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ABSTRACT

Metformin, a widely prescribed biguanide for type 2 diabetes, has emerged as a promising
candidate in skin cancer therapy due to its diverse anticancer mechanisms. Beyond its glucose-
lowering effects, metformin inhibits key oncogenic pathways, including the PI13K/AKT/mTOR and
insulin/IGF-1 signaling pathways, activates AMP-activated protein kinase, and disrupts
mitochondrial complex | function. These mechanisms are presumed to contribute to metformin's
antiproliferative, pro-apoptotic, and anti-inflammatory effects, potentially reducing tumor
growth and metastasis in melanoma and non-melanoma skin cancers. Predictive molecular
docking studies reveal that metformin interacts with critical proteins in melanoma
pathophysiology. Against PI3K/mTOR (PDB: 50Q4), PTPN2 (PDB: 7UAD), and TRIP13 (PDB: 5VQA),
metformin exhibited docking scores of -4.4, -4.6, and -5.6 kcal/mol, respectively, interacting via
hydrogen bonding with residues such as ASP-836, ASP-964 (50Q4), ASP-50 (7UAD), and SER-187,
SER-138 (5VQA). Compared to standard inhibitors, PQR309 (-9.4 kcal/mol), ABBV-CLS-484 (-7.5
kcal/mol), and ATP (-10.8 kcal/mol), metformin displayed moderate binding affinity, suggesting
potential but weaker inhibition of these targets. Preclinical and clinical studies support
metformin's potential to reduce skin cancer risk, particularly in diabetic patients. However,
challenges regarding bioavailability, optimal dosing, and patient selection persist, necessitating
further investigation. Therefore, given its affordability, safety, and multitargeted action,
metformin represents an attractive candidate for repurposing in skin cancer pharmacotherapy.
Focusing future research on optimizing its therapeutic application, refining drug combinations,
and identifying biomarkers would enhance clinical outcomes.
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INTRODUCTION

The skin, the body's largest organ, forms the external protective layer that shields
against ultraviolet radiation and harmful agents, while also playing a key role in
temperature regulation. It has three primary layers: the epidermis, dermis, and
hypodermis. [1] Skin cancer remains one of the most prevalent malignancies
worldwide, with its incidence steadily rising due to factors such as increased
ultraviolet (UV) radiation exposure, genetic predisposition, and environmental
influences. [2] While conventional treatment strategies, including surgery,
chemotherapy, radiation therapy, and immunotherapy, have shown effectiveness, they
are often associated with significant limitations, such as toxicity, resistance, and high
costs. [3, 41
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Consequently, there is a growing need to explore alternative
pharmacological approaches that offer improved safety,
efficacy, and accessibility. [4]

Metformin (Figure 1), a widely used biguanide medication, is
valued for its safety and affordability. For over six decades, it
has been a first-line treatment for type 2 diabetes due to its
remarkable ability to lower plasma glucose levels. Over time,
additional applications of metformin have been discovered,
with its benefits extending to various human cancers, obesity,
liver, cardiovascular, and renal diseases, as well as aging
diseases through multiple signaling pathways. [5] While
traditionally known for its glucose-lowering effects, emerging
research suggests that metformin may have therapeutic
benefits in reducing the risk and progression of various
cancers, including melanoma skin cancer (MSC) and non-
melanoma skin cancer (NMSC). MSC and NMSC are among the
most common cancers globally, with rising incidence and
mortality rates, particularly in populations with lighter skin
tones. [6] Skin cancer accounts for one-third of all diagnosed
cancers worldwide, with NMSCs being the most frequently
occurring type. [7]

