kept on
metformin [42].
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4.1.7 Colovectal cancer

Diabetic patients are shown to have lower risk of colorectal carcinoma when
treated with metformin. Besides metformin is having the ability to lower the risk of
colorectal cancer, improvement and survival in such patients [43-45].

4.1.8 Renal cancer

Metformin is a common therapeutic agent with anti-tumor activity in various
cancer types. However, its use remains controversial in renal cell carcinoma. Adjunct
metformin treatment in RCC (renal cell carcinoma) lead to activation of. In RCC
additional, anti-proliferative effects are also achieved by suppression of cyclin D gene
responsible for cell proliferation and cell growth [46]. Metformin is also able to pre-
vent renal cell carcinoma by incorporating the regulation of gene miR-26a, which will
inhibit cyclin D1 expression- a factor incumbent for the cell growth. mTORcland c2
promote the cell growth by inducing and inhibiting anabolic and catabolic processes
respectively and drives the cell cycle progression. In clinical practice, metformin
has shown insignificant association in preventing the recurrences of RCC after its
resection [47].

4.2 COVID19

After the emergence in late December 2019, it was observed by many workers,
that diabetic individuals were at high risk of COVID 19 infection and its associated
complications. Interestingly, diabetic COVID 19 patients had more adverse outcome
while on insulin when compared to those who were on metformin. Metformin treat-
ment correlated with significant reduction in disease severity and mortality in such
cases. Excellent review on the subject is published by Varghese E and colleagues in
2021 [48]. The drug has its role as anti-oxidant, anti-inflammatory, immunomodula-
tor, and protective effects on vasculature and endothelial functions, already discussed
earlier in the text. It is noteworthy to mention that ACE2 receptor is expressed in
various organs viz. brain, heart, lung, intestine, kidney, liver, vasculature and adipose
tissues making them targets for COVID infections. Diabetes has increased expression
of ACE2 in various tissues hence leading to increase in viral load Metformin provides
protection metabolically and reduces complications related to immune response and
thrombotic events. Metformin in COVID 19 be judiciously used with conditions such
as renal failure, diabetic ketoacidosis and severely ill patients.

5. Conclusion

Despite newer advances made for oral hypoglycemic agents metformin remains as
main agent under diabetic umbrella. The drug has effectively demonstrated to possess
anti-tumor activity of value in varied cancer subjects. The main effect of drug is to
decrease hepatic glucose production by mitochondrial respiratory chain complex
resulting in transient decline in cellular energy status that promotes the activation of
AMPK, a well-known cellular sensor. There are multiple molecular mechanisms pro-
posed about metformin with protective properties in diabetic and non-diabetic users.
Morewider researches with their clinical implications still are awaiting for metformin
use as an adjunct therapy in various cancer subjects.
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6. Future perspective

Well-designed human and animal researches are needed to confirm the benefits of
drugs in as anti-inflammatory agent, anti-proliferative agent in various inflammatory
and malignant disorders. Nanoparicles/microbubbles generated drug for treatment
of diabetes mellitus has great potential but needs further researches with specific
attention to optimized concentration. Extensive physiologic and biochemical studies
are still required to identify indirect targets influenced by relatively limited number
of direct targets.

7. Recommendations

Metformin is currently recommend as first line glucose lowering drug in type 2
diabetes mellitus. Molecular studies though highlight the knowledge gap in areas of
unearth needs, However, neo clinical and mechanistic studies on metformin and its

usefulness on central nervous system, infections and cancers are warranted with new
insight into its therapeutic value beyond boundaries of diabetes.
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