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Chapter

Mechanisms of Action of
Metformin

Samira Abdulla Mahmood

Abstract

Metformin is the first-choice drug for treatment of type 2 diabetes notably those
associated with obesity. It does not only reduce hyperglycemia, but also possesses
pleiotropic effects opening the pave for numerous potential clinical applications. In
this chapter we illustrate the various mechanisms of metformin action in reduction
of hepatic glucose output, improvement of insulin action, restoration of fat metab-
olism and gut microbiome, reduction of inflammation, upregulation of antioxidant
enzymes, and attenuation of tumor growth. Understanding of such mechanisms
might propose further clinical applications for metformin.

Keywords: 5" AMP-activated protein kinase (AMPK), metformin, gluconeogenesis,
antioxidant, mammalian target of rapamycin (mTOR), complex 1

1. Introduction

The mechanisms underlying metformin actions appear to be complex and
responsible for the pleiotropic effects of metformin. These mechanisms remain a
topic of considerable debate. Actually, in the last decade we moved from a simple
picture, that metformin acts via the liver 5 AMP-activated protein kinase (AMPK),
to a much more complex one, reflecting its various mechanisms in different cells
and tissues.

Since the early studies have suggested that metformin acts by inhibition of com-
plex 1 in mitochondrial electron transport chain [1] and subsequently activation of
AMPK [2, 3], AMPK-independent targets have also been reported. These comprise
dephosphorylation the ribosomal protein S6, suppression of mammalian target
of rapamycin complex 1 (mTORC1) activation and signaling via Rag GTPase [4],
attenuation of hepatic glucose 6 phosphate levels [5], suppression of redox transfer
by mitochondrial glycerophosphate dehydrogenase (mGPD) [6], as well as modula-
tion of inflammation/oxidative stress and oncogenic signaling pathways.

2. Primary molecular mechanism
Metformin, a hydrophilic drug with Pka 12.4, cannot readily be diffuse passively
through the cell membrane due to its existence as cation (ionized) at physiological

pH 7.4 [7]. As hydrophilic drug it needs a carrier mediated pathway to efficiently
pass through the cell membrane. This is facilitated by the organic cation transporter
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1(OCT 1) [8], a member of the soluble carrier family 22 (SLC22) of membrane
proteins. OCT1 is mostly expressed in the liver for transferring of cations including
metformin, but also facilitates the uptake of metformin from the gut lumen to the
interstitium [9]. Cells express OCT1 are able to facilitate cellular uptake of metfor-
min which is in consistence with its accumulation in particular targeted organelles.
Also, other types of OCT proteins are present at apical or basolateral sites with
different functions.

Within the mitochondria metformin accumulates in the matrix and inhibits
complex1 electron transfer chain NADH ubiquitin oxidoreductase (NADH)

[1, 10, 11], which promotes proton generation. This inhibition reduces NADH
oxidation and ultimately prevents ATP production from ATP synthase. By this
way, the ratios of AMP: ATP and ADP: ATP increase, Figure 1. Increment in
these ratios, which accompanied with reduction in cellular energy activates the
cellular energy sensor (house keeper enzyme) AMPK [11]. Another consequence
of complex 1 inhibition is the higher levels of AMP, which in turn induces
AMPK-independent effects. Moreover, metformin directly inhibits hepatic
GPD2, the enzyme involves in substrate (glycerol) gluconeogenesis.

Its inhibition by metformin leads to increase cytosolic redox and suppression of
gluconeogenesis [12].

AMPK is a heterotrimeric protein complex that consists of a, f, and y sub-
units. The o subunit represents the catalytic site that can be activated (phos-
phorylated) by liver kinase B1 (LKB1) [13] at Thr-172 [14] and also by calcium/
calmodulin-dependent protein kinase kinase p (CaMKKp) at Thr-172 [15].

The B and y denote regulatory subunits. In mammals, the y subunits contain
nucleotide-binding sites for AMP or ATP [16]. In case of cellular energy stress
with low ATP, AMP or ADP directly and mutually bind to the y subunits causing
conformational change leading to AMPK activation. Metformin induces activa-
tion of AMPK by LBK1 pathway and also by AMP/ADP induced conformational
changes, too. It is worth to mention that higher levels of AMP protect AMPK
from dephosphorylation by phosphatases [17]. AMPK plays a role in several cel-
lular events, including glucose metabolism, lipid metabolism, redox regulation,
anti-aging and anti-inflammation [18, 19].
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Figure 1.
Primary molecular mechanism of metformin action. For explanation see text.
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3. Antihyperglycemic mechanisms of action

Metformin is currently the drug of choice in treating patients with type 2
diabetes mellitus (T2DM). Its mechanisms are still elusive. Nevertheless, it lowers
blood glucose through multiple mechanisms. First, it inhibits intestinal absorption
of glucose. Second, it suppresses glucose production by the liver. Third, it facilitates
glucose uptake into tissues, thus reducing blood glucose levels enabling better
health to pancreatic beta-cells. Finally, it improves insulin sensitivity and inflamma-
tion. The most accepted action of metformin in T2DM is inhibition of gluconeogen-
esis and reduction in hepatic glucose output (HGO).

3.1 Mechanisms to lower hepatic gluconeogenesis

Metformin is taken up into the hepatocyte via the OTC1 [20]. Due to the dif-
ference in hepatocyte pH and pka of metformin, the drug becomes ionized and
positively charge and accumulates in the cells and, further, in the mitochondria
to concentrations up to 1000-fold higher than in the extracellular medium [21].
The uptake of positively charge metformin into the mitochondria is derived by
the membrane potentials across the plasma membrane and mitochondrial inner
membrane (positive outside) [1], Within the mitochondria, metformin inhibits
complex1, which reduces ATP production and increases AMP and ADP levels. One
consequence of respiratory chain inhibition is increment in ADP:ATP ratios that
modestly suppress gluconeogenesis as seen experimentally in cells carrying this
process [22], and hinder the hepatocytes from synthetizing the high energy requir-
ing gluconeogenesis [23], Figure 2. Other consequence is changes in NAD*:NADH
ratios involving in a negative impact on gluconeogenesis [10].

Criticized comments on this mechanism are based on the higher concentra-
tion (in millimole levels) on metformin required for rapid complex 1 inhibi-
tion, although experimentation in in vitro studies have shown that inhibition
of comlpex1 in rat hepatoma (H4IIE) cells does occur at lower concentrations
((50-100 pmol/l1)) after long periods due to a slow transport of metformin across
mitochondrial membrane [1]. This observation has been confirmed
experimentally [24].
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Figure 2.
Mechanism of lowering hepatic gluconeogenesis by metformin (see text).
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3.2 Activation of hepatic AMPK

Metformin induced reduction in cellular energy and increment in AMP:ATP
ratios are indicative for activation of the energy sensor AMPK by LKB1 (see primary
mechanism). Stimulation of AMPK results in repression of anabolism (fatty acid
and cholesterol synthesis, gluconeogenesis) and switching on catabolism (fatty acid
uptake and oxidation, glucose uptake) [25] in order to restore cell energy hemo-
stasis and prevent cells from damage [26]. The first observation of involvement of
AMPK in metformin action was reported in vitro of rat hepatocytes and rat liver in
vivo [27]. Moreover, AMPK can also be activated by glucose starvation, exercise and
metformin activated lysosomal mechanisms [28].