Metformin (1,1-dimethyl biguanide), a biguanide oral
antidiabetic agent, has been a cornerstone in the treatment of
type 2 diabetes mellitus (T2DM) for many years. [8, 9] Its origin
traces back to the traditional European herbal medicine,
Galega officinalis. Galega officinalis, commonly known as
goat’s rue, French lilac, ltalian fitch, Spanish sainfoin, or
professor’s herb, belongs to the Fabaceae family and is the
plant from which metformin is derived. Medieval herbalists
traditionally used it to treat polyuria (excessive urination), a
hallmark symptom of diabetes. [10-12] In the mid-19th
century, chemical studies of Galega officinalis showed that it
contains high levels of guanidine and similar compounds. Later,
in 1918, researchers discovered that guanidine could reduce
blood glucose levels in animals. [13]

Metformin was first synthesized in 1922 and tested in animal
studies for its ability to lower blood glucose levels. [15] The
synthesis of metformin in 1922 by Werner and Bell was built
upon earlier chemical discoveries that aligned with its herbal
origins. Its foundation can be traced back to Adolph Strecker’s
work in the mid-19t century on guanidine synthesis, followed
by Bernhard Rathke’s research in 1879, which led to the fusion
of two guanidines to form biguanide. [16, 17] Although
metformin was much less toxic compared to mono- and
diguanidines, [12] its relatively mild hypoglycemic effects at
high doses caused it to be largely disregarded as a potential
treatment. As a result, neither biguanides nor other guanidine-
based compounds were pursued for diabetes treatment and
were largely forgotten in the following decade. [18] However,
interest in metformin resurfaced through research on
antimalarial drugs, particularly the development of the
guanidine-based compound proguanil (Paludrine), which was
later modified into metformin. In the 1940s, clinical studies by
Eusebio Garcia in the Philippines demonstrated metformin’s
effectiveness in treating influenza, where it was marketed as
flumamine, and its hypoglycemic properties were also
observed. [19, 20]
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Figure 1: Structure of metformin hydrochloride; 2D and 3D.
From “Metformin HCL,” by World Biochemicals Industries Ltd.,
n.d. (https://www.wbcil.com/organic-molecules/metformin-
hel/). [14]

The glucose-lowering effects of flumamine were further
studied in animal models and clinical trials by Jean Sterne, a
French physician who, in 1957, was the first to report its use
for diabetes treatment. [21] Jean Sterne, collaborating with
his pharmacist colleague Denis Duval, conducted a
comprehensive research program to study the
pharmacodynamics of guanidine-derived compounds, such as
metformin and phenformin, in both healthy and diabetic
animal models. Unintentionally, they replicated and expanded
on 1920s research, rediscovering issues like high-dose
limitations, modest glucose-lowering effects, and notable
toxicity. However, they identified metformin as the most
promising candidate for clinical trials in diabetes treatment
due to its effective glucose-lowering properties, minimal side
effects in animal models, and prior documented use of
flumamine in humans. [16] Despite Sterne’s findings,
metformin initially received little attention, as it was
considered less potent than other biguanides like phenformin
and buformin in lowering blood sugar. [22, 23] However, by the
late 1970s, phenformin and buformin were withdrawn due to
their high risk of lactic acidosis. [12] The occurrence of lactic
acidosis in metformin users was significantly lower, with most
cases linked to improper use in patients who had chronic renal
impairment or acute kidney disease, despite contraindications.
[24-26] However, metformin’s credibility was undermined due
to its association with other biguanides, placing it at risk of
discontinuation. Nevertheless, pharmacokinetic and
pharmacodynamic studies in Europe during the 1980s
highlighted metformin’s effectiveness in reducing insulin
resistance and managing hyperglycemia in adults without
causing weight gain or increasing the risk of hypoglycemia. [12,
26, 28] In the United States, skepticism toward metformin
persisted due to adverse experiences with other biguanides,
leading to initial reluctance from the FDA to approve its use.
However, following persistent efforts by Dr. Gerard Daniel, a
thorough review of existing research was conducted, leading
to clinical trials. As a result, metformin was approved for use
in the U.S. in 1995. [29, 30] In 1998, further evidence
reinforced its role as the first-line treatment for type 2
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diabetes, particularly highlighting its long-term cardiovascular
benefits. Several decades after its introduction as a diabetes
treatment, metformin, a dimethylbiguanide derived from the
guanidine in Galega officinalis, has become the most widely
prescribed oral hypoglycemic drug worldwide, with potential
applications beyond diabetes, including cancer treatment. [12,
26, 28]

