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Betel-nut (BN) chewing is a socially ingrained practice in several populations worldwide, and is the fourth most
addictive habit with several detrimental impacts on health. BN is classified as a class I carcinogen, and its use is associated
with the development and progression of cancer through various mechanisms such as the production of nitrosamines,
increased oxidative stress, activation of the PI3K/Akt/mTOR pathway, inhibition of tumor suppressors and the dysregulation
of cellular energetics, apoptosis and autophagy. Several of these mechanisms overlap with the pathogenesis of diabetes
mellitus, making anti-diabetic drugs good candidates for drug repurposing as anti-cancer agents. While a large body of
experimental evidence has established the effectiveness of the anti-diabetic drug, metformin, as an anti-cancer agent, clinical
trials have largely failed to produce promising results. Our own work as well as that of other workers have also indicated the
anti-cancer potential of the dipeptidyl peptidase-4 inhibitor, vildagliptin, though the thiazolidinedione, pioglitazone, was
found to have more limited effectiveness and also produced ambiguous results in clinical studies. This review focuses on the
mechanisms of BN-induced carcinogenesis and the potential of exploring common anti-diabetic drugs for its amelioration.
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Introduction

Areca nut, popularly known as betel-nut (BN), is the
kernel of the tropical palm, Areca catechu'?. The
carliest remains of Areca catechu dating from 10,000
BC have been found in Northwestern Thailand, and
archaeological and philological evidences indicate that
this palm species may have originated in Malaysia,
while the use of BN as a masticatory is likely to have
emerged in the Indonesian archipelagos’. BN paired
with the leaf of the vine, Piper betle, referred to as
‘tambula’, entered India via the South Sea islands-Java
and Sumatra, during the early Gupta period’. The use
of BN in Southeast Asian countries dates back to the
11th century when it was symbolically used to solidify
relationships in the royal kingdoms. Over the years, it
has found diverse roles among different Southeast
Asian communities in religious ceremonies and
customary practices”. In the present day, extensive use
of BN for chewing purposes is prevalent among the
populations of India, Bangladesh, Pakistan, Nepal,
China, Taiwan, Bhutan, Cambodia, Maldives,
Malaysia, Indonesia and Philippines’. In the past few
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decades, BN use has also grown rapidly in the Western
countries owing to the increased migration of Asians to
these countries’.

In India, BN is most frequently consumed in the
form of betel-quid (BQ), also known as paan,
comprising a mixture of BN, tobacco, and slaked lime
wrapped in betel leaf. It is rampantly used by both
males and females across various age groups in
various forms, including widely marketed products
such as paan masala, supari mixture and gutka’. Paan
users claim to have a sense of well-being, heightened
alertness, and increased stamina and it is also used as
a mouth freshener in several Indian communities'”.

Habitual chewing of BN is considered to be one of
the four most addictive habits worldwide®. In India,
approximately 8.3% of men and 7.7 % of women
consume BN in various forms’. The habit is
accompanied by various detrimental effects on oral and
overall health, and is significantly associated with the
development of oral potentially malignant disorders
(OPMDs) such as oral leukoplakia (OL), erythroplakia,
or oral submucous fibrosis (OSF), oral cancer, and
cancers of the oesophagus, liver, pancreas, larynx and
lungs. In fact, the International Agency for Research on
Cancer (IARC) has classified BQ with or without
tobacco as a Group I carcinogen'’. Despite the health
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implications, BN use is a socially acceptable,
enormously deep-rooted habit in several communities,
prevalent among both males and females of all age
groups, regardless of socio-economic classes'”.
Although BN has a long history in traditional medicine,
no clinical trials have been conducted to validate this
point!.

Drug repurposing or repositioning is an innovative
approach adapted by researchers globally as a means
for substantially reducing the time and cost required to
develop a new drug. Repurposing already approved
drugs promises a shortened development cycle along
with a significant reduction in production cost".
Traditional drug discovery requires a novel molecule to
undergo stringent investigations due to the
unavailability of clinical and toxicological data’. On
the other hand, a repurposed molecule can skip the pre-
clinical stages and directly enter phase II of the drug
development  process'>.  Therefore, with prior
knowledge regarding safety, efficacy, and route of
administration, a repositioned drug can be successfully
brought to the market by reducing the development
cost and time. The anti-diabetic drug metformin is
being widely explored for its potential application as an
anticancer agent attributed to its functions in multiple
signaling pathways, including activation of AMP-
activated kinase (AMPK)'*'. The anti-diabetic drugs
vildagliptin and sitagliptin are reported to exhibit anti-
cancer properties when used in a colon cancer cell
line"’, while pioglitazone and rosiglitazone have shown
anti-cancer effects in breast cancer'™’, human
leukemia® and pancreatic*' cancer cell lines, and in
cohort studies on lung® and breast cancer™.

This review aims to provide an overview of the
mechanisms of betel-nut induced carcinogenesis and
the potential of repurposing anti-diabetic drugs for its
amelioration based on experimental evidence from
our laboratory.

Mechanisms of betel-nut induced carcinogenesis
BN induces carcinogenesis through the complex
interaction of its various chemical constituents with
cellular components, to promote the development of
the cancer phenotype. Some of the mechanisms of
BN-induced carcinogenesis are listed below.

(a) BN alkaloids form carcinogenic nitrosamines
Evidence from chemical analysis indicates that
betel-nut has significant alkaloid content, comprising
arecoline (2.22 mg/g dry weight), guvacine (2.48 mg/g
dry weight), guvacoline (0.99 mg/g dry weight) and

arecaidine (0.15 mg/g dry weight)*. BN chewing
results in the formation of specific nitrosamines in the
oral cavity by the nitrosation of arecoline producing
areca-nut/betel-nut specific nitrosamines such as
N-nitrosoguvacoline (NGL), N-nitrosoguvacine (NGC)
3-N-nitrosomethylaminopropionitrile (NMPN), 3-N-
nitrosomethylaminopropionaldehyde (NMPA) and
3-methylnitrosaminopropionitrile (MNPN). Of these,
NGL, NGC and MNPN*?" have been detected in the
saliva of BN-chewers. In an in vivo study,
subcutaneous administration of NMPA caused lung
adenocarcinoma, nephroblastoma, and leukaemia in
rats®® indicating the association of this nitrosamine with
carcinogenesis. These  N-nitrosamines undergo
enzymatic a-hydroxylation by cytochrome P-450
(CYP450) monooxygenases resulting in the formation
of diazonium ions®. Rearrangement and subsequent
elimination of nitrogen result in the formation of
carbenium ions, the final DNA alkylating species
which cause highly mutagenic and cytotoxic
O-alkylations producing O*-methylthymine (O*-MeT),
O°-methylguanine (0°-MeG) and O°-ethylguanine
(O°-EtG)*’. Human CYP450 was found to be involved
in the mutagenic activation of NMPN, NMPA and NG
using genetically engineered Salmonella typhimurium
YG7108 expressing each form of human P450 together
with NADPH-P450 reductase. CYP2A6 and CYP2A13
are the two members of the human P450 enzyme group
responsible for the mutagenic activation of NMPN and
NMPA, respectively. The expression of CYP2AI13
increases in the respiratory tracts of BN chewers and is
reported to activate pro-mutagen NMPA to its
genotoxic form®'.

(b) BN increases oxidative stress

Oxidative stress results from an imbalance between
the production of reactive oxygen species (ROS) and
their elimination by antioxidants, resulting in
accumulation of ROS. It is responsible for a wide
array of ROS-induced molecular damage with
pathological consequences, including the
development of cancer’”. The different chemical
constituents of BQ contribute to oxidative stress
through different mechanisms. The ROS-induced
lesion, 8-hydroxy-2'- deoxyguanosine (8-OH-dG),
was reported to be produced upon exposure of DNA
to BQ ingredients and ripe BN extract under alkaline
conditions, in vitro>>*. Polyphenols present in BN
extract produce superoxide ions that lead to the
formation of 8-OH-dG**. The BN alkaloid, arecoline,
disrupts cellular redox balance by activating NADPH
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oxidase (NOX), cyclooxygenase-2 (COX-2), sirtuin
3 (SIRT3) and endothelial nitric oxide synthase
(eNOS), and inhibiting glutathione (GSH), catalase
and superoxide dismutase (SOD)*. Long-term
exposure to BN leads to the accumulation of genetic
mutations that generate ROS’” and depletion of GSH
level in human keratinocytes®® and the stomach of BQ
exposed diabetic rats®®. Hydroxychavicol, a phenolic
component of betel leaf, induced 8-OH-dG formation
and DNA single strand breaks in cultured cells, and is
found in the saliva of human BQ chewers at a
concentration of 4.6 mM after chewing®. High levels
of ROS are associated with DNA fragmentation, lipid
peroxidation and protein carbonylation, leading to
cellular damage*'. In our studies on a murine model of
BN-induced carcinogenesis, the liver, lungs, spleen
and small intestinal tissues of mice exposed to
arecoline and aqueous extract of betel-nut (AEBN)
had significantly elevated levels of lipid peroxidation
and protein  carbonylation, indicating the
accumulation of oxidative stress'*'%3¢,

(c) Betel nut induces genetic instability

BN and its components are genotoxic agents which
damage DNA and induce genetic instability through
multiple ways. Exposure to arecoline as well as BN
extract damaged the DNA of bone marrow cells of
Swiss albino mice, leading to the formation of
micronuclei (MN), chromosomal aberrations (CA) and
sister chromatid exchange (SCE)***. The frequency of
CA and SCE increased when arecoline was
administered concomitantly with GSH depletion by
treatment with the GSH synthesis inhibitor,
buthioninesulfoximine (BSO). Arecoline arrested cells
at prometaphase leading to distorted organization of
mitotic spindles and misalignment of chromosomes™.
Arecoline was also found to be mutagenic in transgenic
mouse by increasing the frequency of both transition
and transversion mutations at G:C sites”. Areca nut
extract increased the frequency of MN and induced
mutations in human keratinocytes®®. Chromosomal
instability characterized by increased frequency of
precocious anaphase and aneuploid cells was induced
in bone marrow cells of mice exposed to raw areca nut
extract’’. Ethyl acetate and n-butanol extracts of areca
nut induced chromosomal aberrations in Chinese
hamster ovary cells. Aqueous extracts of betel leaf
induced chromosomal aberrations in  human
lymphocytes. Aqueous, n-Butanol and ethyl acetate
extracts of betel leaf also induced chromosomal
aberrations and in Chinese hamster ovary cells.

Furthermore, BQ chewers from India and the
Philippines had elevated frequencies of micronucleated
buccal mucosal cells at the site within the oral cavity
where they regularly kept the BQ™.