3.3 AMPK dependent mechanisms

Activated AMPK phosphorylates the cAMP specific 3’,5-cyclic phosphodiester-
ase 4B (PDE4B) and activates cAMP degradation (JcAMP) [21]. Consequently, it
prevents the activation of cAMP-dependent protein kinase A (PKA), the enzyme
that phosphorylates the transcription factor cAMP response element binding
protein (CREB), and then activates CREB-CBP-CRTC2 (CREB:CRTC2) transcrip-
tion complex involving in transcription of the genes encoding the gluconeogenic
enzymes phosphoenolpyruvate carboxykinase (PEPCK) and Glucose 6-phospha-
tase (G6Pase) [29], Figure 2. On the other hand, AMPK induces phosphorylation
of CREB binding protein (CBP) at serine 436 leading to dissociation of the CREB-
CBP-CRTC2 transcription complex, thus repression of PEPCK and G6Pase [29]. In
addition, AMPK or salt-inducible kinase 2 (SIK2) phosphorylates CREB-regulated
transcriptional coactivator-2 (CRTC2), thus, inhibits its nuclear translocation and
retains in cytoplasm [30]. Moreover, AMPK upregulates the orphan nuclear recep-
tor small heterodimer partner (SHP), that functions as transcription repressor [31]
through competition with CRTC2 binding in CREB-CBP complex, Figure 2.

Another mechanism mediated by AMPK is inhibition of fat biosynthesis and
activation of fat beta-oxidation, resulting in long term enhancement of hepatic
insulin sensitivity, which is clinically relevant. Metformin-induced hepatic AMPK
phosphorylates the isomers of acetyl-CoA carboxylase (ACC1/ACC2) at serine resi-
dues responsible for fat beta-oxidation [32]. Phosphorylation of ACC1 and ACC2
inhibit the conversion of acetyl-CoA to malonyl-CoA resulting in reduction of liver
lipogenesis and hepatosteatosis (fatty liver) and increment in fatty acids oxidation,
which are factors contributing in improvement of insulin sensitivity/signaling and
hyperglycemia. Likewise, activation of AMPK suppresses the expression of lipo-
genic genes by direct phosphorylation of transcription factors including carbohy-
drate response element binding protein (ChREBP), Figure 2, and by this means
regresses the lipogenesis [33], Figure 2. Taken together, the role of AMPK involves
in phosphorylation of key metabolic enzymes and transcription co-activators/fac-
tors modulating gene expression leading to inhibition of glucose, proteins and lipid
synthesis and stimulation of glucose uptake and fatty acid oxidation.

3.4 AMPK independent mechanisms

Metformin induced a rise in AMP levels inhibits gluconeogenesis independent
of AMPK. AMP allosterically inhibits fructose-1,6-bisphosphatase, a key enzyme of
gluconeogenesis and AMP sensitive [34]. This action might be responsible for acute
metformin action. In addition, AMP inhibits adenylate cyclase producing cAMP in
response to glucagon released in starvation leading to lowering cAMP and reducing
expression of gluconeogenesis enzymes [35], Figure 2.
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Recent proposed mechanism of increased hepatic gluconeogenesis is related to
impaired white adipose tissue lipolysis with resultant increase in hepatic uptake of
non-esterified fatty acids (NEFA). Hepatic beta-oxidation of NEFA can produce
acetyl-coenzyme A (acetyl-CoA), the allosteric activator of the enzyme pyruvate
carboxylase that is implicated in the first step f gluconeogenesis by supplying oxa-
loacetate [36]. Insulin regulates lipolysis of white adipose tissue, thereby, indirectly
regulates hepatic gluconeogenesis [37]. Insulin resistance with inflammation in
white adipose tissue increases glycerol turnover. Thus, metformin improves insulin
sensitivity and reduces resistance leading to suppression of gluconeogenesis.

In addition, white adipose tissue delivers glycerol to the liver. In the liver,
glycerol is phosphorylated. Through mitochondrial glycerol-3-phosphate dehydro-
genase (GPD2), glycerol is converted into dihydroxyacetone phosphate (DHAP), a
component included in gluconeogenesis.

Metformin inhibits GPD2, leading to suppression of DHAP and subsequently
gluconeogenesis in substrate (glycerol) specific manner [12]. In context of obesity
and T2DM, inhibition of gluconeogenesis from increased supply of glycerol due
to dysregulation of white adipose tissue may partially benefit uncontrolled type2
diabetic patients with dysregulated white adipose tissue lipolysis [38].

As discussed above, metformin suppresses gluconeogenesis through interactions
with regulatory process of gluconeogenesis as shown in inhibition of transcription
(downregulation of gluconeogenic genes expression), substrate (suppression of
glycerol induced DHAP formation) and increase cytosolic redox Figure 2.

3.5 Mechanisms in skeletal muscle

Metformin affects skeletal muscle metabolism by direct and indirect mecha-
nisms. Emphasis has been placed on the metformin’s effect to increase insulin-
stimulated peripheral glucose uptake and to reduce glucotoxicity, which indirectly
improves muscle glucose uptake [12]. Metformin reduces gluconeogenesis and
hepatic glucose output leads to reduce blood glucose levels in type 2 patients, which
accompanied by improvement in insulin action. Improvement in insulin levels in
circulation under metformin treatment attenuates the hyper-insulinemic pressure
on insulin receptors (insensitive phosphorylated receptors) leading to upregulation
and increase sensitivity of receptors to insulin [39]. Consequently, muscle glucose
uptake is indirectly stimulated by metformin due to reduce insulin resistance in
skeletal muscle and peripheral tissues.

In skeletal muscle, activation of AMPK by metformin increases proliferator-
activated receptor y coactivator-1la (PGC-1a), which in turn stimulates glucose
transporter 4 (GLUT4) gene transcription [40]. This mechanism induces GLUT4
and others mitochondrial genes required for catabolism. In addition, activated
AMPK stimulates the translocation of GLUT4 to the plasma membrane and acutely
increase skeletal glucose uptake.

Moreover, AMPK induced phosphorylation of acetyl-CoA-carboxylase-2
(ACC-2) results in reduce malonyl-COA, which is the inhibitor of carnitine
O-palmitoyltransferase, leading to increase transport of fatty acids into mitochon-
dria. Thus, fatty acid-oxidation is acutely increased. It worth to mention that these
mechanisms are regulated by PGC-1 a, which initiates many genes involved in
AMPK functions in skeletal muscle [40], Figure 3.

3.6 Mechanism in fat tissue

Obesity has been found to be the most crucial factor for insulin resistance (IR).
In addition, insulin sensitivity decreases with age. Therefore, glucose entry into
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Figure 3.
Mechanism of increase muscle responsiveness by metformin (see text).

tissues, including muscle and fat, decreases, since adipocytes have fewer insulin
receptors. Metformin improves lipid profile in patients with T2DM. Insulin resis-
tance (IR) means reduces tissue responsiveness to insulin with resultant elevation in
insulin levels (hyperinsulinemia). Beta-cells produce more insulin, but ultimately
fail to overcome IR with resultant loss of beta-cell function and development of
hyperglycemia. Risk factors for IR are obesity and inactivity.

The signaling pathway connected with IR is phosphatidylinositol-3-kinase/pro-
tein kinase B protein (PI3K/PK), which also known as Akt. Akt is also important for
translocation of GLUT4 onto the cell membrane surface of muscle and fat cells for
glucose entry [41]. Akt inactivation or defect can lead to impairment of membrane
transposition of GLUT4, which results in IR accompanied with hyperinsulinemia,
hyperglycemia and cardiac impairment [42]. Metformin activates and restores the
PI3K/Akt/GLUT4 signaling in rats with type 2 diabetes [43], thereby suppresses IR.

Metformin enhances disposal of blood glucose into skeletal muscle and fat, thus
insulin resistance associated with diabetes is overcome. This can be translated into
increase storage of glycogen in skeletal muscle, enhancement of fatty acid oxida-
tion and reduced lipogenesis in adipose tissue, which in general reduce the body fat
content.