The interest in metformin’s anticancer potential stems from
epidemiological studies that indicate a reduced cancer
incidence and improved prognosis among diabetic patients
treated with the drug. [31] Research has shown that metformin
exerts its antineoplastic effects primarily by activating the
AMP-activated protein kinase (AMPK) pathway, leading to the
inhibition of the mechanistic target of rapamycin (mTOR), a
key regulator of cell growth and proliferation. [32]
Additionally, metformin disrupts cancer metabolism by
reducing mitochondrial oxidative phosphorylation, thereby
inducing an energy crisis in rapidly dividing tumor cells. [33]
The potential repurposing of metformin for skin cancer therapy
presents a promising advancement in cancer pharmacotherapy.
Given its well-documented safety profile and metabolic
regulatory properties, metformin offers a cost-effective and
readily available treatment approach that may serve as a
valuable adjunct or primary agent to current skin cancer
management strategies. [34] Therefore, this article explores
the emerging evidence supporting Metformin’s potential
application in skin cancer therapy. Specifically, the biological
mechanisms by which Metformin influences cancer cell biology,
preclinical and clinical studies, potential molecular binding
targets, and how it can be integrated into current treatment
strategies as a new frontier in skin cancer pharmacotherapy.

PATHOPHYSIOLOGY OF SKIN CANCER

The pathogenesis of skin cancer is multifactorial, with
ultraviolet radiation (UVR) from sunlight being the primary
cause of both malignant melanoma (MSC) and non-melanoma
skin cancer (NMSC). [35] MSC arises from the uncontrolled
proliferation of melanocytes, which are pigment-producing
cells originating from the neural crest. These cells generate
melanin, the brown pigment that determines skin color and
provides protection against harmful solar radiation. [36] The
development of malignant skin cancer, or MSC, is influenced by
both biological and environmental factors. A critical biological
factor is genetic mutations in the cyclin-dependent kinase
inhibitor 2A (CDKN2A) gene, which encodes two tumor
suppressor proteins, ARF (p14ARF) and p16INK4A, essential for
regulating the cell cycle. Disruptions in these proteins due to
mutations can lead to the onset of skin cancers like MSC. [37]
Ultraviolet (UV) radiation is a major environmental risk factor
for skin cancer, contributing to melanoma development
through mechanisms such as DNA and RNA damage, genetic
mutations, and the inactivation of the p53 protein, which
normally promotes cell death (Figure 2). UV radiation has a
stronger association with melanoma risk compared to basal cell
carcinoma (BCC) or squamous cell carcinoma (SCC). [38]
NMSCs, the most common human cancers, consist of two
primary types: BCC and SCC, both originating from epidermal
keratinocytes. [39, 40] BCC, the most prevalent malignant
neoplasm in humans, develops from the outermost epidermal

layer, while SCC arises from keratinocytes in squamous and
non-squamous epithelial tissues. [41, 42]
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Figure 2: Pathophysiology of skin cancer - melanoma. [43]