Several studies have investigated the underlying
factors responsible for the increased DNA damage,
decreased DNA repair and overall genetic instability
induced by BN/BQ, and loss of tumor suppressor
response has emerged as a pivotal factor. Arecoline
decreased tumor suppressor activity in human
epithelial cells by inhibition of expression and
transactivation functions of the tumor suppressor,
p53*. This may be correlated to arecoline induced
hypermethylation at the promoter of p53 gene that
subsequently resulted in low levels of p53 protein in
oral submucous fibrosis®. AEBN decreased the
expression of total p53*, total Brcal and Brca2’' and
phosphorylated p53-Ser15°*'>2 in the tissues of mice.
In oral squamous cell carcinoma (OSCC), BN
consumption led to murine double minute 2 (MDM?2)
mediated downregulation of the p53 protein™>.
MDM2 is a negative regulator of p53 and is seen to be
overexpressed in  human tumors®. Decreased
expression of mitotic and spindle checkpoint genes
AuroraA, AurovaB, MADZ2 and Bubl was also reported
to be a significant contributing factor for inducing
chromosomal instability in mice exposed to raw areca
nut extract’’. Areca nut extract induced overxpression
of miR-23a which correlated with reduced expression
of the Fanconi anemia susceptibility gene, FANCG,
that would compromise DNA double-strand break
breaks (DSB) repair”. Chinese patients with areca nut-
associated OSCC had a genomic signature
characterized by DNA mismatch repair deficiency®.
BN consumption is also linked to the methylation of
the promoter of the gene coding for runt-related
transcription factor 3 (RUNX3), a well known tumor
suppressor protein’’.

(d) Betel-nut deregulates cellular proliferation
Uncontrolled cellular proliferation is a hallmark of
cancer. In an in vitro study, BN extract increased
proliferation and induced DNA damage of mouse
kidney cells”. BN extracts have been shown to
increase the proliferation of different human cell lines
at varying concentrations”. Arecoline increased
cellular proliferation in the prostate gland of male
Wistar rats, resulting in prostatic hyperplasia and
hypertrophy confirmed by increased expression of the
proliferation marker, Ki-67, and concomitant with
overexpression of the cell cycle regulatory proteins,
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Cyclin D1 and CDK4®. AEBN also induced Ki-67
overexpression with increased expression of Cyclin D1
in the liver of AEBN exposed mice, indicating
increased cellular proliferation'>'****.  Arecoline
induces cell proliferation through various mechanisms.
In the human OSCC cell line, arecoline treatment
increased the expression of c-Myc protein, a principal
inducer of cell proliferation and suppressed the
expression of miR-22, which has tumor suppressor
functions®. In another study, arecoline was found to
mediate  tumorigenesis in = OSCC  through
peroxiredoxin-2 (PRDX2)” which promotes tumor
survival and induces cell proliferation®.

(e) Betel nut induces loss of apoptosis

Apoptotic cell death plays a vital role in preventing
tumorigenesis, restraining tumor growth and
preventing drug resistance®. Interestingly, the effect
of BN and its constituents on apoptosis is ambiguous,
with both pro-apoptotic and anti-apoptotic effects
reported. Arecoline has shown pro-apoptotic effects in
cultured human basal cell carcinoma cells (BCC-
1/KMC) by activating caspase-3 and inhibiting B-cell
leukemia/lymphoma protein 2 (Bcl-2)®, in rat
cardiomyocytes by inducing Fas ligand as well as
mitochondria dependent cell death® and in human
HaCaT epithelial cells by increased expression and
activation of cleaved-Bid, cleaved-PARA and
cleaved-caspase-3°*. The apoptotic effect of arecoline
was enhanced by co-treatment with the tea antioxidant
epigallocatechin-3-gallate (EGCG) in prostate cancer
cells line®, and with melatonin in OSCC cells”,
respectively. In one study, arecoline treatment
inhibited apoptosis in HepG2 cells by upregulating
cyclin dependent kinase 1 (CDK1)"".

BN extract has, however, displayed both anti-
apoptotic and pro-apoptotic effects depending on cell
type, treatment duration, and dosage. BN extract
induced caspase dependent apoptosis in oral cancer
cell lines, HSC-2 and HSC-3"%. Areca nut extract also
induced apoptosis of thymocytes in vivo when
administered intraperitoneally, through activation of
caspase-3 and Apoptosis Inducing Factor (AIF)”. On
the other hand, areca nut extract produced anti-
apoptotic effect on neutrophils attributed to the
inactivation of caspase-3 and caspase-8"*. In other
studies BNE induced cell-cycle arrest but not
apoptosis in oral KB epithelial cells”, and normal
human oral keratinocytes (NHOK)™®. We previously
reported that treatment of Swiss albino mice with
AEBN inhibited apoptosis by upregulating the anti-

apoptotic protein, Bcl-2">'**%*2 It has been reported
that a fraction of areca nut extract induced autophagy
in different types of carcinoma cells, while arecoline
triggered caspase-3 mediated apoptosis. This
difference was attributed to the ability of areca nut
extract, but not arecoline, to inhibit the
phosphorylation of the mTOR-Ser2448”". This finding
is consistent with that from our group, since we
observed increased expression of the mTOR gene
concomitant with significantly increased ratio of
pmTOR-Ser2448/total mTOR in the tissues of AEBN
treated mice when compared to the untreated control,
but decreased expression of the mTOR gene with only
a marginal increase in the ratio of pmTOR-
Ser2448/total mTOR in arecoline treated mice'®*>*,

(f) Betel nut dysregulates the PI3K/Akt/mTOR

pathway

The phosphoinositide 3 kinase (PI3K)/Akt/
mammalian (or mechanistic) target of rapamycin
(mTOR) pathway is a highly conserved signal
transduction pathway among eukaryotes.
Dysregulation of this pathway occurs in more than 50
% tumors and involves hyperactivity of PI3K, loss of
PTEN, gain-of-function of p53, and activation of
mTOR, which drive cancer development and
progression by promoting cell survival, cell growth,
and cell cycle progression”™. The information on the
role of BN in deregulating this pathway is limited. In
2007, it was reported that BN extract contributed to
oral carcinogenesis via Akt-mediated downregulation
of involucrin”. Another study revealed PI3K/Akt
mediated upregulation of vimentin in OSCC cells
following treatment with BN extract®’. In head and
neck squamous cell carcinoma (HNSCC) cells,
vimentin expression is associated with aggressiveness"'
and it results in poor prognosis for breast cancer™.
Moreover, in rat hepatocytes, arecoline treatment
activated Akt/mTOR pathway by phosphorylating Akt
at Ser-473 and mTOR at Ser-2448%. The tea
polyphenol, EGCG, has been reported to inhibit the
proliferation and colony formation of arecoline-
induced esophageal squamous cell carcinoma (ESCC)
cells by inhibiting AKT and ERK1/2 pathway™. Our
studies revealed that the treatment of mice with
AEBN produced carcinogenesis with nodulation of
the liver, significantly upregulated phosphorylation of
Akt at Ser-473 and mTOR at Ser-2448'°°*** and
significantly downregulated PTEN®, indicating that
dysregulation of the PI3K/Akt/mTOR pathway plays
an important role in BN-induced carcinogenesis.
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(g) Betel nut induces autophagy

Autophagy is a tightly regulated process which
serves to degrade unnecessary or dysfunctional
cellular components and to recycle metabolic
substrates in response to environmental and cellular
stresses*’. Autophagy plays a dual role in oncogenic
development depending on the tissue type and stage
of tumorigenesis. It aids in the survival and growth of
cancer cells in advanced stages by regenerating
essential biomolecules to counter nutrient deprivation,
while in the early stages, it promotes cancer cell death
by inducing tumor suppressor activity®*’. It is
induced by the co-ordination of two nutrient sensing
kinases, the AMPK-activated kinase (AMPK) and
mTOR (86). AMPK directly phosphorylates
autophagy-related proteins in the mTORC1, ULKI,
and PIK3C3/VPS34 complexes® to induce
autophagy, while mTOR inhibits autophagy through
inhibitory phosphorylations at ULK1 and Atg 13%.
Thus, the inhibition of mTOR by nutrient deprivation
or pharmacological agents such as rapamycin can
stimulate autophagy’. The hallmarks of autophagy
are the cleavage of the precursor form of microtubule
associated protein 1 light chain 3 (LC3-I) to the active
form LC3-II, and the emergence of autophagic
vacuoles (AV) and acidic vesicles’’. Chronic
exposure to a 30-100 KDa fraction of areca nut
extract resulted in LC3-II accumulation, appearance
of intrcellular vacuoles and acidic vesicles in the oral
cancer cell lines OECM-1 and CES81T/VGH”
indicating the induction of autophagy, and stimulated
the expression of beclin-1 in CE81T/VGH cells,
thereby contributing to tumor growth through the
upregulation of autophagy’”. Transmission electron
microscopy studies of liver nodules induced in Swiss
Albino mice by transgenerational exposure to AEBN
revealed enhanced cristolysis of mitochondria and
formation of acidic vesicles”. BN chewing was also
associated with chemoresistance in a cohort of OSCC
patients who exhibited increased expression of LC3-11
and resistance to the chemotherapeutic drug,
cisplatin™.

(h) Betel-nut dysregulates the AMPK pathway and

induces dyslipidemia

The AMPK signaling pathway plays a pivotal role in
maintaining metabolic homeostasis through a wide array
of direct targets and processes, and its dysregulation has
been implicated in the development of a number of
diseases, including obesity, diabetes and cancer. The
master regulator of the pathway is the sensor of

intracellular adenosine nucleotide levels, AMPK®.
AMPK is activated by phosphorylation at Thr-172 and
acts as a metabolic tumor suppressor by enforcing
metabolic checkpoints through its action on molecules
that regulate cellular growth and metabolism®. Chronic
exposure to arecoline or BN was reported to alter the
activation of AMPK in a variety of experimental
systems. In 3T3-L1 preadipocyte cell, arecoline
suppressed the phosphorylation of AMPK at Thr-172 in
a dose dependent manner’”. Arecoline also elevated
intracellular ROS levels and inhibited AMPK
phosphorylation at Thr-172 in a time- and dose-
dependent manner in a number of cell types including
oral (OECM-1) and esophageal (CE81T/VGH) cell
lines™. Our in vivo studies found that arecoline as well
as AEBN reduced AMPK activity by lowering its
phosphorylation at Thr-172, and concomitantly induced
carcinogenesis in arecoline (14) and AEBN treated
mice!4163652