3.7 Mechanisms in the intestine

Beside the liver, the intestine is also considered as an important target for
metformin actions. Metformin lowers blood glucose not only through the action
in the circulation, targeting the liver and other organs, but also through one in the
intestine. The proposed actions are increase in intestinal glucose entry mainly in
enterocytes with anerobic utilization, resulting in reduced net glucose uptake into
blood with enhanced lactate production [44, 45], increase in glucagon like pep-
tide-1 (GLP1) levels, increase bile acid pool within the intestine and modulation of
microbiome [46].

Activated AMPK phosphorylates the glucose transporter 2 (GLUT2), which then
translocated to the apical membrane of intestinal cells, mainly enterocytes, where
it promotes glucose uptake into enterocytes [6]. Metformin increases uptake and
utilization (anerobic) of glucose, where subsequently an increase in plasma lactate
is resulted. In fact, the intestine and the liver are implicated in metformin-related
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lactate production. The effect of metformin in intestinal glucose utilization has
been shown in positron emission tomography—computed tomography (PET-CT)
imaging of patients treated with metformin. This imaging technique uses positron-
emitting 18F-fluorodeoxyglucose (**F-FDG), that its intestinal (mainly in the
colon) uptake increases in metformin treated patients confirming increase glucose
uptake and metabolism in the gut [46].

Metformin inhibits mitochondrial glycerophosphate dehydrogenase, so the
conversion of cytosolic pyruvates to lactate is reduced [6], thus, intracellular lactate
levels are built up and then released into the plasma. This has been proved in rat
studies, where the hepatic portal vein has been shown as the area with the higher
peak of plasma lactate concentrations, implicating the intestine as the main site of
metformin-associated anerobic glucose utilization and lactate production (esti-
mated by 10% increase in intestinal lactate concentration) [47].

Another intestinal action of metformin directs to GLP-1, which is secreted from
L cells distributed throughout the gut but concentrated in the ileum. As reported
in mice studies, metformin increases the expression of the precursor proteins
(pre-proglucagon and proglucagon) of GLP-1, thus potentially increasing GLP-1
production and secretion [48]. In addition, metformin affects the enzyme degrad-
ing GLP-1, dipeptidyl peptidase-4 (DPP4) by mechanisms that are not well clari-
fied [49]. Moreover, stimulation of GLP-1 secretion can occur indirectly, via the
bile acid pool alteration by metformin [46]. Metformin activated AMPK directly
phosphorylates and represses bile acid sensor, the farnesoid X receptor (FXR), on
ileal cells, which results in reduced FXR transcription activity and subsequently
reduced sensing and ileal absorption of bile acids [50]. By its turn, the higher level
of bile acid pool stimulates bile acid receptors TGR5 on L cells, inducing secretion
of GLP-1 [51]. Furthermore, the consequences of reduced bile acid absorption are
lower levels of cholesterol in patients taken chronic metformin [52] and diarrhea
associated with metformin intolerance due to osmotic effect mediated by increased
luminal bile slats levels [53].

The gut microbiome composition has been shown to contribute to the develop-
ment of obesity and type 2 diabetes, which implicated in a reduction in bacteria
producing short chain fatty acids (SCFAs) such as butyrate-producing bacteria and
an increase in opportunistic pathogens as shown in type 2 diabetics [54]. SCFAs are
considered as important signaling metabolites that impact hepatic gluconeogenesis
and fatty acid metabolism [55]. Metformin modulates gut microbiota and increases
SCFAs metabolizing bacteria, which lead to suppression of hepatic gluconeogenesis,
reduction in FFA release from adipocytes and appetite suppression via incretin [56].

Metformin alters the microbiome composition in mice and humans, where
the bacterium Akkermansia muciniphila is increased, accompanied with associ-
ated increase in mucin-producing goblet cells as demonstrated in mice model.
Akkermansia muciniphila can increase endocannabinoids, which improve the
thickness of gut mucous barrier and reduce inflammation [57], and so improve
glucose tolerance. On the other hand, an increase in such bacteria by metformin
triggers production of short chain fatty acids butyrate and propionate, which results
in reduction of hepatic gluconeogenesis, appetite and weight [46]. Taken together,
alteration of microbiome composition by metformin can improve metabolic disor-
ders which needed further investigations.

4. Mechanisms of antiinflammatory/antioxidant

Beyond the glucose lowering actions, metformin can directly and indirectly
modulate inflammation. Several experimental and clinical studies demonstrated
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the anti-inflammatory actions of metformin in endothelial cells (EC) and smooth
muscle cells (SMC), monocytes, macrophages and other cell types, where it sup-
presses the main components of inflammation and restores cell functions [58, 59].
Since inflammation is linked to a number of clinical disorders, thus, metformin can
possibly interfere with and ameliorate metabolic disorders, cardiovascular diseases,
atherosclerosis, obesity cancer and aging. Although the crucial mechanisms are not
well elucidated, accepted anti-inflammatory mechanisms of metformin, which are
common and implicated in the before mentioned disorders are presented below.

Activation of AMPK by metformin inhibits nuclear factor kappa light-chain-
enhancer of activated B-cells (NF-kB) transcription [60]. NF-kB is a transcription
regulator implicated in various inflammatory pathways. Metformin induced NF-xB
inhibition suppresses inflammatory pathways, proinflammatory cytokines and
reactive oxygen species (ROS) production [61]. Likewise, activation of AMPK-
phosphatase and the tensin homolog (PTEN) pathway by metformin suppresses
phosphoinositide 3-kinase (PI3K)-Akt pathway that activates NF-kB in human
vascular SMC. In this way, NF-«kB is also inhibited, Figure 4. In addition, metformin
suppresses Poly [ADP ribose] polymerase 1 (PARP-1), which functions as a coacti-
vator of NF-kB transcription to stimulate pro-inflammatory pathways. Nitric oxide
(NO), a mediator of in nerve, immune and CVS is decreased in oxidative stress
induced by hyperglycemia. Metformin increases NO via activation of AMPK, which
antagonizes inflammation and ROS production [62]. As well, metformin inhibits
the differentiation of monocytes to inflammatory macrophages [63] through activa-
tion of AMPK, which reduces the phosphorylation of signal transducer and activa-
tor of transcription 3(STAT3), Figure 4.

Inhibition of NF-kB transcription triggers consequences in different tissues. In
macrophages, inhibition of NF-kB activation by metformin can result in reduction of
NO, PGE2, and proinflammatory cytokines, such as IL-1p (interleukin-1 ), TNF-a
(tumor necrosis factor - a) [64], IL-6 and IL8 (responsible for calling monocytes and
adhesion of endothelial cells) [65]. In human adipocyte, metformin induced inhibi-
tion of NF-«xB pathway leads to suppression of proinflammatory cytokine-induced
118-HSD1 (11 p -hydroxysteroid dehydrogenase type 1) expression [66]. 113-HSD1
is elevated in human adipose tissue in obesity and metabolic syndrome, generates
active glucocorticoids and is associated with chronic inflammation. Moreover,
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Potential mechanisms of metformin to attenuate inflammation and production of reactive oxygen species.
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inhibition of NF-kB suppresses the expression of CXCLS8, a cytokine responsible

for changing the microenvironment around the tumor by attracting leukocytes and
endothelial progenitors contributed in angiogenesis [67]. Metformin applies its anti-
inflammatory action for antifibrotic effect on heart muscle cells through activation
of AMPK and inhibition of the pro-inflammatory mediators of the TRAF3 interact-
ing protein (TRAF3IP2) molecule, which induced by aldosterone and enhances
production of NF-kB [68]. Furthermore, anti-inflammatory mechanisms associated
with atherosclerosis, allergic asthma, hepatic steatosis and vascular injury have been
ascribed to metformin but required further elucidations.

In regard of macrophages activity, activated AMPK by metformin reduces
phosphorylation of STAT3 (signal transducer and activator of transcription 3),
thereby, inhibits the differentiation of monocytes into inflammatory macrophages
(M1) [69], while promotes polarization into anti-inflammatory macrophages (M2).
These mechanisms place metformin as potential anti-inflammatory targeting
macrophages differentiations and polarization with benefits in vascular injury,
atherosclerosis, certain cancer and insulin resistance [63].