The malighant transformation of melanocytes occurs through
both physiological processes and UV-induced mechanisms.
Under normal conditions, keratinocytes promote melanocyte
proliferation by secreting melanocyte-stimulating hormone
(MSH), which binds to the melanocortin 1 receptor (MC1R). UV-
A radiation contributes to this transformation via two main
pathways: first, by directly causing mutations in proto-
oncogenes and tumor suppressor genes (e.g., TP53, NF1,
PTEN), converting normal melanocytes into cancerous cells;
and second, by transforming melanocytes into benign nevi, 80%
of which carry the BRAFV600E mutation. These nevi often
remain inactive for years, partly due to immune surveillance.
However, further UV exposure can induce additional
mutations, such as in TERT and CDKN2A, driving their
progression into malignant forms. [43] Exposure to
environmental carcinogens, particularly ultraviolet or UV
radiation, induces DNA damage, resulting in mutations within
the p53 gene, observed in approximately 90% of SCC and nearly
50% of BCC. These mutations impair the function of the p53
tumor suppressor protein, ultimately promoting the
development of NMSC. [44] Enzymes/proteins and genes, such
as the Thyroid Hormone Receptor Interacting Protein-13
(TRIP13), and the matrix remodeling associated-7 (MXRA7),
have also been perceived to play a role in skin cancers,
especially melanoma. [45-46] Diabetic patients face a higher
risk of developing cancers compared to healthy individuals,
partly because of elevated levels of circulating growth factors
like insulin and insulin-like growth factors 1 and 2 (IGF-1 and
IGF-2). [47] IGF plays a role in regulating epidermal cell
proliferation. In diabetic patients, increased serum levels of
insulin and IGFs are linked to enhanced cellular proliferation
and the activation of oncogenic epidermal growth factor
receptors, resulting in mitogenic and antiapoptotic effects
that drive the transformation of cells into malignant forms.
[48]

DRUG CLASSES USED IN SKIN CANCER TREATMENT

A variety of drug classes are currently employed in the
treatment of melanoma and other related skin cancers, with
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the choice of therapy largely influenced by factors such as
disease stage, genetic mutations, and overall progression.
These therapeutic options include immunotherapy, which
harnesses the body's immune system to fight cancer. Key agents
in this category are checkpoint inhibitors, such as PD-1
inhibitors (Pembrolizumab, Nivolumab), which help restore
immune system activity against tumor cells, and CTLA-4
inhibitors (Ipilimumab), which enhance T-cell function. Also,
Interleukin-2 (IL-2) (Aldesleukin) is sometimes used to
stimulate immune responses in advanced melanoma cases. [49,
50] Another important class is targeted therapeutic agents,
which focus on specific genetic mutations present in melanoma
cells. For BRAF-mutant melanoma, BRAF inhibitors
(Vemurafenib, Dabrafenib, Encorafenib) are used, often in
combination with MEK inhibitors (Trametinib, Cobimetinib,
Binimetinib) to enhance efficacy and reduce resistance.
Meanwhile, in cases of KIT-mutant melanoma, KIT inhibitors
such as Imatinib and Nilotinib may be effective. [51, 52]

Traditional chemotherapy, though less commonly used due to
lower response rates, remains an option in certain cases. This
includes Dacarbazine (DTIC), which is FDA-approved for
melanoma, as well as Temozolomide, an oral alternative. Also,
combination regimens such as Paclitaxel and Carboplatin may
be considered in specific scenarios. [53-55] A more recent
advancement in melanoma treatment is oncolytic virus
therapy, where genetically engineered viruses selectively
infect and destroy cancer cells. One such therapy is Talimogene
laherparepvec (T-VEC), a modified herpes simplex virus
designed to attack melanoma cells while also stimulating an
anti-tumor immune response. [56] These treatment options,
often used in combination or sequentially, have significantly
improved the prognosis and survival rates of patients with
melanoma, particularly in advanced or metastatic stages.