The dephosphorylation of AMPK reprograms
cellular metabolism leading to upregulated lipid
synthesis which promotes oncogenic progression’'®.
A higher prevalence of metabolic syndrome among the
BN chewing female population of Karachi, Pakistan in
comparison to males belonging to the same population,
has also been reported'®". De novo fatty-acid synthesis
involves two key enzymes, acetyl-CoA carboxylase
(ACC) and fatty-acid synthase (FASN). ACC
carboxylates acetyl-CoA to form malonyl-CoA, which
is further converted by FASN to long-chain
fatty acids'”. Phospho AMPK (Thr-172) induces
downstream inhibitory phosphorylation of ACCI
resulting in lowered production of malonyl-CoA and
consequent inhibition of fatty acid synthesis'®.
Furthermore, AMPK also phosphorylates and
inactivates the rate-limiting enzyme of cholesterol
biosynthesis, 3-hydroxy-3-methylglutaryl-CoA (HMG-
CoA) reductase (HMGCR), resulting in inhibition
of cholesterol synthesis'®. Our findings reveal that
AEBN or arecoline treatment inhibited AMPK
phosphorylation leading to downstream activation of
ACC and HMGCR. The expression of FASN was also
upregulated in the liver of arecoline and AEBN
exposed mice. These molecular alterations resulted in
dyslipidemia with significant increase in levels of total
serum triglycerides and cholesterol and significant
decrease in levels of high density lipoproteins (HDL).
Thus, BN-induced cancer may be fueled by
reprogrammed lipid metabolism, which drives
carcinogenesis and cancer progression'®.
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The link between diabetes mellitus and cancer

The interconnecting link between diabetes mellitus
and cancer has been recognized for more than eight
decades, and a large body of clinical and
epidemiological studies have firmly established that
diabetes patients are at a high risk for liver, pancreas
and endometrial cancer followed by colorectal, breast
and bladder cancer'®. Various factors have been
implicated to interlink diabetes mellitus and cancer.
These include altered insulin and insulin-like growth

factor (IGF) signals, obesity, inflammation,
hyperglycemia, metabolic syndrome, ER stress and
autophagy'”’. Insulin  resistance  leads to

hyperinsulinemia, that is, an elevated level of
circulating insulin, which in turn causes a rise in the
level of free and bioactive insulin-like growth factor 1
(IGF-1)"". It is clinically associated with a number of
diseases including obesity, type 2 diabetes mellitus,
metabolic syndrome, cardiovascular diseases, and
cancer'®. Insulin and insulin like growth factor 1
(IGF-1) subsequently bind to insulin receptor (IR) and
IGF-1 receptor (IGF1R), respectively, activating
intrinsic receptor tyrosine kinase activity of the
receptors to elicit downstream signaling cascades
through the activation of the PI3K-Akt pathway and
the Shc-Ras-MAPK pathways. Activation of these
pathways regulates gene transcription, glucose, lipid
and protein metabolism, cell growth and
differentiation, initiation and maintenance of cancer
stem cells and promotes protection from apoptotic
stimuli'” thereby promoting cancer development.
Overexpression of insulin receptors has been reported
in various types of cancers such as breast, thyroid, and
prostate cancer cells''*'"". Increased blood glucose
level (hyperglycemia) associated with diabetes
mellitus has been reported to contribute towards
cancer progression through various mechanisms.
Hyperglycemia increases the production of free
radicals and other reactive molecules that cause
oxidative damage of DNA, which is an initial step in
oncogenesis. It also results in inhibition of the
antioxidant function of thioredoxin through action of
the glucose-inducible gene, thioredoxin-interacting
protein (TXNIP). Hyperglycemia causes high rates of
protein glycation and the formation of advanced
glycation end products (AGEs) which contribute
directly to oxidative stress by damaging proteins and
the extracellular matrix. Furthermore, AGE bind to
the receptor for advanced glycation end products
(RAGE), leading to the activation of various

downstream processes including thrombogenesis,
angiogenesis, and vascular inflammation via Ras-
extracellular signal regulated kinase-nuclear factor-
kappa pathways which increase oxidative stress and
chronic inflammation, favoring the progression of both
cancer and diabetes'’”. Other mechanisms through
which hyperglycemia contributes towards cancer
development and progression are increasing the levels
of insulin/ IGF-1 and inflammatory cytokines in the
blood, increasing leptin and Akt/mTOR signaling,
enhancement of Wnt/ [-catenin signaling, and
promoting epithelial mesenchymal transition (EMT)"'"%.
Chronic inflammation in poorly managed diabetes
mellitus stimulates high levels of inflammatory
markers including tumor necrosis factor- o (TNF-a)
and interleukin-6 (IL-6), which enhances the risk of
cancer incidences'*''"*. Obesity is an established risk
factor for both type 2 diabetes mellitus and cancer.
Obesity is associated with an increased level of various
pro-inflammatory molecules which promote cancer
development and progression. Leptin has mitogenic,
pro-inflammatory, anti-apoptotic and pro-angiogenic
activity''%, and high levels in obese individuals increase
the risk for breast'"” and colon cancer''®. High levels of
interleukin-6 (IL-6) in obese individuals have also been
associated with hepatocellular carcinoma by activating
PI3K/Akt and Janus kinase/signal transducers
and activators of transcription-3 (JAK/STAT3)
pathways''"''®, Resistin is a pro-inflammatory cytokine
secreted from macrophages. It mediates insulin
resistance and was initially discovered as a link
between diabetes and obesity. Elevated resistin levels
have been reported in obesity-influenced cancers such
as breast and colon cancers, as well as in cancers
irrespective of obesity and has been linked to increased
risk of progression, angiogenesis, metastasis,
chemoresistance and stemness induction in cancer'”.
Other pro-inflammatory molecules involved in
oncogenesis which are reported at high levels in obese
individuals are tumor necrosis factor-o (TNF-a), retinol
binding protein-4, plasminogen activator inhibitor-1
(PAI-1) and hepatic growth factor (HGF)"?.
Conversely, there is a decreased secretion of
adipokines such as adiponectin and visfatin in adipose
tissues. Adiponectin boosts insulin sensitivity, and is
essential for the AMPK mediated inhibition of tumor
formation'”. Thus, low circulating levels of
adinopectin are inversely related to cancer
development and progression'”' and several obesity
related cancers such as endometrial, colorectal, and
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postmenopausal breast cancers'”” have low levels of
adiponectin.

Anticancer potential of anti-diabetic drugs

The past few decades have seen extensive research
on the anticancer potential of various classes of anti-
diabetic drugs'*'** based on the rationale that diabetes
and cancer share several interlinking mechanisms
which may be targeted by the same drugs. Some of
the results obtained from repurposing these drugs in
in vitro and in vivo studies, and in clinical trials have
been greatly encouraging. However, various clinical
trials have also yielded ambiguous results.

Metformin

Metformin (1,1-dimethylbiguanide) is a biguanide
anti-diabetic drug, and the most frequently prescribed
anti-diabetic medication'*. It is non-toxic, reduces
insulin resistance, lowers plasma fasting insulin level,
and is also effective in the treatment of obesity,
hyperlipidemia and some cardiovascular
complications. Furthermore, it has been shown to
lower the risk for thyroid cancer, gastric cancer,
breast cancer, oral cancer, prostate cancer, colorectal
cancer and ovarian cancer in diabetics taking the drug
(reviewed in 112). Metformin exerts anti-cancer
effects directly by activating AMPK. It inhibits the
mitochondrial respiratory chain complex I to restrict
ATP production and create a condition similar to
cellular energy stress which leads to activation of
AMPK. Activated AMPK, in turn, inhibits the
mammalian target of rapamycin complex 1
(mTORC1) pathway. The inhibition of mTOR
signaling has a great potential for anti-cancer therapy
as mTORC1 is upregulated in the majority of
cancers''>. Metformin can also inhibit tumor cell
proliferation by disrupting p706SK  mediated
insulin/IGF-1 signaling pathway'?'. Furthermore,
metformin exerted anti-cancer effects by upregulating
miR-497 which acts as a tumor suppressor in
esophageal cancer'”, and miR-192-5p and miR584-
3p which inhibited cell growth and suppressed cell
motility in melanoma'”. Metformin inhibits tumor
progression through various immunomodulatory
effects, including suppressing the nuclear factor kappa
B (NF-xP)'*® and IL-6 signaling'”’ pathways,
promoting the generation of cluster of differentiation-
8 (CD8) cells'* and strengthening T-cell immunity'>.
Metformin induced apoptosis in pancreatic cancer
cells by reducing the expression of p300/CBP-
associated factor (PCAF)"*. A recent review paper’’

discussed several clinical trials, where metformin
effectively reduced the risk of colorectal, gastric,
esophageal and pancreatic cancers. However,
metformin failed to produce promising results in
clinical trials designed to evaluate its effect on overall
survival (OS) of prostate cancer patients in four phase
II clinical trials"**"** raising doubts about the clinical
benefits of metformin in cancer patients.

Pioglitazone

Pioglitazone, is an anti-diabetic drug of the
glitazone or thiazolidinedione class and functions to
improve insulin sensitivity of the peripheral tissues. It
is an agonist of the nuclear hormone receptor known
as peroxisome proliferator-activated receptor gamma
(PPARy), and exerts anti-cancer effects through
PPARy dependent as well as independent
mechanisms' "> The PPARYy dependent
antiproliferative effect of pioglitazone was reported in
human renal cell carcinoma where activation of
PPARy by pioglitazone decreased the expression of
cyclin D1 leading to cell arrest, decreased the
expression of antiapoptotic protein Bcl2 and increased
the expression of Bax protein to induce apoptosis'’.
Pioglitazone also activated the PD-1/PD-L1 immune
checkpoint and induced PD-L1 autophagic
degradation in a PPARy-dependent manner'®.
Pioglitazone significantly reduced the expression of
matrix metalloproteinase 2 (MMP-2) protein in
human adrenocortical cell line, H295R, thereby
restricting invasion of tumor cell”’. Also,
pioglitazone exhibited its anti-carcinogenic effect by
inhibiting the expression of mitogen activated protein
kinase (MAPK) and NF-kB in a rat model for prostate
cancer'*’. Moreover, pioglitazone, when administered
in combination with doxorubicin, enhanced the
cytotoxic effect of the chemotherapeutic drug by
significantly reducing the migration of MDA-MB-231
cells''. Pioglitazone treatment effectively regressed
the diethylnitrosamine (DEN)-induced liver fibrosis in
male Wistar rats by activating AMPK signaling
pathway'*®. In thyroid cancer cells, C643 and
SW1736, pioglitazone exhibited anticancer potential
via AMPK mediated inhibition of mTOR protein,
which eventually stimulated apoptosis'*’. Thus, while
experimental evidence indicates the anti-cancer
potential of pioglitazone, clinical trials have thrown
up more ambiguous results. Although several clinical
trials reported alleviating effects of pioglitazone on
different cancer types, others have shown that long
term pioglitazone use increases the risk for bladder
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cancer' . Hence, cohorts including global population

with their response to different doses and duration of
pioglitazone administration are needed before
pioglitazone can be recommended for clinical use.