Further mechanism associated with anti-inflammatory actions of metformin is
the inhibition of advance glycation end-products (AGEs) [70], which are one of the
crucial inflammatory factor in diabetes, promoting inflammation, ROS production
and atherosclerosis [71, 72]. In fact, during hyperglycemia accumulation of glucose
in cells facilitates the binding of each two closest glucose molecules with each other
to form dicarbonyl compounds, which are percussors of AGEs. AGEs bind to their
receptors (RAGE) in different target cells including macrophages, where they pro-
mote expression of IL1, IL6, TNF o and RAGE, and activate NF-«xB pathway [68],
leading to inflammation, apoptosis and fibrotic reactions, as observed in tubular
cells. Metformin not only binds chemically to these precursors and renders them
inactive, thereby reduces the formation of AGEs, but also suppresses RAGE via
activation of AMPK [73]. Altogether, metformin suppresses RAGE/NF-«B pathway,
leading to regression of RAGE effects on macrophages and change of their surface
markers from inflammatory (M1) to anti-inflammatory (M2) phenotype. Figure 4
illustrates the potential anti-inflammatory mechanisms of metformin.

Beside the direct effect on proinflammatory pathways, metformin can indirectly
reduce inflammation through metabolic consequences. Reduction in hyperglycemia
and subsequently the weight as well as the atherogenic LDL cholesterol levels can have
favorable effect on chronic inflammation, atherosclerosis and cardiovascular disorders.

As mentioned before, metformin inhibits mitochondrial complex 1 electron
transfer complex chain and reduces the production of ROS, which normally formed
by synthesis of ATP from ATP synthase. Metformin can reduce ROS through activa-
tion of AMPK which inhibits TFG- B, a potent inflammatory factor stimulating the
production of ROS and induce endogenous antioxidants such as glutathione reduc-
tase (GSH), superoxide dismutase (SOD) and catalase (CAT) [74]. Independent of
AMPK activation, metformin can activate antioxidant SOD and clean the damag-
ing effects of ROS in tissues. In addition, it can direct trap hydroxyl peroxide and
activate antioxidant enzymes such as catalase, which decomposes H202. Reduction
of ROS reduces IL1p [68]. Therefore, metformin has been shown to play a role in
controlling and changing oxidative/inflammatory pathways in clinical and labora-
tory conditions through various mechanisms.

5. Antineoplastic actions of metformin

The role of metformin in treatment of cancer has been reported in various
recent sophisticated publications. Clinical observational studies in liver, colon and
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pancreatic cancer have demonstrated that metformin prevents and decreases the
risk of cancer development [75]. In addition, improvement overall survival out-
comes have been reported in patients with colorectal and breast cancer [76], where
metformin treated breast cancer patients showed a lower HER-2 positive rate and
mortality rate than the control group [77] Besides that, metformin enhances the
effects of anti-cancer drugs as shown in vitro and in vivo studies using vincristine,
cisplatin, and doxorubicin [78, 79]. Altogether, the results point to involvement of
metformin in chemotherapy as adjuvant or a potential anti-cancer candidate which
require further experimentations.

Cancer growth and proliferation can be regressed direct and indirect by met-
formin. Metformin induced reduction in cancer growth has been shown to be
indirect through systemic effects related to reduced blood glucose levels, improved
insulin resistance and declined pro-inflammatory cytokines. This indirect action
might explain the effect of metformin in several types of cancer linked to hyper-
insulinemia as a risk factor. Also, metformin directly modulates several oncogenic
signaling pathways described in the following text.

As mentioned in different sections of this chapter, the primary mechanism of
metformin is to inhibit the oxidative phosphorylation by blockade of complex1 in
mitochondria in target cells. Mitochondrial energy reduction and metabolic stress
increase the endogenous levels of reactive oxygen species (ROS) which can mediate
the death of cancer cells depending on oxidative phosphorylation for gaining energy
[24]. Likewise, energy stress seems to hinder cancer cells from synthesis of energy
requiring proteins, lipids and structural elements necessary for cancer growth and
proliferation. This action can be considered as the first step of metformin induced
tumor regression, and growth retardation. Furthermore, deprivation of cancer
cells from ATP activates the tumor suppressor gene LKB1 which then phosphory-
lates AMPK [80] Figure 5. AMPK regulates several signaling pathways, primarily
via inhibition of mammalian target of rapamycin (mTOR) signaling to suppress
tumorigenesis as follows.

Metformin is taken up into cancer cells expressing OCT1, accumulates in
mitochondria, blocks complex 1 and activates AMPK. AMPK phosphorylates p53
on serl5 (the tumor suppressor) which is required to start AMPK-dependent cell
growth arrest and apoptosis [81], Figure 5. On the other hand, activated AMPK
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Mechanisms of metformin suppressing tumorigenesis.
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phosphorylates MDMX on ser 367 leading to MDMX inactivation and p53 activa-
tion [82]. MDMX and the human MDM2 are partner proteins monitor p53 ina
negative feedback fashion and restrain its function to maintain the normal develop-
ment and function of different tissues [83]. Phosphorylation one of them results in
inhibition of ubiquitylation (a molecular change) of p53 leading to stabilization and
activation of p53.

Beyond the effect on p53, metformin inhibits mMTOR. mTOR is a catalytic
subunit, composes of two protein complexes, n”TORC1 and mTORC2, that regulate
cell growth [84]. Inhibition of mTOR attenuates cell proliferation [85]. Metformin
inhibits the activation of mTOR via AMPK-dependent and -independent mecha-
nisms. By AMPK-independent way, metformin phosphorylates directly the regula-
tory associated protein (raptor) that inactivates mTOR. Likewise, metformin
inhibits mTOR signaling by inactivating Rag GTPase [4]. On the other hand, AMPK
directly phosphorylates the tumor suppressor tuberous sclerosis complex 2 (TSC2)
leading to activation of complex 1 and 2, TSC1/2. TSC1/2 inhibits Rheb, which in
turn inactivates mTOR [86] and suppresses cell proliferation.

Besides AMPK and mTOR, metformin has been shown to affect other oncogenic
signaling pathways. Metformin suppresses Akt (protein kinase B) expression which
is associated with increased phosphatase and tensin (PTEN, a tumor suppressor
gene) [87]. This is considered as main mechanism via which endometrial carcinoma
is inhibited by metformin. Additionally, metformin inhibits activation of nuclear
factor kappa light-chain-enhancer of activated B-cells (NF-kB) and phosphoryla-
tion of STAT?3 in cancer stem cells [88]. The NF-kB and STAT?3 transcription factors
are involved in mediating an epigenic switch from non-transformed to cancer cells
as shown in breast cancer model. This action suggests that metformin inhibits the
anti-inflammatory pathway required for transformation and cancer stem cells
formation [88].

Further mechanism of anticancer effect of metformin is modulation of microR-
NAs (miRNAs) expression (mainly tumor suppressor miRNA) through activation
and upregulation of the RNAase III endonuclease (DICER). DICER is one of the
key enzymes of microRNAs biosynthesis [89]. DICER has a role in formation of
miRNAs and in assembly of their machinery to target mRNAs for degradation
[90]. Downregulation of DICER is oncogenic and predict poor survival in lung,
breast and ovarian cancer [91, 92]. In addition, impairment of metformin effect in
vitro was shown in DICER-deficient tumor cells. As shown in Figure 5, metformin
induced upregulation of DICER leads to expression of many suppressor miRNAs
that target mRNA of coding genes for degradation, thus effectively reducing gene
products such as oncogenic proteins [93].