PHARMACODYNAMIC PROPERTIES OF METFORMIN

Metformin lowers both fasting and post-meal glucose levels,
mainly by curbing excessive liver glucose production through
the inhibition of gluconeogenesis. This is achieved through the
inhibition of mitochondrial complex 1, which alters cellular
energy balance by reducing ATP production. [33]
Gluconeogenesis is an energetically costly process, requiring 6
ATP equivalents per molecule of glucose synthesized, and a
reduction in ATP production impairs the anabolic process. [57]
This reduction in ATP also increases the AMP: ATP ratios and the
ADP: ATP ratios, activating AMPK (AMP-activated protein
kinase), a key regulator of metabolism. [58] The primary
pharmacological impact of AMPK activation in the liver involves
promoting fatty acid oxidation while suppressing the synthesis
of cholesterol and triglycerides. Metformin may also enhance
glucose uptake and insulin signaling, reduce fatty acid and
triglyceride synthesis, and promote fatty acid B-oxidation. [59]
Additionally, it can improve glucose utilization in peripheral
tissues and potentially decrease intestinal glucose absorption,
preventing rapid spikes in blood glucose levels. [60] Metformin
improves glucose uptake by boosting the expression of insulin
receptor substrates 1 and 2 (IRS-1 and 2) and facilitating the
movement of glucose transporters, such as glucose transporter
1 (GLUT-1), to the plasma membrane in both liver and skeletal
muscle cells. [47]

PHARMACOKINETIC PROPERTIES OF METFORMIN

Metformin passes through the urine unaltered since it is not
metabolized by the liver or other tissues. [61] The primary
route of elimination is the kidneys' active tubular secretion.
The medication is absorbed in the kidney, liver, and intestines
through Organic Cation Transporters (OCTs). Individual
differences in metformin's pharmacokinetics have been
observed. [62] Intestinal absorption of metformin may be
facilitated by the plasma membrane monoamine transporter
(PMAT), while OCT1 and possibly OCT3 primarily mediate
hepatic uptake. Additionally, metformin serves as a substrate
for human multidrug and toxin extrusion transporters MATE1
and MATE2-K, which may contribute to its excretion from the
liver and kidneys. However, the role of MATE1 in hepatic
secretion remains unclear. Metformin uptake into renal
epithelial cells is largely mediated by OCT2, located in the
basolateral membrane of renal tubules. Renal excretion is
facilitated by MATE1 and MATE2-K, which are expressed in
renal proximal tubule cells. PMAT and OCT1 may also play a
role in metformin reabsorption within the renal tubules. [63]
Genetic polymorphisms influence metformin's
pharmacokinetics and pharmacological responses, while drug
interactions that inhibit metformin transporters are clinically
significant. Recent studies on drug-drug interactions suggest
that proton pump inhibitors, oral antidiabetic drugs, and
cimetidine may reduce metformin absorption. Additionally,
certain tyrosine kinase inhibitors may interact with metformin
via transporters, potentially affecting its toxicity, efficacy, and
overall disposition. [64]

Absorption: Metformin is administered orally in doses ranging
from 500 mg two or three times daily, up to a maximum of
2,550 mg per day or 35 mg/kg/day. Peak plasma levels (Cmax)
are achieved within 1-3 hours for immediate-release
metformin and 4-8 hours for extended-release formulations.
[65-66] Metformin has a 40-60% oral bioavailability and a 6-hour
gastrointestinal absorption period. [62]

Distribution: Metformin rapidly enters the body but takes
longer to reach deeper compartments. It accumulates in
various organs, including the kidneys, salivary glands, stomach,
duodenum, and esophagus. Over 24 hours, it increases the
blood-to-plasma concentration ratio without binding to plasma
proteins. [62]

Metabolism and excretion: Metformin is not metabolized but
is eliminated from the body through tubular secretion and
excreted unchanged in the urine. [64] It is quickly cleared by
the kidneys, with a plasma elimination half-life of 1.5 to 4.5
hours following intravenous injection and 2.0 to 6.0 hours after
oral administration in healthy individuals. [67] It has a renal
clearance of 510 + 120 mL/min. Its high clearance is attributed
to its low molecular weight, the presence of renal
transporters, and low lipid solubility. [68] A decline in renal
function is directly associated with reduced metformin
clearance. The medication should not be initiated in patients
over 80 years old and is contraindicated in individuals with
elevated blood creatinine levels or impaired renal clearance.
[68]
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ROLE OF METFORMIN IN SKIN CANCER