Vildagliptin

Vildagliptin is an anti-diabetic drug belonging to
class of dipeptidyl peptidase-4 (DPP-4) inhibitors. It
acts by inhibiting the DPP-4 enzyme, preventing the
degradation of the incretin hormones, glucagon-like
peptide-1 (GLP-1) and gastric inhibitory polypeptide
(GIP), which subsequently stimulate the pancreatic o
and B cells and regulate insulin secretion depending
upon blood glucose concentration'*. Although DPP-4
inhibitors have been in clinical use with significant
advantages and negligible side effects, there have
been concerns regarding their association with
pancreatitis and pancreatic cancer, albeit without
much evidence'®. Unlike other anti-diabetic drugs,
the anticancer potential of vildagliptin has been
investigated only recently resulting in limited
information available. Vildagliptin exhibited its
anticancer potential in vitro in colon cancer H-29
cells', and in high fat diet (HFD)-induced liver
cancer by preventing angiogenesis'*®. Vildagliptin
also prevented the mobilization of leukemic stem cells
in diabetic mice, suggesting its efficiency in
restricting metastasis'”’. In an in vivo study,
vildagliptin treatment stimulated innate immune
response in colorectal and lung metastatic mouse
model by promoting macrophage and NK-cell
mediated shrinkage of tumors formed by Lewis Lung
Carcinoma (LLC) cells and human lung
adenocarcinoma (H460) cells injected subcutaneously
into C57BL/6 and CDl/nude mice'*. It also
stimulated C-X-C motif chemokine ligand 10
(CXCL10) mediated production of pro-inflammatory
cytokines that led to the enhanced cytotoxicity of
natural killer (NK) cells and T-cells in a model of
hepatocellular carcinoma'®’.
Anti-cancer effects of anti-diabetic drugs in a
murine model of betel-nut induced carcinogenesis

Our studies revealed that treatment of female Swiss
albino mice with the BN alkaloid, arecoline, or the
BN extract, AEBN for 16 weeks resulted in formation
of preneoplastic nodules on the liver and lesions on
the lungs, which were exacerbated after 24 weeks of
treatment. Significant tissue dysplasia was observed
with disruptions in tissue architecture of the liver,
lungs, small intestine, stomach and tongue.

Biochemically, the arecoline and AEBN exposed
mice exhibited dyslipidemia and significant increase
in levels of oxidative stress. Treatment of
arecoline/AEBN exposed mice with the anti-diabetic
drugs metformin, vildagliptin or pioglitazone for 8
weeks resulted in a dose-dependent decline of liver
nodulation and restoration of tissue architecture. Lipid
peroxidation and protein carbonylation were lowered,
and normolipidemia was restored in a dose-dependent
manner. Apoptosis was also restored with a
significant increase in the ratio of apoptotic to non-
apoptotic cells. Ki-67 immunoreactivity of liver tissue
declined significantly upon treatment with metformin
and vildagliptin, but not pioglitazone'*'¢*%>*%

Mechanistically, these ameliorative effects were
accompanied by the activation of AMPKa through
increased phosphorylation at Thr-172 induced by all
three drugs. This was concomitant with decreased
phospho Akt (Ser 473) and phospho mTOR (Ser 2448)
levels, pointing towards a mechanism wherein AEBN
treatment promoted oncogenic signaling by activation
of the Akt/mTOR pathway, which was diminished
upon treatment with metformin, vildagliptin and
pioglitazone. Indeed, it has been reported that the
treatment of normal human oral keratinocyte (NHOK)
with areca nut extract (ANE) resulted in activation of
Akt”. Activated Akt encourages cell growth and
survival by phosphorylating its downstream protein
complex, mTOR complex 1 (mTORC1), at Ser-2448.
Phosphorylated mTORC1 regulates the activation of
p70S6K and inactivates 4EBP1, which in turn
promotes anabolic activities such as lipid synthesis,
glucose metabolism, and protein synthesis' essential
for tumor growth and cancer metastasis. Previous
workers have reported that AMPK plays a vital role
in regulating Akt in response to stress, and it is
proposed that activation of AMPK suppresses
the  phosphatidylinositol ~ 3-kinase  (PI3K)/Akt
pathway'>"'"**. Loss of PTEN is a significant event in
activation of the PI3K/Akt pathway'>. Thus, activation
of AMPK and restoration of PTEN protein expression
by anti-diabetic drugs may play a pivotal role in
reducing Akt/mTOR signaling to ameliorate BN-
induced carcinogenesis'*"'®¢%%

Activated AMPK phosphorylates p53 on Serl5,
leading to its sustained activation, which may, in turn
lead to cellular senescence or apoptosis'™. In our
studies, phosphorylation of pS3 at Ser-15 was restored
effectively by metformin and vildagliptin'*'****2 but
activation of AMPK by pioglitazone failed to
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upregulate the levels of phosphorylated p53 (Ser-
15)°*% . Overexpression of the anti-apoptotic protein
Bcl-2 prevents p53-induced apoptosis suggesting that
Bcl-2 can regulate p53-dependent cell death'”. Akt-
mediated phosphorylation and subsequent inactivation
of the pro-apoptotic protein, BAD, encourages the
optimal functioning of the pro-survival protein Bcl2'*®,
to promote cell death resistance'’. Pioglitazone-
induced inactivation of Akt may have thus induced
apoptosis in our model by decreasing Bcl2 expression,
while metformin and vildgaliptin induced apoptosis by
restoring the levels of p53 (Ser-15).

Cyclin D1 induces cell cycle progression by
forming a complex with cyclin dependent kinase 4
(Cdk4)"**. Phosphorylation of p53 at Ser-15 induces
the downstream expression of p21, which in turn
degrades cyclin D1 and discourages the formation of
cyclin d1/Cdk4 complex'*'%. In our studies, decrease
in Ki-67 expression in liver tissue upon treatment
with metformin and vildagliptin was concomitant
with significant decline in levels of Cyclin DI,
indicating that metformin and vildagliptin induced
p53-mediated decline in the expression of Cyclin D1
protein to restrict cell proliferation'>'®****, However,
treatment with pioglitazone failed to bring any
noticeable change in cell proliferation, attributable to
the unavailability of phosphorylated p53 (Ser-15)">%.

Finally, metformin, vildagliptin and pioglitazone
effectively restored normal lipid metabolism in our
model through AMPK activation, concomitant with
increased downstream inhibitory phosphorylation of
ACC at Ser-79, and significantly reduced levels of
FASN and HMGCR, thereby restoring normolipidemia
and ultimately reducing BN-induced carcinogenesis.
These findings are consistent with those of other
workers in different models. AMPK activation by
metformin has been reported to improve lipid
metabolism in an animal model of chronic atrial
fibrillation animal model'®'. Metformin also induced a
decline in FASN levels and lipogenesis in prostate
cancer cells'®. A meta-analysis study suggested that
DPP-4 inhibitors elicited lipid-lowering action by
reducing cholesterol levels significantly'®. The DPP-
4 inhibitor, sitagliptin, reduced plasma lipoprotein
levels and body weight in type 2 diabetic
patients'®'> and regulated the expression of lipid
metabolism enzymes in NAFLD mice'®®, and rabbits
fed with an atherogenic diet'®’. Rosiglitazone and
pioglitazone have been reported to reduce HMGCR
mRNA levels and activate AMPK in the liver of mice

indicating their alleviating effects on plasma lipid
levels'®. Pioglitazone also decreased triglyceride
levels and increased the level of HDL-C in type 2
diabetic patients'®.
Conclusion

Chewing BN in different forms is a socially
accepted habit widely prevalent among the
populations of South-East Asia and the Pacific
Islands, despite having a causal association with
various diseases, including cancer. BN-induced
cancer can develop in different tissues through
multifarious mechanisms, though the primarily
affected sites are the oral cavity and the head and
neck region. It has severe social and economic
implications on the affected populations of
developing countries, attributable to the burgeoning
prices of anti-cancer therapeutics. A repurposed drug
exhibits clinical benefits for the treatment of a disease
while having been previously approved for the
treatment of a different set of indications. Drug
repurposing effectively reduces the time and cost
incurred in drug development Dbecause the
pharmacokinetics, toxicology and safety data of an
approved drug are already available. Anti-diabetic
drugs are a class of widely prescribed drugs with
established safety profiles, and experimental evidence
as well as data from clinical trials supports the
repurposing of some of them as anti-cancer drugs.
Our laboratory established the in vivo anti-cancer
effects of two popular anti-diabetic drugs, metformin
and vildagliptin, in BN-induced cancer in a murine
model. A third drug, pioglitazone, was also
investigated for its ameliorative effects in our model,
but the results were inconclusive due to its inability to
restore p53-mediated tumor suppression and to
control cellular proliferation. Promising evidence
from epidemiological and experimental studies
sparked a great interest in investigating the potential
of repurposing metformin for anti-cancer treatment.
However, a number of large randomised trials have
failed to demonstrate the clinical benefits of
metformin as a cancer treatment'’’. These, and the
ambiguity of results obtained from pre-clinical studies
and clinical trials exploring the anti-cancer potential
of pioglitazone indicate that clinical trials
investigating the repurposing of anti-diabetic drugs in
cancer therapy will benefit from being designed with
a fresh outlook. More investigations are warranted
into the role of these repurposed drugs in regulating
metabolism in cancer patients, their interactions with



CHOUDHURY et al.: A REVIEW ON REPURPOSING ANTI-DIABETIC DRUGS 231

the gut microbiota and the tumor microenvironment,

and their plausible role in cancer prevention'”.

Acknowledgement

The authors gratefully acknowledge funding
received from DBT, Government of India, grant with
sanction no. BT/ 567/NE/U-Excel/2016 dated 31st
March, 2017 to Yashmin Choudhury. Moumita Nath
was a recipient of DST-INDPIRE fellowship from
DST, Government of India. Jeny Laskar was a
recipient of Maulana Azad National Fellowship
(MANF) by the University Grants Commission,
Government of India. The authors acknowledge the
Department of Biotechnology, Assam University,
Silchar for providing necessary facilities

Conflict of interest
All authors declare no conflicts of interest.

References

1 Sharan RN, Mehrotra R, Choudhury Y & Asotra K,
Association of Betel Nut with Carcinogenesis: Revisit with a
Clinical Perspective. PLoS One, 7 (2012) e42759.

2 Warnakulasuriya S, Trivedy C & Peters TJ, Areca nut use: an
independent risk factor for oral cancer. BMJ, 324 (2002) 799.

3 Ahuja SC & Ahuja U, Betel leaf and betel nut in folklore on
cultivation. 4Asian Agri-History, 16 (2012) 75.

4 Reid A, From betel-chewing to tobacco-smoking in
Indonesia. J Asian Stud, 44 (1985) 529.

5 Arora S & Squier C, Areca nut trade, globalization and its
health impact: perspectives from India and South-East Asia.
Perspect Public Health, 139 (2019) 44.