6. Mechanisms of action in PCOS

One of the pleiotropic effects of metformin is to reduce insulin resistance (IR)
and secondary hyperinsulinemia in diabetes mellitus and several clinical conditions
associated with hyperinsulinemia. Hyperinsulinemia is linked with the patho-
genesis of polycystic ovary syndrome (PCOS), a condition of primary ovulatory
disfunction associated with metabolic disturbances. PCOS is the endocrine disorder
characterized by hyperandrogenism, anovulation and infertility. Obesity further
exaggerates IR in obese PCOS women. Importantly, IR in PCOs women is tissue
selective, which means persistence sensitivity to insulin actions on steroidogenesis
in ovary and adrenal gland, in face of resistance in skeletal muscle, adipose tissue
and liver to metabolic actions of insulin. Paradoxically, in PCOS women, some tis-
sues manifest IR, while steroid-producing tissues remain insulin sensitive [94].

11



Metformin - Pharmacology and Drug Interactions

Mechanisms of insulin action contributing to hyperandrogenism in PCOS are
various. Insulin can enhance the amplitude of luteinizing hormone (LT) pulses
to increase androgen production in theca cells [95] (similarly insulin increases
thecal androgen response to LH through direct binding to insulin like growth
factor — 1(IGF-1) receptors in theca cells). Also, insulin may stimulate the activity
of ovarian cytochrome CYP17 (P450c17) and 17p-hydroxysteroid dehydrogenase
(17BHSD) to promote androgen steroidogenesis [96]. In addition, insulin can
decease the hepatic synthesis of steroid hormone binding globin (SHBG), which
allows more free androgen and estrogen to be available. Finally, insulin inhibits the
hepatic production of IGF binding protein-1 (IGFBP-1), which increases IGF-1 in
circulation and allows greater local action [97].

Furthermore, increase androgen levels may be linked to decrease adiponectin
secretion by adipocyte in PCOS women, thereby further increasing insulin resis-
tance and subsequently insulin levels [98]. In addition, insulin may affect female
subcutaneous adipose tissue and generate androgen from adipocytes by increasing
the activity of aldo-keto reductase IC3 (AKRIC3) [99].

Metformin can ameliorate all the above-mentioned actions of insulin in PCOS.
Treatment with metformin is useful in reduction of both hyperinsulinemia and cir-
culating androgens and also restores ovarian function with the benefits of increase
ovulation, reduce serum androgen levels and improve menstrual cyclicity.

Metformin acts directly on ovarian theca cells and suppresses androgen produc-
tion by inhibition the enzymatic activity of P450c17 and 17BHSD [100] or indirectly
via reduction of hyperinsulinemia and IR by multiple mechanisms. It has been
shown that the metabolic actions of metformin on cells include increase in tis-
sue responsiveness to insulin action, insulin receptor numbers in skeletal muscle
and adipose tissue, tyrosine kinase activity and glucose uptake. Also, metformin
decreases intestinal glucose absorption, plasma glucagon levels, gluconeogenesis
and glycogenolysis in the liver. Most of these actions have been mediated through
activation of AMPK cascade, which result in indirect reduction of hyperinsulinemia
and IR the main pathogenic component in PCOS [101].

By means of anti-inflammatory/antioxidant mechanisms contributing to PCOS,
metformin inhibits NF-kB, whose activation triggers IR and inflammation in PCOS
[102]. Moreover, metformin increases the activity of the antioxidant enzymes
such as catalase and CuZn superoxide dismutase, thereby, it scavenges the reactive
oxygen species such as hydrogen peroxide (H,0,), superoxide (02.) and hydroxyl
(OH.) radicals, where metformin also directly reacts with the latter one [103]. More
other related mechanisms of metformin in PCOS are still unclear and elusive.

7. Conclusion

Based on its multiple mechanisms of action and interference with signaling
pathways, metformin represents as a promising potential drug for treating various
medical conditions. Furthermore, the beneficial effects arising from these mecha-
nisms can be demonstrated and clarified by substantial basic experiments and
clinical trials.

12



Mechanisms of Action of Metformin
DOI: http://dx.doi.org/10.5772/intechopen.99189

Author details

Samira Abdulla Mahmood

Department of Pharmacology and Toxicology, Faculty of Pharmacy,
Aden University, Aden, Republic of Yemen

Address all correspondence to: samabdulla@yahoo.com

IntechOpen

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium,

provided the original work is properly cited.

13



Metformin - Pharmacology and Drug Interactions

References

[1] Owen MR, Doran E, Halestrap AP.
Evidence that metformin exerts its
anti-diabetic effects through inhibition
of complex 1 of the mitochondrial
respiratory chain. Biochem ] 2000;
348:607-614.

[2] Duca FA, Coté CD, Rasmussen BA,
Zadeh-Tahmasebi M, Rutter GA,

Filippi BM, et al. Metformin activates a
duodenal AMPK-dependent pathway to
lower hepatic glucose production in rats.
Nat. Med. 2015; 21:506-511. doi: 10.1038/
nm.3787.

[3] Zhou G, Myers R, LiY, Chen,

Shen X, Fenyk-Melody J, et al. Role of
AMP-activated protein kinase in
mechanism of metformin action. J. Clin.
Invest. 2001;108: 1167-1174. doi:
10.1172/JCI13505.

[4] Kalender A, Selvaraj A, Kim SY,
Gulati P, Brilé S, Viollet B, et al.
Metformin, independent of AMPK,
inhibits mMTORC1 in a rag
GTPasedependent manner. Cell Metab.
2010; 11: 390-401. doi: 10.1016/j.
cmet.2010.03.014.

[5] Al-Oanzi ZH, Fountana S, Moonira T,
Tudhope SJ, Petrie JL, Alshawi A,
Patman J, Arden C, Reeves HL, Agius L.
Opposite effects of a glucokinase
activator and metformin on glucose-
regulated gene expression in
hepatocytes. Diabetes Obesity and
Metabolism 2017; doi: http://dx.doi.
org/10.1111/dom.12910.

[6] Madiraju AK, Erion DM, Rahimi,
Zhang XM, Braddock DT, Albright RA,
et al. Metformin suppresses
gluconeogenesis by inhibiting
mitochondrial glycerophosphate
dehydrogenase. Nature 2014; 510:
542-546. doi: 10.1038/naturel3270

[7] Saitoh R, Sugano K, Takata N,

Tachibana T, Higashida A, Nabuchi Y
and Aso Y. Correction of permeability

14

with pore radius of tight junctions in
Caco-2 monolayers improves the
prediction of the dose fraction of
hydrophilic drugs absorbed by humans.
Pharm Res 2004; 21:749-755.

[8] ShuY, Sheardown SA , Brown C,
Owen RP, Zhang S, CastroRA
Ianculescu AG, Yue L, Lo JC, Burchard
EG, Brett CM , Giacomini KM . Effect
of genetic variation in the organic cation
transporter 1 (OCT1) on metformin
action . J Clin Invest 2007; 117 : 1422
—1431.

[9] Koepsell H, Endou H. The SLC22
drug transporter family. Pflugers Arch
2004; 447:666-676

[10] EI-Mir MY, Nogueira V, Fontaine E,
Averet N, Rigoulet M, Leverve X.
Dimethylbiguanide inhibits cell
respiration via an indirect effect
targeted on the respiratory chain
complex I. ] Biol Chem 2000;
275:223-228.

[11] Hawley SA, Ross FA, Chevtzoff C,
Green KA, Evans A, Fogarty S, etal. Use
of cells expressing gamma subunit
variants to identify diverse mechanisms
of AMPK activation. Cell Metab 2010;
11:554-565.