Metformin mediates its anticancer effects via several direct
and indirect mechanisms (Figure 3), including inhibition of the
mTOR (mammalian target of rapamycin) pathway, suppression

Metformin exhibits antitumor effects through both indirect and
direct mechanisms. Indirectly, it reduces blood glucose levels,
leading to decreased insulin levels, which is significant since
insulin can act as a growth factor for tumor cells. Directly,
metformin  operates  through  AMPK-dependent and
independent pathways. It primarily suppresses the mTORC1
pathway, a critical protein complex involved in processes like
protein synthesis and cell proliferation, which also plays a role
in tumor cell resistance to treatments. Furthermore,
metformin induces cell cycle arrest by activating p53. [47]

Inhibition of mitochondrial complex |

Metformin has been shown to inhibit mitochondrial complex |
(NADH dehydrogenase) in cancer cells, thereby reducing
tumorigenesis. By impairing mitochondrial respiration,
metformin disrupts cellular energy metabolism, rendering
cancer cells more susceptible to metabolic stress and
apoptosis. Several epidemiological and preclinical studies
suggest that this antidiabetic drug may play a role in cancer
prevention and suppression. However, the exact mechanisms
underlying its anticancer effects remain incompletely
understood. A pivotal study by Wheaton et al. demonstrated
that metformin inhibits mitochondrial complex | activity and
cellular respiration in human cancer cells (Figure 6). [70] In
glucose-rich conditions, metformin inhibited cell proliferation,
whereas under glucose-deprived conditions, it induced cell
death, indicating that cancer cells shift to a glycolysis-
dependent survival mechanism when mitochondrial respiration

of IGF-1 signaling, and regulation of cell cycle progression and
apoptosis. These mechanisms collectively contribute to
reduced cancer cell proliferation, metabolic stress, and
enhanced sensitivity to therapy. [69]

Figure 3: Direct and indirect
mechanisms of action of
metformin in cancer cells. [47]

is impaired. Additionally, metformin was found to reduce the
hypoxic activation of hypoxia-inducible factor-1 (HIF-1), a key
transcription factor involved in cancer progression. Notably, in
vivo experiments further confirmed that metformin suppressed
tumor growth in control cancer cells in mice. These findings
collectively underscore that metformin’s anticancer activity is
cell-autonomous and dependent on its inhibition of
mitochondrial complex I. [70]

Metformin inhibits mitochondrial complex |, mitochondrial
shuttle, and glucagon signaling, leading to reduced
mitochondrial complex | activity. This decreases ATP levels and
increases AMP, activating AMP-activated protein kinase (AMPK).
The inhibition of complex | also increases mitochondrial ROS
production, triggering the integrated stress response (ISR) via
activation of double-stranded RNA-activated protein kinase-
like ER kinase, resulting in elF2a phosphorylation and ATF4
induction. ATF4 stimulates fibroblast growth factor 21 (FGF21)
production.  Metformin  also inhibits = mitochondrial
glycerophosphate dehydrogenase (mGPD), blocking
gluconeogenesis from glycerol. This leads to decreased NAD*
levels, causing lactate accumulation. Increased AMP further
inhibits adenylate cyclase, reducing cAMP and attenuating
glucagon-induced gluconeogenesis. [71]