6 Singh A, Dikshit R & Chaturvedi P, Betel Nut Use: The
South Asian Story. Subst Use Misuse, 55 (2020) 1545.

7  Garg A, Chaturvedi P & Gupta PC, A review of the systemic
adverse side effects of areca nut or betel nut. Indian J Med
Paediatr Oncol, 35 (2014) 3.

8 Boucher BJ, Mannan N, Metabolic effects of the
consumption of Areca catechu. Addiction Biol, 7 (2002) 103.

9 Singh PK, Yadav A, Singh L, Mazumdar S, Sinha DN,
Straif K & Singh S, Areca nut consumption with and without
tobacco among the adult population: a nationally
representative study from India. BMJ Open, 11 (2021)
€043987.

10 Summaries & Evaluations: Betel-quid and areca-nut
chewing, IARC Monograph Evaluating Carcinogenic Risk
from Chemicals to Humans, 85 (2004) 39.

11 Peng W, Liu YJ, Wu N, Sun T, He, XY, Gao YX & Wu CJ,
Areca catechu L. (Arecaceae): A review of its traditional
uses, botany, phytochemistry, pharmacology and toxicology.
J Ethnopharmacol, 164 (2015) 340.

12 Parvathaneni V, Kulkarni NS, Muth A & Gupta V, Drug
repurposing: a promising tool to accelerate the drug
discovery process. Drug Discov Today, 24 (2019) 2076.

13 Aubé J, Drug repurposing and the medicinal chemist. 4ACS
Med Chem Lett, 3 (2012) 442.

14 Laskar J, Bhattacharjee K, Sengupta M & Choudhury Y,
Anti-diabetic drugs: cure or risk factors for cancer? Pathol
Oncol Res, 24 (2018) 745.

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

Laskar J, Sengupta M & Choudhury Y, Treatment with the
anti-diabetic drug metformin ameliorates betel-nut induced
carcinogenesis in a murine model. Pharmacol Rep, 71 (2019)
1115.

Nath M, Bhattacharjee K & Choudhury Y, Vildagliptin, a
dipeptidyl peptidase-4 inhibitor, reduces betel-nut induced
carcinogenesis in female mice. Life Sci, 266 (2021) 118870.
Amritha CA, Kumaravelu P & Chellathai DD, Evaluation of
anti-cancer effects of DPP-4 inhibitors in colon cancer- and
in vitro study. J Clin Diagn Res, 9 (2015) FC14.

Kim KY, Kim SS & Cheon HG, Differential anti-
proliferative actions of peroxisome proliferator-activated
receptor-y agonists in MCF-7 breast cancer cells. Biochem
Pharmacol, 72 (2006) 530.

Kole L, Sarkar M, Deb A & Giri B, Pioglitazone, an anti-
diabetic drug requires sustained MAPK activation for its
anti-tumor activity in MCF7 breast cancer cells, independent
of PPAR-y pathway, Pharmacol Rep, 68 (2016) 144.

Saiki M, Hatta Y, Yamazaki T, Itoh T, Enomoto Y,
Takeuchi J, Sawada U, Aizawa S & Horie T, Pioglitazone
inhibits the growth of human leukemia cell lines and primary
leukemia cells while sparing normal hematopoietic stem
cells. Int J Oncol, 29 (2006) 437.

Ninomiya I, Yamazaki K, Oyama K, Hayashi H, Tajima H,
Kitagawa H, Fushida S, Fujimura T & Ohta T, Pioglitazone
inhibits the proliferation and metastasis of human pancreatic
cancer cells. Oncol Lett, 8 (2014) 2709.

Govindarajan R, Tanasinghe L, Simmons DL, Siegel ER,
Midathada MV, Kim L, Kim PJ, Owens RJ & Lang NP,
Thiazolidinediones and the risk of lung, prostate, and colon
cancer in patients with diabetes. J Clin Oncol, 25 (2007)
1476.

Yee LD, Williams N, Wen P, Young DC, Lester JM,
Johnson V, Farrar WB, Walker MJ, Povoski SP & Suster S,
Pilot study of rosiglitazone therapy in women with breast
cancer: effects of short-term therapy on tumor tissue and
serum markers. Clin Cancer Res, 13 (2007) 246.

Jain V, Garg A, Parascandola M, Chaturvedi P,
Khariwala SS & Stepanov I, Analysis of Alkaloids in Areca
Nut-Containing Products by Liquid Chromatography—
Tandem Mass Spectrometry. J Agric Food Chem, 65 (2017)
1977.

Nair J, Ohshima H, Friesen M, Croisy A, Bhide SV &
Bartsch H, Tobacco-specific and betel nut-specific N-nitroso
compounds: occurrence in saliva and urine of betel quid
chewers and formation in vitro by nitrosation of betel quid.
Carcinogenesis, 6 (1985) 295.

Wenke G, Brunnemann KD, Hoffmann D & Bhide SV, A
study of betel quid carcinogenesis. IV. Analysis of the saliva
of betel chewers: A preliminary report. J Cancer Res Clin
Oncol, 108 (1984) 110.

Prokopczyk B, Rivenson A, Bertinato P, Brunnemann KD &
Hoffmann D, 3-(Methylnitrosamino) propionitrile: Occurrence
in saliva of betel quid chewers, carcinogenicity, and DNA
methylation in F344 rats. Cancer Res, 47 (1987) 467.
Nishikawa A, Prokopczyk B, Rivenson A, Zang E &
Hoffmann D, A study of betel quid carcinogenesis. VIIIL.
Carcinogenicity of 3-(methylnitrosamino)propionaldehyde in
F344 rats. Carcinogenesis, 13 (1992) 369.

Bartsch H, N-nitroso compounds and human cancer: where
do we stand? IARC Sci Publ, 1991 (105) 1.



232

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

INDIAN J. BIOCHEM. BIOPHYS., VOL. 62, MARCH 2025

Fahrer J & Chistmann M, DNA alkylation damage by
nitrosamines and relevant DNA repair pathways. Int J Mol
Sci, 24 (2023) 4684.

Miyazaki M, Sugawara E, Yoshimura T, Yamazaki H &
Kamataki T, Mutagenic activation of betel quid-specific N-
nitrosamines catalyzed by human cytochrome P450
coexpressed with NADPH-cytochrome P450 reductase in
Salmonella typhimurium YG7108. Mutat Res Genet Toxicol
Environ Mutagen, 581 (2005) 165.

Hayes JD, Dinkova-Kostova AT & Tew KD, Oxidative
stress in cancer. Cancer Cell, 38 (2020) 167.

Nair UJ, Floyd RA, Nair J, Bussachini V, Friesen M &
Bartsch H, Formation of reactive oxygen species and of
8-hydroxydeoxyguanosine in DNA in vitro with betel quid
ingredients. Chem Biol Interact, 63 (1987) 157.

Liu TY, Chen CL & Chi CW, Oxidative damage to DNA
induced by areca nut extract. Mutat Res Genet Toxicol, 367
(1996) 25.

Stich HF, Rosin MP & Brunnemann KD, Oral lesions,
genotoxicity and nitrosamines in betel quid chewers with
no obvious increase in oral cancer risk. Cancer Lett, 31
(1986) 15.

Nath M, A study on the role of selected anti-diabetic drugs in
ameliorating betel-nut induced carcinogenesis, Ph.D. thesis,
Assam University, Silchar, 2022.

Lu H-H, Kao SY, Liu TY, Liu ST, Huang WP, Chang KW &
Lin SC, Areca nut extract induced oxidative stress and
upregulated hypoxia inducing factor leading to autophagy in
oral cancer cells. Autophagy, 6 (2010) 725.

Sundqvist K, Liu Y, Nair J, Bartsch H, Arvidson K &
Grafstrom RC, Cytotoxic and genotoxic effects of areca nut-
related compounds in cultured human buccal epithelial cells.
Cancer Res, 49 (1989) 5294.

Hung CR, Effect of lysozyme chloride on betel quid
chewing aggravated gastric oxidative stress and
hemorrhagic ulcer in diabetic rats. World J Gastroenterol,
11 (2005) 5853.

Chen YJ, Chang J, Liao CT, Wang HM, Yen TC, Chiu CC,
Lu YC, Li HF & Cheng AJ, Head and neck cancer in the
betel quid chewing area: recent advances in molecular
carcinogenesis. Cancer Sci, 99 (2008) 1507.
Rodriguez-Garcia A, Garcia-Vicente R, Morales ML, Ortiz-
Ruiz A, Martinez-Lopez J & Linares M, Protein
carbonylation and lipid peroxidation in hematological
malignancies. Antioxidants (Basel), 9 (2020) 1212.

Deb S & Chatterjee A, Influence of buthionine sulfoximine
and reduced glutathione on arecoline-induced chromosomal
damage and sister chromatid exchange in mouse bone
marrow cells in vivo. Mutagenesis, 13 (1998) 243.

Panigrahi GB & Rao AR, Study of the genotoxicity of the
total aqueous extract of betel nut and its tannin.
Carcinogenesis, 7 (1989) 37.

Wang YC, Tsai YS, Huang JL, Lee KW, Kuo CC, Wang CS,
Huang AM, Chang JY, Jong YJ & Lin CS, Arecoline arrests
cells at prometaphase by deregulating mitotic spindle
assembly and spindle assembly checkpoint: implication for
carcinogenesis. Oral Oncol, 46 (2010) 255.

Wu M, Xing G, Qi X, Feng C, Liu M, Gong L, Luan Y &
Ren J, Assessment of the mutagenic potential of arecoline in
GPT Delta transgenic mice. Mutat Res Genet Toxicol
Environ Mutagen, 748 (2012) 65.

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

Lai KC & Lee TC, Genetic damage in cultured human
keratinocytes stressed by long-term exposure to areca nut
extracts. Mutat Res, 599 (2006) 66.

Kurkalang S, Banerjee A, Ghoshal N, Dkhar H & Chatterjee A,
Induction of chromosome instability and stomach cancer by
altering the expression pattern of mitotic checkpoint genes in
mice exposed to areca-nut. BMC Cancer, 13 (2013) 315.

Tsai YS, Lee KW, Huang JL, Liu YS, Juo SH, Kuo WR,
Chang JG, Lin CS & Jong YJ, Arecoline, a major alkaloid of
areca nut, inhibits p53, represses DNA repair, and triggers
DNA damage response in human epithelial cells. Toxicol,
249 (2008) 230.

Zheng L, Guan ZJ, Pan WT, Du TF, Zhai YJ & Guo J,
Tanshinone  suppresses  arecoline-induced  epithelial-
mesenchymal transition in oral submucous fibrosis by
epigenetically reactivating the p53 pathway. Oncol Res, 26
(2018) 483.

Choudhury Y & Sharan RN, Altered p53 response and
enhanced transgeneration transmission of carcinogenic risk
upon exposure of mice to betel nut. Environ Toxicol
Pharmacol, 31 (2009) 57.