[12] LaMoia TE, Shulman GI. Cellular
and Molecular Mechanisms of
Metformin Action. Endocrine Reviews,
2021; 42(1):77-96. doi:10.1210/
endrev/bnaa023

[13] Woods A, Johnstone SR,

Dickerson K, et al. LKB1 is the upstream
kinase in the AMP-activated protein
kinase cascade. Curr Biol. 2003;13(22):
2004-2008.

[14] Meng S, Cao ], He Q, Xiong L,
Chang E, Radovick S, et al. Metformin
activates AMP-activated protein kinase
by promoting formation of the abg
heterotrimeric complex. J. Biol. Chem.



Mechanisms of Action of Metformin
DOI: http://dx.doi.org/10.5772/intechopen.99189

2015; 290: 3793-3802. doi: 10.1074/jbc.
M114.604421.

[15] Garcia D and Shaw R]. AMPK:
Mechanisms of Cellular Energy Sensing

and Restoration of Metabolic Balance.
Mol Cell 2017; 66:789-800.

[16] Scott JW, Hawley SA, Green KA, et
al. CBS domains form energy-sensing
modules whose binding of adenosine
ligands is disrupted by disease
mutations. ] Clin Invest.
2004;113(2):274-284.

[17] Rosso P, Fioramonti M, Fracassi A,
Marangoni M, Taglietti V, Siteni S,
Segatto M. AMPK in the central nervous
system: physiological roles and
pathological implications. Research and
Report in Biology 2017;7:1-13.

[18] Hardie DG, Ross FA and Hawley SA.
AMPK: A nutrient and energy sensor
that maintains energy homeostasis. Nat
Rev Mol Cell Biol 2012;13: 251-262.

[19] Mihaylova MM and Shaw R]. The
AMPK signaling pathway coordinates

cell growth, autophagy and metabolism.
Nat Cell Biol 2011;13: 1016-1023.

[20] Wang DS, Jonker JW, Kato Y,
Kusuhara H, Schinkel AH, SugiyamaY.
Involvement of organic cation
transporter 1 in hepatic and intestinal

distribution of metformin. ] Pharmacol
Exp Ther 2002;302:510-515.

[21] Rena G, Hardie DG, Pearson ER.
The mechanisms of action of
metformin. Diabetologia 2017; 60:1577-
1585. doi 10.1007/s00125-017-4342-z.

[22] Pryor HJ, Smyth JE, Quinlan PT,
Halestrap AP. Evidence that the flux
control coefficient of the respiratory
chain is high during gluconeogenesis
from lactate in hepatocytes from starved
rats. Implications for the hormonal
control of gluconeogenesis and action of
hypoglycemic agents. Biochem ]
1987;247:449-457.

15

[23] Foretz M, Hebrard S, Leclerc]J,
Zarrinpashneh E, Soty M, Mithieux G,
et al. Metformin inhibits hepatic
gluconeogenesis in mice independently
of the LKB1/AMPK pathway via a
decrease in hepatic energy state. JClin
Invest 2010;120:2355-2369.

[24] Bridges HR, Jones AJ, Pollak MN,
Hirst J. Effects of metformin and other
biguanides on oxidative

phosphorylation in mitochondria.
Biochem ] 2014;462:475-487.

[25] Kahn BB, Alquier T, Carling D,
Hardie DG. AMP-activated protein
kinase: Ancient energy gauge provides

clues to modern understanding of
metabolism Cell Metab 2005; 1(1):15-25.

[26] Ross FA, MacKintosh C, Hardie DG.
AMP-activated protein kinase: a cellular
energy sensor that comes in 12 flavours.
FEBS ] 2016;283:2987-3001.

[27] Zhou G, Myers R, LiY, Chen,
Shen X, Fenyk-Melody J, et al. Role of
AMP-activated protein kinase in

mechanism of metformin action. J Clin
Invest 2001;108:1167-1174.

[28] Zhang CS, Li M, Ma T, Zong Y,

Cui J, Feng JE, et al. Metformin activates
AMPK through the lysosomal pathway.
Cell Metab 2016;24:521-522

[29] Valencia WM, Palacio A, Tamariz L,
Florez H. (2017) Metformin and ageing:
improving ageing outcomes beyond
glycaemic control. Diabetologia 2017.
doi:10.1007/s00125-017-4349-5.

[30] Patel K, Foretz M, Marion A,
Campbell DG, Gourlay R, Boudaba N, et
al. The LKB1-salt-inducible kinase
pathway functions as a key

gluconeogenic suppressor in the liver.
Nat Commun 2014; 5:4535.

[31] Viollet B, Guigas B, Garcia NS,
Leclerc ], Foretz M, Andreelli F,et al.
Cellular and molecular mechanisms of



Metformin - Pharmacology and Drug Interactions

metformin: an overview. Clinical
Science, Portland Press, 2012; 122(6):
253-270.

[32] Fullerton MD, Galic S, Marcinko K,
Sikkema S, Pulinikunnil T, Chen ZP, et
al. Single phosphorylation sites in ACC1
and ACC2 regulate lipid homeostasis
and the insulin-sensitizing effects of
metformin. Nat Med 2013;19:1649-1654.

[33] Foretz M, Ancellin N, Andreelli F,
Saintillan Y, Grondin P, Kahn A, et al.
Short-term overexpression of a
constitutively active form of AMP-
activated protein kinase in the liver
leads to mild hypoglycemia and fatty
liver. Diabetes 2005; 54: 1331-1339.

[34] Miller RA , Birnbaum MJ . An
energetic tale of AMPK-independent
effects of metformin . J Clin Invest.
2010;120: 2267 — 2270.

[35] Miller RA, Chu Q, Xie ], Foretz M,
Viollet B, Birnbaum M]J. Biguanides
suppress hepatic glucagon signaling by
decreasing production of cyclic AMP.
Nature 2013;494:256-260.

[36] Jitrapakdee S, St Maurice M,
Rayment I, Cleland WW, Wallace JC,
Attwood PV. Structure, mechanism and
regulation of pyruvate carboxylase.

Biochem J. 2008;413(3):369-387.

[37] Perry R], Camporez ]G, Kursawe R,
Titchenell PM, Zhang D, Perry CJ, et al.
Hepatic acetyl CoA links adipose tissue
inflammation to hepatic insulin
resistance and type 2 diabetes. Cell.
2015;160(4):745-758.

[38] Neeland IJ, Hughes C, Ayers CR,
Malloy CR, Jin ES. Effects of visceral
adiposity on glycerol pathways in
gluconeogenesis. Metabolism.
2017;67:80-89.

[39] Cusi K, Consoli A, DeFronzo RA.
Metabolic effects of metformin on
glucose and lactate metabolism in
noninsulin-dependent diabetes mellitus.

16

J Clin Endocrinol Metab 1996; 81:
4059-4067.

[40] Jager S, Handschin C, St Pierre J,
Spiegelman BM. AMP-activated protein
kinase (AMPK) action in skeletal muscle
via direct phosphorylation of PGC-1 a.
PNAS 2007; 104(29):12017: 12022.

[41] Beg M, Abdullah N, Thowfeik FS,
Altorki NK, McGraw TE. Distinct Akt
phosphorylation states are required for
insulin regulated Glut4 and Glut1-

mediated glucose uptake. eLife.
2017;6:1-22. doi: 10.7554/eLife.26896.

[42] Wang Z, Wang Y, Han Y, Yin Q,

Hu S, Zhao T, et al. Akt is a critical node
of acute myocardial insulin resistance
and cardiac dysfunction after
cardiopulmonary bypass. Life Sciences.
2019;234:116734. doi: 10.1016/j.
1£5.2019.116734.

[43] Garabadu D, Krishnamurthy S.
Metformin attenuates hepatic insulin
resistance in type-2 diabetic rats
through PI3K/Akt/GLUT-4 signalling
independent to bicuculline-sensitive
GABAA receptor stimulation.
Pharmaceutical Biology. 2017;55:722-
728. doi:
10.1080/13880209.2016.1268635.

