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Chapter

Metformin: A Small Molecule
with Multi-Targets and Diverse
Therapeutic Applications
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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-kxB, 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 Drug resistance

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.

Complex 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 disorders. Multi-target compounds are very much valuable
in the modulation of CHDs where patients may avoid the visk 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
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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.

OBESITY

INDIRECT, CARDIOVASCULAR™A
_ DISEASE DISEASE :

Figure 3.

Metformin has been recognized and efficiently used in the treatment of several metabolic disorders, infectious,
and inflammatory diseases. Having an enzyme capable to catalyze several reactions (Promiscuous enzyme); for
example, lipase enzyme 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 thevapeutic tavgets, 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) is a
member of the epidermal growth factor receptor family. HER? 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 ina
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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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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