Choudhury Y & Sharan RN, Altered BRCA1 and BRCA2
responses and mutation of BRCA1 gene in mice exposed
chronically and transgenerationally to aqueous extract of betel
nut (AEBN). Environ Toxicol Pharmacol, 27 (2010) 127.
Laskar J, Study of the role of the AMPK pathway in betel nut
induced carcinogenesis in mice, Ph.D thesis, Assam
University, Silchar, 2020.

Huang JS, Ho TJ, Chiang CP, Kok SH, Kuo YS &
Kuo M, MDM2 expression in areca quid chewing-associated
oral squamous cell carcinomas in Taiwan. J Oral Pathol
Med, 30 (2001) 53.

Shwe M, Chiguchi G, Yamada S, Nakajima T, Maung KK,
Takagi M, Amagasa T & Tsuchida N, P53 and MDM?2 co-
expression in tobacco and betel-chewing associated oral
squamous cell carcinomas. J Med Dent Sci, 48 (2001) 113.
Tsai Y-S, Lin C-S, Chiang S-L, Lee C-H, Lee K-W & Ko Y-
C, Areca nut induces miR-23a and inhibits repair of DNA
double-strand breaks by targeting FANCG. Toxicol Sci, 123
(2011) 480.

Yang WF, Qin N, Song X, Jiang C, Li T, Ji P, Li Y, Ding D,
Wang C, Dai J, Jin G, Chen TW, Chang YS, Ouyang DQ,
Liao GQ, Hu Z, Chang KP, Su YX & Ma H, Genomic
signature of mismatch repair deficiency in areca nut-related
oral cancer. J Dent Res, 99 (2020) 1252.

Saikia S, Rehman AU, Barooah P, Sarmah P, Bhattacharya M,
Deka M, Goswami B, Husain SA & Medhi S, Alteration in
the expression of MGMT and RUNX3 due to non-CpG
promoter methylation and their correlation with different risk
factors in esophageal cancer patients. Tumour Biol, 39 (2017)
1010428317701630.

Hanahan D & Weinberg RA, Hallmarks of Cancer: The Next
Generation. Cell, 144 (2011) 646.

Wary KK & Sharan RN, Aqueous extract of betel-nut of
North-East India induces DNA-strand breaks and enhances
rate of cell proliferation in vitro. J Cancer Res Clin Oncol,
114 (1988) 579.

Al-Tayar BA, Ahmad A, Yusoff ME, Abdullah SF,
Mohamad NK, Md Hashim SN, Kishida S, Kishida M,
Nakamura N, Kibe T & Harun MH, Cytotoxic effects of
betel quid and areca nut aqueous extracts on mouse



61

62

63

64

65

66

67

68

69

70

71

72

73

74

CHOUDHURY et al.: A REVIEW ON REPURPOSING ANTI-DIABETIC DRUGS

fibroblast, human mouth-ordinary-epithelium 1 and human
oral squamous cell carcinoma cell lines. Asian Pac J Cancer
Prev, 21 (2020) 1005.

Saha I, Chatterjee A, Mondal A, Maiti BR & Chatterji U,
Arecoline augments cellular proliferation in the prostate
gland of male Wistar rats. Toxicol Appl Pharmacol, 255
(2011) 160.

Chuerduangphui J, Ekalaksananan T, Chaiyarit P,
Patarapadungkit N, Chotiyano A, Kongyingyoes B, Promthet
S & Pientong C, Effects of arecoline on proliferation of oral
squamous cell carcinoma cells by dysregulating c-Myc and
miR-22, directly targeting oncostatin M. PLos One, 13
(2018) ¢0192009.

Chuerduangphui J, Ekalaksananan T, Heawchaiyaphum C,
Vatanasapt P & Pientong C, Peroxiredoxin 2 is highly
expressed in human oral squamous cell carcinoma cells and
is upregulated by human papillomavirus and arecoline,
promoting proliferation. PLoS One, 15 (2020) €0242465.

Lu W, Fu Z, Wang H, Feng J, Wei J & Guo J, Peroxiredoxin
2 is upregulated in colorectal cancer and contributes to
colorectal cancer cells’ survival by protecting cells from
oxidative stress. Mol Cell Biochem, 387 (2014) 261.

Carneiro BA & El-Deiry WS, Targeting apoptosis in cancer
therapy. Nat rev Clin Oncol, 17 (2020) 395.

Huang LW, Hsieh BS, Cheng HL, Hu YC, Chang WT &
Chang KL, Arecoline decreases interleukin-6 production and
induces apoptosis and cell cycle arrest in human basal cell
carcinoma cells. Toxicol Appl Pharmacol, 258 (2012) 199.

Lin WY, Tsai B, Day CH, Chiu PL, Chen RJ, Chen M,
Padma VV, Luk H-N, Lee HC & Huang CY, Arecoline
induces heart injure via Fas/Fas ligand apoptotic pathway in
heart of Sprague-Dawley rat. Environ Toxicol, 36 (2021)
1567.

Li M, Gao F, Zhou Z-S, Zhang H-M, Zhang R, Wu Y-F, Bai
M-H, Li J-J, Lin S-R & Peng J-Y, Arecoline inhibits
epithelial cell viability by upregulating the apoptosis
pathway: implication for oral submucous fibrosis. Oncol
Rep, 31 (2014) 2422.

Shih LJ, Hsu PC, Chuu CP, Shui HA, Yeh CC, Chen YC &
Kao YH, Epigallocatechin-3-gallate synergistically enhanced
arecoline-induced cytotoxicity by redirecting cycle arrest to
apoptosis. Curr Issues Mol Biol, 46 (2024) 1516.

Shih YH, Chiu KC, Wang TH, Lan WC, Tsai BH, Wu LJ,
Hsia SM & Shieh TM, Effects of melatonin to arecoline-
induced reactive oxygen species production and DNA
damage in oral squamous cell carcinoma. J Formos Med
Assoc, 120 (2021) 668.

Xie H, Jing R, Liao X, Chen H, Xie X, Dai H & Pan L,
Arecoline promotes proliferation and migration of human
HepG2 cells through activation of the PI3K/AKT/mTOR
pathway. Hereditas, 159 (2022) 29.

Sari LM, Subita GP & Auerkari EI, Areca nut extract
demonstrated apoptosis-inducing mechanism by increased
caspase-3 activities on oral squamous cell carcinoma.
F1000Res, 7 (2018) 723.

Lee CC, Lin YC, Liu HE, Jan TR & Wang CC, Impairment
of thymocyte function via induction of apoptosis by areca nut
extract. J Immunotoxicol, 2 (2013) 190.

Ho WH, Lee YY, Chang LY, Chen YT, Liu TY & Hung SL,
Effects of areca nut extract on the apoptosis pathways in
human neutrophils. J Periodontal Res, 45 (2010) 412.

75

76

77

78

79

80

81

82

83

84

85

86

87

233

Chang MC, Ho YS, Lee PH, Chan CP, Lee JJ, Hahn LJ,
Wang YJ & Jeng JH, Areca nut extract and arecoline induced
the cell cycle arrest but not apoptosis of cultured oral
KB epithelial cells: association of glutathione, reactive
oxygen species and mitochondrial membrane potential.
Carcinogenesis, 22 (2001) 1527.

Lu SY, Chang KW, Liu CJ, Tseng YH, Lu HH & Lee SY,
Ripe areca nut extract induces Gl phase arrests and
senescence-associated phenotypes in normal human oral
keratinocyte. Carcinogenesis, 27 (2006) 1273.

Liu SY, Lin MH, Hsu YR, Shih YY, Chian WF, Lee CH,
Chou TH & Liu YC, Arecoline and the 30-100 kDa fraction
of areca nut extract differentially regulate mTOR and
respectively induce apoptosis and autophagy: a pilot study.
J Biomed Sci, 15 (2008) 823.

Glaviano A, Foo A, Lam HY, Yap K, Jacot W, Jones RH,
Eng H, Nair MG, Makvandi P, Geoerger B, Kulke MH,
Baird RD, Prabhu JS, Carbone D, Pecoraro C, The D,
Sethi G, Cavalieri V, Lin KH, Javidi-Sharifi NR, Toska E,
Davids MS, Brown JR, Diana P, Stebbing J, Fruman DA &
Kumar AP, PI3K/AKT/mTOR signaling transduction
pathway and targeted therapies in cancer. Mol Cancer, 22
(2023) 138.

Tseng YH, Chang CS, Liu TY, Kao SY, Chang KW &
Lin SC, Areca nut extract treatment down-regulates
involucrin in normal human oral keratinocyte through
P13K/AKT activation. Oral Oncol, 43 (2007) 670.

Tseng YH, Yang CC, Lin SC & Cheng CC, Areca nut extract
upregulates vimentin by activating PI3K/AKT signaling in oral
carcinoma. J Oral Pathol Med, 40 (2011) 160.

Basu D, Nguyen TT, Montone KT, Zhang G, Wang LP,
Diehl JA, Rustgi AK, Lee JT, Weinstein GS & Herlyn M,
Evidence for mesenchymal-like sub-populations within
squamous cell carcinomas possessing chemoresistance and
phenotypic plasticity. Oncogene, 29 (2010) 4170.

Mendez MG, Kojima SI & Goldman RD, Vimentin induces
changes in cell shape, motility, and adhesion during the
epithelial to mesenchymal transition. FASEB J, 24 (2010)
1838.

Chou WW, Guh JY, Tsai JF, Hwang CC, Chiou SJ &
Chuang LY, Arecoline-induced phosphorylated p53 and
p21WAF1 protein expression is dependent on ATM/ATR
and phosphatidylinositol-3-kinase in clone-9 cells. J Cell
Biochem, 107 (2009) 408.

Huang R, Dai Q, Yang R, Duan Y, Zhao Q, Haybaeck J &
Yang Z, A review: PI3K/AKT/mTOR signaling pathway and
its regulated eukaryotic translation initiation factors may be a
potential therapeutic target in esophageal squamous cell
carcinoma. Front Oncol, 12 (2022) 817916.

Nath M, Bhattacharjee K & Choudhury Y, The antidiabetic
drug  pioglitazone  ameliorates  betel-nut  induced
carcinogenesis in mice by restoring normal lipid metabolism,
reducing oxidative stress, and inducing apoptosis. J Can Res
Ther, 19 (2023) 1967.

Vitto VAM, Bianchin S, Zolondick AA, Pelliclo G,
Rimessi A, Chianese D, Yang H, Carbone M, Pinton P,
Giorgi C & Patergnani S, Molecular mechanisms of
autophagy in cancer development, progression and therapy.
Biomedicines, 10 (2022) 1596.

Yun CW & Lee SH, The roles of autophagy in cancer. Int
J Mol Sci, 19 (2018) 3466.



234

88

&9

90

91

92

93

94

95

96

97

98

99

100

101

102

103

INDIAN J. BIOCHEM. BIOPHYS., VOL. 62, MARCH 2025

Li Y & Chen Y, AMPK and autophagy. Adv Exp Med Biol,
1206 (2019) 85.