[44] Ikeda T, Iwata K, Murakami H.
Inhibitory effect of metformin on
intestinal glucose absorption in the
perfused rat intestine. Biochem
Pharmacol 2000; 59: 887-890.

[45] Sakar Y, Meddah B, Faouzi MA,
CherrahY, Bado A, Ducroc R.
Metformin-induced regulation of the

intestinal D-glucose. Physiol Pharmacol
2010;61(3):301-307.

[46] McCreight L], Bailey CJ,

Pearson ER. Metformin and the
gastrointestinal tract Diabetologia 2016;
59:426-435. doi 10.1007/
s00125-015-3844-9.

[47] Lalau JD, Lacroix C, Compagnon P,
de Cagny P, Rigaud JP, Bleichner G, etal.



Mechanisms of Action of Metformin
DOI: http://dx.doi.org/10.5772/intechopen.99189

Role of metformin accumulation in
metformin-associated lactic acidosis.
Diabetes Care 1995;18:779-784.

[48] Wu T, Thazhath SS, Bound MJ,
Jones KL, Horowitz M, Rayner CK.
Mechanism of increase in plasma intact
GLP-1 by metformin in type 2 diabetes:
stimulation of GLP-1 secretion or

reduction in plasma DPP-4 activity?
Diabetes Res Clin Pract 2014;106:e3—e6.

[49] Cuthbertson ], Patterson S,

O’Harte FP, Bell PM. Investigation of
the effect of oral metformin on
dipeptidylpeptidase-4 (DPP-4) activity
in type 2 diabetes. Diabet Med
2009;26:649-654.

[50] Lien F, Berthier A, BouchaertE,
Gheeraert C, Alexandre J, Porez G, et al.
Metformin interferes with bile acid
homeostasis through AMPK-FXR
crosstalk. J Clin Invest
2014;124:1037-1051

[51] Thomas C, Gioiello A, Noriega L,
Strehle A, Oury ], Rizzo G, et al. TGR5-
mediated bile acid sensing controls
glucose homeostasis. Cell Metab
2009;10:167-177

[52] Carter D, Howlett HC,
Wiernsperger NF, Bailey CJ. Differential
effects of metformin on bile salt
absorption from the jejunum and ileum.
Diabetes Obes Metab 2003;5:120-125.

[53] Scarpello JH, Hodgson E,

Howlett HC. Effect of metformin on bile
salt circulation and intestinal motility in
type 2 diabetes mellitus. Diabet Med
1998;15:651-656.

[54] Tilg H, Moschen AR. Microbiota
and diabetes: an evolving relationship.
Gut 2014;63:1513-1521

[55] Yerevanian A and Soukas AA.
Metformin: Mechanisms in Human
Obesity and Weight Loss Curr Obes Rep.
2019; 8(2): 156-164. doi:10.1007/
s13679-019-00335-3.

17

[56] Morrison DJ and Preston T,
Formation of short chain fatty acids by
the gut microbiota and their impact on
human metabolism. Gut Microbes,

2016;7(3):189-200.

[57] Everard A, Belzer C, Geurts L,
Ouwerkerk JP, Druart C, Bindels LB, et
al . Cross-talk between Akkermansia
muciniphila and intestinal epithelium

controls dietinduced obesity. Proc Natl
Acad Sci U S A 2013; 110:9066-9071

[58] Sena CM, Matafome P, Louro T,
Nunes E, Fernandes R, Seica RM.
Metformin restores endothelial function

in aorta of diabetic rats. Br ] Pharmacol
2011;163: 424-437.

[59] Li SN, Wang X, Zeng QT, Feng YB,
Cheng X, Mao XB, et al. Metformin
inhibits nuclear factor kappaB
activation and decreases serum high-
sensitivity C-reactive protein level in

experimental atherogenesis of rabbits.
Heart Vessels 2009; 24: 446-453.

[60] Hattori Y, Suzuki K, Hattori S,
Kasai K. Metformin inhibits cytokine-
induced nuclear factor kB activation via
AMP-activated protein kinase activation
in vascular endothelial cells.
Hypertension. 2006;47:1183-1188.

[61] Wang C, Liu C, Gao K, Zhao H,
Zhou Z, Shen Z, et al. Metformin
preconditioning provide
neuroprotection through enhancement
of autophagy and suppression of
inflammation and apoptosis after spinal
cord injury. Biochem Biophys Res
Commun. 2016;477:534-540. doi:
10.1016/j.bbrc.2016.05.148.

[62] Chakraborty A, Chowdhury S,
Bhattacharyya M. Effect of metformin
on oxidative stress, nitrosative stress
and inflammatory biomarkers in type 2
diabetes patients. Diabetes Res Clin
Pract. 2011;93(1):56-62. doi: 10.1016/j.
diabres.2010.11.030.

[63] Vasamsetti SB, Karnewar S,
Kanugula AK, Thatipalli AR, Kumar JM,



Metformin - Pharmacology and Drug Interactions

Kotamraju S. Metformin inhibits
monocyte-to-macrophage
differentiation via AMPK-mediated
inhibition of STAT?3 activation: potential
role in atherosclerosis. Diabetes. 2015;
64:2028-2041. doi: 10.2337/db14-122.

[64] Hyun B, Shin S, Lee A, Lee S,
Song Y, Ha NJ, et al. Metformin down-
regulates TNFalpha secretion via
suppression of scavenger receptors in
macrophages. Immune Netw 2013; 13:
123-132.

[65] Koh SJ, Kim JM, Kim IK, Ko SH,
Kim JS. Anti-inflammatory mechanism
of metformin and its effects in intestinal
inflammation and colitis-associated

colon cancer. ] Gastroenterol Hepatol.
2014;29:502-510.

[66] Esteves CL, Kelly V, Breton A,
Taylor Al, West CC, Donadeu FX, etal.
Proinflammatory cytokine induction of
11beta-hydroxysteroid dehydrogenase
type 1 (11beta- HSD1) in human
adipocytes is mediated by MEK, C/
EBPbeta, and NF-kappaB/RelA. ] Clin
Endocrinol Metab 2014; 99: E160-E168.

[67] Xiao Z, Wu W, Poltoratsky V.
Metformin Suppressed CXCL8
Expression and Cell Migration in
HEK?293/TLR4 Cell Line. Mediators
Inflamm. 2017; 2017:6589423. doi:
10.1155/2017/6589423.

[68] Dehkordi AH, Abbaszadeh A,

Mir S, Hasanvand A. Metformin and its
anti-inflammatory and anti-oxidative
effects; new concepts. ] Renal Inj Prev.
2019;8(1):54-61. doi: 10.15171/
jrip.2019.11.

[69] Hattori Y, Hattori K, Hayashi T.
Pleiotropic Benefits of Metformin:
Macrophage Targeting Its Anti-
inflammatory Mechanisms Diabetes
2015;64:1907-1909 doi: 10.2337/
db15-0090.

[70] Beisswenger P, Ruggiero-Lopez D.
Metformin inhibition of glycation

18

processes. Diabetes Metab 2003; 29:
6S95-6103.

[71] Ramasamy R, Yan SF, Schmidt AM.
The diverse ligand repertoire of the
receptor for advanced glycation
endproducts and pathways to the

complications of diabetes. Vascul
Pharmacol 2012; 57: 160-167.

[72] Basta G. Receptor for advanced
glycation endproducts and
atherosclerosis: From basic mechanisms
to clinical implications. Atherosclerosis
2008; 196: 9-21.

[73] Saisho Y. Metformin and
Inflammation: Its Potential Beyond
Glucose-lowering Effect Endocrine,
Metabolic & Immune Disorders, Drug
Targets, 2015;15:1-10.