AMP-activated protein kinase activation

Metformin exerts its anticancer effects, in part, through the
activation of AMP-activated protein kinase (AMPK), a central
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cellular energy sensor. Activation of AMPK leads to inhibition of
the mechanistic target of rapamycin (mTOR) pathway, a key
regulator of cell growth, proliferation, and survival. The
downregulation of mTOR signaling can suppress tumor
progression and promote apoptosis in cancer cells. Although
the precise mechanisms by which metformin activates AMPK
remain under investigation, evidence suggests that even low
concentrations, such as those reaching peripheral tissues like
the skin, can enhance AMPK activity through phosphorylation
of the AMPKa subunit at threonine 172 (Thr-172). These low
levels facilitate the formation of the AMPK aBy complex,
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promoting phosphorylation via liver kinase B1 (LKB1) and
reducing dephosphorylation by protein phosphatase 2C (PP2C)
(Figure 5). The relevance of this mechanism in skin cancer lies
in the high metabolic demands of rapidly proliferating tumor
cells. By activating AMPK and subsequently downregulating
mTOR, metformin may shift the metabolic balance of skin
cancer cells toward energy stress, thereby reducing their
viability and growth potential. These findings highlight
metformin’s potential as an adjunct or repurposed agent in the
management of skin malignancies, particularly in cancers that
display dysregulated mTOR signaling. [72]
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AMPK plays a vital role in tumor suppression through its
regulatory functions. It is activated when cellular AMP/ATP or
ADP/ATP ratios rise due to physiological stresses such as
hypoglycemia or hypoxemia, leading to the activation of LKB1.
Metformin and phenformin can replicate these stress
conditions and activate AMPK in an LKB1-dependent manner.
Additionally, CaMKKB activates AMPK in response to increased

Cell growth Autophagy

and protein ULK1

synthesis

L v

metformin and AMPKa

\- Figure 5: Association of
cancer progression. [73]

calcium levels. Once activated, AMPK enhances catabolic
pathways, such as fatty acid oxidation, by phosphorylating and
inactivating acetyl-CoA carboxylase (ACC2), while inhibiting
anabolic pathways like fatty acid synthesis, mediated by ACC1.
A key mechanism of AMPK involves the Tuberous Sclerosis
Complex 1 and 2 (TSC1/TSC2 complex), which downregulates
mTOR, a pathway also influenced by PI3K-AKT and Ras-Raf-
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MEK-ERK signaling. mTOR suppresses apoptosis by affecting
tumor suppressors like p53 and p27 and inhibits autophagy by
repressing UNC-51-like kinase 1 (ULK1) and ULK2. AMPK
counteracts these mTOR effects, promoting apoptosis and
autophagy-mediated cell death. Independent of mTOR, AMPK
phosphorylates and activates ULK1 and ULK2, further inducing
autophagy. Moreover, AMPK downregulates cyclooxygenase
(COX)-2 expression, which is linked to the progression of
certain cancers and inflammatory diseases. AMPK is also crucial
for the expression of xeroderma pigmentosum C (XPC), aiding
DNA repair following UV-induced damage. [73]

Insulin/IGF-IR signaling pathway

Metformin, widely recognized for its glucose-lowering effects,
may inhibit tumor growth by restricting glucose availability to
cancer cells. Glucose is a critical energy source for rapidly
proliferating tumors. [74] In the context of skin cancer, this
mechanism is particularly relevant, as altered metabolic
pathways and growth factor signaling contribute significantly
to UV-induced carcinogenesis. Insulin and insulin-like growth
factor 1 (IGF-1) function as key mitogenic signals that enhance
cell survival and proliferation, processes that are closely linked
to skin cancer development. [75-77] Their action is mediated
through the insulin receptor (IR) and insulin-like growth factor
1 receptor (IGF-1R), which are expressed on keratinocytes and
various skin tumor cells. [78] Upon activation, these receptors
initiate oncogenic signaling cascades such as Ras/Raf/MEK/ERK
and PI3K/Akt/mTORC1, which promote epidermal cell
proliferation and resistance to apoptosis. [79-81]
Hyperinsulinemia, a common feature in insulin-resistant
states, has also been shown to elevate circulating bioactive
IGF-1 by suppressing insulin-like growth factor-binding proteins
(IGFBPs), resulting in heightened IGF-1R activity. [82]

Autophagosome

Metformin’s ability to lower systemic insulin and IGF-1 levels
may therefore play a protective role by reducing IGF-1R-driven
mitogenic signaling in the skin, ultimately helping to prevent
or slow the progression of non-melanoma skin cancers. [83]