Dossou AS & Basu A, The emerging roles of mTORClin
micromanaging autophagy. Cancers (Basel), 11 (2019) 1422.
Zhao J, Zhai B & Gygi SP, mTOR inhibition activates
overall protein degradation by the ubiquitin proteasome
system as well as by autophagy. Biochemistry, 112 (2015)
15790.

Chiu CT, Lin CY, Yen CY, Tsai MT, Chang HC, Liu YC &
Lin MH, Mechanistic and compositional studies of the
autophagy-inducing areca nut ingredient. J Dent Sci, 15
(2020) 526.

Chiu CT, Liu SY, Yen CY, Liu BY, Sun ZY, Wu CY,
Deng JL, Liu YC & Lin MH, Chronic stimulation of the
autophagy-inducing ingredient of areca nut promotes tumor
growth in vivo through up-regulation of tumoral autophagy.
Anticancer Res, 40 (2020) 221.

Choudhury Y & Sharan RN, Ultrastructural alterations in
liver of mice exposed chronically and transgenerationally to
aqueous extract of betel nut: Implications in betel
nut-induced carcinogenesis. Microsc Res Tech, 73 (2010)
530.

Xu Z, Huang CM, Shao Z, Zhao XP, Wang M, Yan TL,
Zhou XC, Jiang EH, Liu K & Shang ZJ, Autophagy induced
by areca nut extract contributes to decreasing cisplatin
toxicity in oral squamous cell carcinoma cells: roles of
reactive oxygen species/AMPK signaling. Int J Mol Sci, 18
(2017) 524.

Trefts EF & Shaw RJ, AMPK: restoring metabolic
homeostasis over space and time. Mol Cell, 81 (2021) 3677.
Luo Z, Zang M & Guo W, AMPK as a metabolic tumor
suppressor: control of metabolism and cell growth. Future
Oncol, 6 (2010) 457.

Tian ZH, Weng JT, Shih LJ, Siao AC, Chan TY, Tsuei YW,
Kuo YC, Wang TS & Kao YH, Arecoline inhibits the growth
of 3T3-L1 preadipocytes via AMP-activated protein kinase
and reactive oxygen species pathways. PLoS One, 13 (2018)
€0200508.

Yen CY, Lin MH, Liu SY, Chiang WF, Hsiech WF,
Cheng YC, Hsu KC & Liu YC, Arecoline-mediated
inhibition of AMP-activated protein kinase through reactive
oxygen species is required for apoptosis induction. Oral
Oncol, 47 (2011) 345.

Hsu CC, Peng D, Cai Z & Lin HK, AMPK signaling and its
targeting in cancer progression and treatment. Semin Cancer
Biol, 85 (2022) 52.

Bhattacharjee K, Nath M & Choudhury YC, Fatty acid
synthesis and cancer: aberrant expression of the ACACA and
ACACB genes increases the risk for cancer. Meta Gene, 26
(2020) 100798.

Shafique KM, Zafar ZA, Khan NA, Mughal MA & Imtiaz F,
Areca nut chewing and metabolic syndrome: evidence of a
harmful relationship. Nutrition J, 12 (2013) 67.

Mashima T, Seimiya H & Tsuruo T, De novo fatty-acid
synthesis and related pathways as molecular targets for
cancer therapy. Br J Cancer, 100 (2009) 1369.

Bruce CR, Hoy AJ, Turner N, Watt MJ, Allen TL, Carpenter K,
Cooney GJ, Febbraio MA & Kraegen EW, Overexpression of
carnitine palmitoyltransferase-1 in skeletal muscle is
sufficient to enhance fatty acid oxidation and improve high-
fat diet-induced insulin resistance. Diabetes, 58 (2009) 550.

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

Hardie DG & Pan DA, Regulation of fatty acid synthesis and
oxidation by the AMP activated kinase. Biochem Soc Trans,
30 (2002) 1064.

Fu Y, Zou T, Shen X, Nelson PJ, Li J, Wu C, Yang J,
Zheng Y, Bruns C, Zhao Y, Qin L & Dong Q, Lipid
metabolism in cancer progression and therapeutic strategies.
MedComm, 2 (2022) 27.

Joost HG, Diabetes and cancer: epidemiology and potential
mechanisms. Diabetes Vasc Dis Res, 11 (2014) 390.

Hua F, Yu JJ & Hu ZW, Diabetes mellitus and cancer, common
threads and missing links. Cancer Lett, 374 (2016) 54.

Li M, Chi X, Wang Y, Setrerrahmane S, Xie W & Xu H,
Trends in insulin resistance: insights into mechanisms and
therapeutic strategy. Signal Transduct Target Ther, 7 (2022)
216.

Cai W, Sakaguchi M, Kleinridders A, Pino GGD,
Dreyfuss JM, O’Neill BT, Ramirez AK, Pan H, Winnay JN,
Boucher J, Eck MJ & Kahn CR, Domain-dependent effects
of insulin and IGF-1 receptors on signaling and gene
expression. Nature Comm, 8 (2017) 14892.

Frasca F, Pandini G, Sciacca L, Pezzino V, Squatrito S,
Belfiore A & Vigneri R, The role of insulin receptors and
IGF-I receptors in cancer and other diseases. Arch Physiol
Biochem, 114 (2008) 23.

Cox ME, Gleave ME, Zakikhani M, Bell RH, Piura E,
Vickers E, Cunningham M, Larsson O, Fazli L & Pollak M,
Insulin receptor expression by human prostate cancers. The
Prostate, 69 (2009) 33.

Otalunde A, Nigam M, Singh RK, Panwar AS, Lasisi A,
Alhumaydhi FA, Kumar VJ, Mishra AP & Sharifi-Rad J,
Cancer and diabetes: the interlinking metabolic pathways and
repurposing actions of antidiabetic drugs. Cancer Cell Int, 21
(2021) 499.

Xu CX, Zhu HH & Zhu YM, Diabetes and cancer:
Associations, mechanisms, and implications for medical
practice. World J Diabetes, 5 (2014) 372.

Joung K, Jeong JW & Ku BJ, The association between type 2
diabetes mellitus and women cancer: the epidemiological
evidences and putative mechanisms. Biomed Res Int, (2015)
920618.

Sanchez-Jiménez F, Pérez-Pérez A, De la Cruz-Merino L &
Sanchez-Margalet V, Obesity and breast cancer: role of
leptin. Front Oncol, 9 (2019) 596.

Stattin P, Lukanova A, Biessy C, Soderberg S, Palmqvist R,
Kaaks R, Olsson T & Jellum E, Obesity and colon cancer:
does leptin provide a link? Int J Cancer, 109 (2004)149.
Nakagawa H & Maeda S, Inflammation and stress-related
signaling pathways in hepatocarcinogenesis. World
J Gastroenterol, 18 (2012) 4071.

Jung IH, Choi JHK, Chung YY, Lim GL, Park YN &
Park SW, Predominant activation of JAK/STAT3 pathway
by interleukin-6 is implicated in hepatocarcinogenesis.
Neoplasia, 17 (2015) 586.

Deb A, Deshmukh B, Ramteke P, Bhati FK & Bhat MK,
Resistin: a journey from metabolism to cancer. Trans! Oncol,
14 (2021) 101178.

Parida S, Siddharth S & Sharma D, Adiponectin, obesity, and
cancer: clash of the bigwigs in health and disease. Int J Mol
Sci, 20 (2019) 2519.

De Pergola G & Silvestris F, Obesity as a major risk factor
for Cancer. J Obes, 1 (2013) 11.



122

123

124

125

126

127

128

129

130

131

132

133

134

CHOUDHURY et al.: A REVIEW ON REPURPOSING ANTI-DIABETIC DRUGS

Lega IC & Lipscombe LL, Diabetes, obesity, and cancer—
pathophysiology and clinical implications. Endocr Rev, 41
(2020) 33.

Nath M, Bhattacharjee K & Choudhury Y, Pleiotropic effects
of anti-diabetic drugs: a comprehensive review. Eur
J Pharmacol, 884 (2020) 173349.

Wang L, Li K, Lin X, Yao Z, Wang S, Xiong X, Ning Z,
Wang J, Xu X & Jiang Y, Metformin induces human
esophageal carcinoma cell pyroptosis by targeting the miR-
497/PELP1 axis. Cancer Lett, 450 (2019) 22.

Tseng HW, Li SC & Tsai KW, Metformin treatment
suppresses melanoma cell growth and motility through
modulation of microRNA expression, Cancers, 11 (2019)
209.

Kanigur Sultuybek G, Soydas T & Yenmis G, NF-kB as the
mediator of metformin's effect on ageing and ageing-related
diseases. Clin Expt Pharmacol Physiol, 46 (2019) 413.

Li X, Wang Y, Han C, Li P & Zhang H, Colorectal cancer
progression is associated with accumulation of Thl7
lymphocytes in tumor tissues and increased serum levels of
interleukin-6. Tohoku J Exp Med, 233 (2014) 175.

Zhang Z, Li F, Tian Y, Cao L, Gao Q, Zhang C, Zhang K,
Shen C, Ping Y, Maimela NR, Wang L, Zhang B &
Zhang Y, Metformin enhances the antitumor activity of
CD8+ T lymphocytes via the AMPK-miR-107-Eomes-PD-1
pathway. J Immunol, 204 (2020) 2575.

Li L, Wang L, Li J, Fan Z, Yang L, Zhang Z, Zhang C,
Yue D, Qin G & Zhang T, Metformin-induced reduction of
CD39 and CD73 blocks myeloid derived suppressor cell
activity in patients with ovarian cancer. Cancer Res, 78
(2018) 1779.

Szymczak-Pajor I, Drzewoski J, Swiderska E, Strycharz J,
Gabryanczyk A, Kasznicki J, Bogdanska M & A Sliwinska,
Metformin induces apoptosis in human pancreatic cancer
(PC) cells accompanied by changes in the levels of histone
acetyltransferases (Particularly, p300/CBP-Associated (PCAF)
protein levels). Pharmaceuticals (Basel), 16 (2023) 115.
Khezri MR, Malekinejad H, Majidi-Zolbanin N, &
Ghasemnejad-Berenji M, Anticancer potential of metformin:
focusing on gastrointestinal cancers. Cancer Chemother
Pharmacol, 87 (2021) 587.

Rothermundt C, Hayoz S, Templeton AJ, Winterhalder R,
Strebel RT, Birtschi D, Pollak M, Lui L, Endt K &
Schiess R, Metformin in chemotherapy-naive castration-
resistant prostate cancer: a multicenter phase 2 trial (SAKK
08/09). Eur Urol, 66 (2014) 468.