[74] Gamad N, Malik S, Suchal K,
Vasisht S, Tomar A, Arava S, et al.
Metformin alleviates bleomycin-
induced pulmonary fibrosis in rats:
Pharmacological effects and molecular
mechanisms. Biomed Pharmacother.

2018;97:1544-1553.

[75] Franciosi, M., Lucisano, G., Lapice,
E., Strippoli, G. F., Pellegrini, F,,
Nicolucci, A. Metformin therapy and
risk of cancer in patients with type 2
diabetes: systematic review. PLoS One
2013;8:€71583. doi: 10.1371/journal.
pone.0071583

[76] Zhang, P., Li, H., Tan, X., Chen, L.,
and Wang, S. Association of metformin
use with cancer incidence and mortality:
a meta-analysis. Cancer Epidemiol.
2013;37, 207-218. doi: 10.1016/j.
canep.2012.12.009.

[771 Hou, G., Zhang, S.,

Zhang, X., Wang, P,, Hao, X., and
Zhang, J. Clinical pathological
characteristics and prognostic analysis
of 1,013 breast cancer patients with
diabetes. Breast Cancer Res. Treat.
2013;137, 807-816. doi: 10.1007/
s10549-012-2404-y.



Mechanisms of Action of Metformin
DOI: http://dx.doi.org/10.5772/intechopen.99189

[781Yi, Y., Gao, L., Wu, M., Ao, J., Zhang,
C., Wang, X., etal. (2017). Metformin
sensitizes leukemia cells to vincristine via
activation of AMP-activated protein
kinase. J. Cancer 2017;8, 2636-2642. doi:
10.7150/jca.19873.

[79] Candido, S., Abrams, S. L.,
Steelman, L., Lertpiriyapong, K.,
Martelli, A. M., Cocco, L., etal.
Metformin influences drug sensitivity in
pancreatic cancer cells. Adv Biol Regul.
2018;68:13-30. doi: 10.1016/j.
jbior.2018.02.002.

[80] Mu N, XuT, Gao M, Dong M,
Therapeutic effect of metformin in the
treatment of endometrial cancer
(Review) Oncology Letters 2020
;20:156.doi: 10.3892/01.2020.12017.

[81] Jones, R. G., Plas, D. R., Kubek, S.,
Buzzai, M., Mu, J., and Xu, Y. AMP
activated protein kinase induces a
p53-dependent metabolic checkpoint.
Mol. Cell 2005;18: 283-293. doi:
10.1016/j.molcel.2005.03.027.

[82] He G, Zhang YW, Lee JH, Zeng SX,
Wang YV, Luo Z, Dong XG, Viollet B,
Wahl GM, Lua H. AMP-Activated
Protein Kinase Induces p53 by
Phosphorylating MDMX and Inhibiting
Its Activity. Molecular and Cellular
Biology 2014;34(2):148-157.

[83] Hilliard S, Aboudehen K, Yao X,
El-Dahr SS. Tight regulation of p53
activity by Mdm?2 is required for ureteric
bud growth and branching. Dev. Biol.
2011;353:354-366.

[84] Saxton, RA and Sabatini DM.
mTOR signaling in growth, metabolism,
and disease. Cell 2017;168: 960-976. doi:
10.1016/j.ce11.2017.02.004.

[85] Rosso P, Fioramonti M, Fracassi A,
Marangoni M, Taglietti V, Siteni S,
Segatto M. AMPK in the central nervous
system: physiological roles and
pathological implications. Research and
Reports in Biology 2016;7: 1-13.

19

[86] Inoki K, Zhu T, Guan KL. TSC2
mediates cellular energy response to
control cell growth and survival. Cell.

2003;115(5):577-590.

[87] Roncolato F, Lindemann K,
Willson ML, Martyn J and Mileshkin L:
PI3K/AKT/mTOR inhibitors for
advanced or recurrent endometrial

cancer. Cochrane Database Syst Rev
2019;10:CD012160.

[88] Hirsch HA, Iliopoulos D, Struhl K.
Metformin inhibits the inflammatory
response associated with cellular
transformation and cancer stem cell
growth. PNAS 2013; 110 (3) www.pnas.
org/cgi/doi/10.1073/pnas.1221055110.

[89] Bernstein E, Caudy AA,
Hammond SM. Hannon GJ. Role for a
bidentate ribonuclease in the initiation
step of RNA interference. Nature 2001;
409, 363-366.

[90] Kim VN. MicroRNA biogenesis:
coordinated cropping and dicing. Nat
Rev Mol Cell Biol. 2005; 6:376-385.

[91] Martello G, Rosato A, Ferrari F,
Manfrin A, Cordenonsi M, Dupont S, et
al. A MicroRNA targeting DICER for
metastasis control. Cell 2010;141:
1195-1207.

[92] Merritt WM, Lin YG, Han LY,
Kamat AA, Spannuth WA, SchmandtR,
et al. DICER, Drosha, and outcomes in

patients with ovarian cancer. N. Engl. J.
Med. 2008; 359, 2641-2650.

[93] Blandino G, Valerio M, Cioce M,
Mori F, Casadei L, Pulito C, Sacconi A et
al. Metformin elicits anticancer effects
through the sequential modulation of
DICER and ¢c-MYC. Nature
Communications 2012. doi: 10.1038/
ncomms1859.

[94] Geffner ME, Golde DW: Selective
insulin action on skin, ovary, and heart
in insulin-resistant states. Diabetes Care
1988;11:500-505.



Metformin - Pharmacology and Drug Interactions

[95] Willis D, Franks S: Insulin action in
human granulosa cells from normal and
polycystic ovaries is mediated by the
insulin receptor and not the type-I
insulin-like growth factor receptor. J
Clin Endocrinol Metab 1995; 80:
3788-3790.

[96] Adashi EY, Hsueh AJW, Yen SSC:
Insulin enhancement of luteinizing
hormone and follicle stimulating
hormone release by cultured pituitary
cells. Endocrinology 1981; 108:
1441-1449.

[97] Le Roith D, McGuinness M,

Shemer J, Stannard B, Lanau F,

Faria TN, Kato H, Werner H, Adamo M,
Roberts Jr CT. Insulin like growth
factors. Biology Signals, 1992;1:173-181.

[98] O’Connor A, Phelan N, Tun TK,
Boran G, Gibney J, Roche HM: High-
molecular-weight adiponectin is
selectively reduced in women with
polycystic ovary syndrome independent
of body mass index and severity of

insulin resistance. ] Clin Endocrinol
Metab 2010; 95: 1378-1385.

[99] O’Reilly M, Gathercole L, Capper F,
Arlt W, Tomlinson J: Effect of insulin on
AKRIC3 expression in female adipose
tissue: in-vivo and in-vitro study of
adipose androgen generation in

polycystic ovary syndrome. Lancet
2015; 385(suppl 1):S16.

[100] Hirsch A, Hahn D, Kempna P,
Hofer G, Nuoffer JM, Mullis PE, et al.
Metformin inhibits human androgen
production by regulating steroidogenic
enzymes HSD3B2 and CYP17A1 and
complex I activity of the respiratory
chain. Endocrinology. 2012;153: 4354-
4366. doi: 10.1210/en.2012-1145.

[101] Dumitrescu R, Mehedintu C,
Briceag I, Purcarea VL, Hudita D.
Metformin-Clinical Pharmacology in
PCOs. Journal of Medicine and Life
2015;8(2):187-192.

20

[102] Gonzalez F, Rote NS, Minium J,
Kirwan JP. Increased activation of
nuclear factor kappa B triggers
inflammation and insulin resistance in
polycystic ovary syndrome. ] Clin
Endocrinol Metab 2006; 91(4):
1508-1512.

[103] Motta AB. Mechanisms Involved in
Metformin Action in the Treatment of
Polycystic Ovary Syndrome. Current
Pharmaceutical Design, 2009;15:
3074-3077.