Mahalingam D, Salih H, Fountzilas C, Michalek J,
Sarantopoulos J, Datta P, Romero O, Pillai SMA, Kuhn JG &
Pollak MN, Metformin to treat prostate cancer (PCa) and
prevent metabolic syndrome associated with androgen
deprivation therapy (ADT): Results of a randomized double-
blind placebo-controlled study of metformin in non-diabetic
men initiating ADT for advanced PCa. J Clin Oncol, 35
(2017).

Mark M, Klingbiel D, Mey U, Winterhalder R, Rothermundt C,
Gillessen S, von Moos R, Pollak M, Manetsch G & Strebel R,
Impact of addition of metformin to abiraterone in metastatic
castration-resistant prostate cancer patients with disease
progressing while receiving abiraterone treatment (MetAb-
Pro): Phase 2 pilot study. Clin Genitourin Cancer, 17 (2019)
e323.

135

136

137

138

139

140

141

142

143

144

145

146

147

148

235

Ahn HK, Lee YH & Koo KC, Current status and application
of metformin for prostate cancer: a comprehensive review.
Int J Mol Sci, 21 (2020) 8540.

Nath M, Nath S & Choudhury Y, The impact of
thiazolidinediones on the risk for prostate cancer in patients
with type 2 diabetes mellitus: a review and meta-analysis.
Meta Gene, 27 (2021)100840.

Yang FG, Zhang ZW, Xin DQ, Shi CJ, Wu JP, Guo YI &
Guan YF, Peroxisome proliferator-activated receptor vy
ligands induce cell cycle arrest and apoptosis in human renal
carcinoma cell lines. Acta Pharmacologica Sinica, 26 (2005)
753.

Jia X, Qian J, Chen H, Liu Q, Hussain S, Jin J, Shi J &
Hou Y, PPARy agonist pioglitazone enhances colorectal
cancer immunotherapy by inducing PD-L1 autophagic
degradation. Eur J Pharmacol, 950 (2023) 175749.

Ferruzzi P, Ceni E, Tarocchi M, Grappone C, Milani S,
Galli A, Fiorelli G, Serio M & Mannelli M,
Thiazolidinediones inhibit growth and invasiveness of the
human adrenocortical cancer cell line H295R. J Clin
Endocrinol Metab, 90 (2005) 1332.

Suzuki S, Mori Y, Nagano A, Naiki-Ito A, Kato H,
Nagayasu Y, Kobayashi M, Kuno T & Takahashi S,
Pioglitazone, a peroxisome proliferator-activated receptor y
agonist, suppresses rat prostate carcinogenesis. Int J Mol Sci,
17 (2016) 2071.

Malakouti P, Mohammadi M, Boshagh MA, Amini A,
Rezace MA & Rahmani MR, Combined effects of
pioglitazone and doxorubicin on migration and invasion of
MDA-MB-231 breast cancer cells. J Egypt Natl Canc Inst,
34 (2022) 13.

Li S, Ghoshal S, Sojoodi M, Arora G, Masia R, Erstad DJ,
Lanuti M, Hoshida Y, Baumert T, Tanabe KK & Fuchs BC,
Pioglitazone reduces hepatocellular carcinoma development
in two rodent models of cirrhosis. J Gastrointest Surg, 23
(2018) 101.

Kutbay NO, Avci CB, Yurekli BS, Kurt CC, Shademan B,
Gunduz C & Erdogan M, Effects of metformin and
pioglitazone combination on apoptosis and AMPK/mTOR
signaling pathway in human anaplastic thyroid cancer cells.
J Biochem Mol Toxicol, 34 (2020) e22547.

Saini K, Sharma S & Khan Y, DPP-4 inhibitors for treating
T2DM-hype or hope? An analysis based on the current
literature. Front Mol Biosci, 10 (2023) 1130625.

Williams R, Kothny W, Serban C, Lopez-Leon A &
Schlienger R, Pancreatic safety of vildagliptin in patients
with type 2 diabetes mellitus: A European, noninterventional,
postauthorization safety study. Endocrinol Diabetes Metab, 2
(2019) €00052

Qin CJ, Zhao LH, Zhou X, Zhang HL, Wen W, Tang L,
Zeng M, Wang MD, Fu GB & Huang S, Inhibition of
dipeptidyl peptidase IV prevents high fat diet-induced liver
cancer angiogenesis by downregulating chemokine ligand 2.
Cancer Lett, 420 (2018) 26.

Willmann M, Sadovnik I, Eisenwort G, Entner M, Bernthaler T,
Stefanzl G, Hadzijusufovic E, Berger D, Herrmann H &
Hoermann G, Evaluation of cooperative antileukemic effects
of nilotinib and vildagliptin in Ph+ chronic myeloid
leukemia. Exp Hematol, 57 (2018) 50.

Jang JH, Janker F, De Meester I, Arni S, Borgeaud N,
Yamada Y, Bazo IG, Weder W & Jungraithmayr W, The



236

149

150

151

152

153

154

155

156

157

158

159

160

INDIAN J. BIOCHEM. BIOPHYS., VOL. 62, MARCH 2025

CD26/DPP4-inhibitor vildagliptin suppresses lung cancer
growth via macrophage-mediated NK cell activity.
Carcinogenesis, 40 (2019) 324.

Nishina S, Yamauchi A, Kawaguchi T, Kaku K, Goto M,
Sasaki K, Hara Y, Tomiyama Y, Kuribayashi F, Torimura T
& Hino K, Dipeptidyl peptidase 4 inhibitors reduce

hepatocellular  carcinoma by activating lymphocyte
chemotaxis in mice. Cell Mol Gastroenterol Hepatol, 7
(2019) 115.

Alzahrani AS, PI3K/Akt/mTOR inhibitors in cancer: At the
bench and bedside. Sem Cancer Biol, 59 (2019) 125.

Bolster DR, Crozier SJ, Kimball SR & Jefferson LS, AMP-
activated protein kinase suppresses protein synthesis in rat
skeletal muscle through down-regulated mammalian target of
rapamycin (mTOR) signaling. J Biol Chem, 277 (2002)
23977.

Rattan R, Giri S, Singh AK & Singh I, 5-Aminoimidazole-4-
carboxamide-1-B-D-ribofuranoside  inhibits cancer cell
proliferation in vitro and in vivo via AMP-activated protein
kinase. J Biol Chem, 280 (2005) 39582.

He Y, Sun MM, Zhang GG, Yang J, Chen KS, Xu WW &
Li B, Targeting PI3K/Akt signal transduction for cancer
therapy. Signal Transduct Target Ther, 6 (2021) 425.

Zhou Y & Liu F, Coordination of the AMPK, Akt, mTOR,
and p53 pathways under glucose starvation. Int J Mol Sci, 23
(2022) 14945.

Aubrey BJ, Kelly GL, Janic A, Herold MJ & Strasser A,
How does p53 induce apoptosis and how does this relate to
p53-mediated tumour suppression? Cell Death Differ, 25
(2018) 104.

Lin C, Tsai SC, Tseng MT, Peng SF, Kuo SC, Lin MW,
Hsu YM, Lee MR, Amagaya S & Huang WW. AKT
serine/threonine protein kinase modulates baicalin-triggered
autophagy in human bladder cancer T24 cells. Int J Oncol,
42 (2013) 993.

Pothongsrisit S & Pongrakhananon V, Targeting the
PI3BK/AKT/mTOR Signaling Pathway in Lung Cancer: An
Update Regarding Potential Drugs and Natural Products.
Molecules, 26 (2021) 4100.

Du X, Tong X & Ye X, Cyclin D1 promotes cell cycle
progression through enhancing NDR1/2 kinase activity
independent of cyclin-dependent kinase 4. J Biol Chem, 288
(2013) 26678.

Chen X, Bargonetti J & Prives C, p53 through p2l
(WAF1/CIP1) induces cyclin D1 synthesis. Cancer Res, 55
(1995) 4257.

Rocha S, Martin AM, Meek DW & Perkins ND, p53
represses cyclin D1 transcription through down regulation of

161

162

163

164

165

166

167

168

169

170

Bcl-3 and inducing increased association of the p52 NF-Kb
subunit with histone deacetylase 1. Mol Cell Biol, 23 (2003)
4713.

LiuY, Bai F, LiuN, Zhang B, Qin F, Tu T,Li B, LiJ,Ma Y,
Ouyang F & Liu Q, Metformin improves lipid metabolism
and reverses Warburg effect in a canine model of chronic
atrial fibrillation. BMC Cardiovasc Disord, 20 (2020) 50.
Loubi¢re C, Goiran T, Laurent K, Djabari Z, Tanti JF &
Bost F, Metformin-induced energy deficiency leads to the
inhibition of lipogenesis in prostate cancer cells. Oncotarget,
6 (2015) 15652.

Monami M, Lamanna C, Desideri CM & Manucci E, DPP-4
inhibitors and lipids: systematic review and meta-analysis.
Adv Ther, 29 (2012) 14.

Yanai H, Adachi H, Hamasaki H, Masui Y, Yoshikawa R,
Moriyama S, Mishima S & Sako A, Effects of 6-month
sitagliptin treatment on glucose and lipid metabolism, blood
pressure, body weight and renal function in type 2 diabetic
patients: a chart-based analysis. J Clin Med Res, 4 (2012)
251.

Tanimura-Inagaki K, Nagao M, Harada T, Sugihara H,
Moritani S, Sasaki J, Kono S, Oikawa S & SLIM
Study  Investigators,  Sitagliptin  improves  plasma
apolipoprotein profile in type 2 diabetes: a randomized
clinical trial of sitagliptin effect on lipid and glucose
metabolism (SLIM) study. Diabetes Res Clin Pract, 162
(2020) 108119.

Xu B, Shen T, Chen L, Xia J, Zhang C, Wang H, Yu M &
Lei T, The effect of sitagliptin on lipid metabolism of fatty
liver mice and related mechanisms. Med Sci Monit, 23
(2017) 1363.

Nader MA, Sitagliptin ameliorates lipid profile changes and
endothelium dysfunction induced by atherogenic diet in
rabbits. Naunyn Schmiedebergs Arch Pharmacol, 387 (2014)
433.

Djaouti L, Jourdan T, Demizieux L, Chevrot M, Gresti J,
Verges B & Degrace P, Different effects of pioglitazone and
rosiglitazone on lipid metabolism in mouse culture liver
explants. Diabetes Metab Res Rev, 26 (2010) 297.

Tan MH, Johns D, Strand J, Halse J, Madsbad S,
Eriksson JW, Clausen J, Konkoy CS, Herz M & GLAC
Study Group, Sustained effects of pioglitazone vs
glibenclamide on insulin sensitivity, glycaemic control, and
lipid profiles in patients with Type 2 diabetes. Diabet Med,
21 (2004) 859.

Lord SR & Harris AL, Is it still worth pursuing
the repurposing of metformin as a cancer therapeutic?
Br J Cancer, 128 (2023) 958.