PI3K/AKT/mTOR pathway

Chronic exposure to ultraviolet (UV) radiation, especially UVA,
is a key factor in skin aging and carcinogenesis. It promotes
oxidative stress, mitochondrial dysfunction, and DNA damage,
leading to cellular senescence and an increased risk of skin
cancer. [84] In an in vitro and in vivo study by Chen et al.
(2022), metformin treatment was shown to reverse UVA-
induced cellular aging in human foreskin fibroblasts and a
mouse model. The observed benefits were linked to
suppression of the PI3K/AKT/mTOR pathway, inhibition of
mitophagy, and reduction in mitochondrial oxidative stress.
Notably, these pathways are not only implicated in photoaging
but also play crucial roles in UV-induced tumorigenesis, as
chronic activation can promote unchecked cell proliferation
and resistance to apoptosis. By downregulating this pathway
and restoring mitochondrial homeostasis, metformin may help
maintain epidermal and dermal integrity, prevent premature
senescence, and reduce the risk of UV-related skin
malignancies, such as non-melanoma skin cancer (NMSC). [85]

UVA exposure increases mitochondrial ROS levels and lowers
mitochondrial membrane potential, initiating mitophagy and
resulting in DNA damage. It also activates the PI3K/AKT/mTOR
signaling pathway, contributing to cell senescence. In contrast,
metformin prevents mitochondrial damage, suppresses
mitophagy, and inhibits the PI3K/AKT/mTOR signaling pathway
in response to UVA-induced photoaging. [85]

Figure 6: PI3K/AKT/mTOR
pathway relationship with

metformin and skin cancer.
[85]
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Table 1: Molecular docking scores: metformin with different proteins implicated in melanoma.

Protein ID

Docking Score

(kcal/mol)

Protein-Ligand Interaction 2D Map with residues

Metformin
H-bonding Salt bridge Hydrophobic Polar Pi-cation
50Q4 -4.4 ASP-836, ASP- LUE-838, ILE- SER-806, ASN-
964 831, ILE-963, 951
MET-804
7UAD -4.6 ASP-50 ALA-218, PHE- SER-217
183, ILE-220,
TYR-48, VAL-51
5VQA -5.6 SER-187, SER- LEU-135, LEU- SER-187, SER-
138 139 138
Standard
Compounds
50Q4 -9.4 LYS-890, ASH- LEU-838, ILE- SER-806, THR-
(PQR309) 841, ASP-836, 831, ILE-963, 887
VAL-882 MET-804
7UAD -7.5 ASP-50, ASP- ARG-22 VAL-51, TYR-48, = GLN-260, GLN- TYR-46
(ABB) 182, PHE-183, ALA-218, ILE- 264, SER-217
GLN-264, GLY- 220, PHE-183
221, ILE-220,
ALA-218, SER-
217
5VQA -10.8 VAL-140, THR- ARG-386, LYS- LEU-135, ILE- SER-187, THR-
(ATP) 183, GLY-184, 185, 330, LEU-139, 186, THR-183,
THR-186, SER- VAL-140, TYR- SER-138
187, ARG-386 141, PRO-181,
PRO-322

ABB - ABBV-CLS-484, ATP - adenosine triphosphate
MOLECULAR MECHANISM PREDICTIONS

A preliminary molecular docking, modeling, and potential
target prediction study was performed on three proteins
reported to be associated with skin cancer. The 3D structure of
pan-Class | PI3K/mTOR Inhibitor co-crystalized with PQR309 -
a potent, brain-penetrant (PDB ID: 50Q4), utilized in the
clinical oncology, [86] the crystal structure of human PTPN2
with inhibitor ABBV-CLS-484 (PDB ID: 7UAD), [87] and the
structure of human Thyroid Hormone Receptor Interacting
Protein-13 (TRIP13), ATP-bound form (PDB ID: 5VQA), [88] were
imported from the protein databank (PDB) for the molecular
mechanisms’ prediction. In a comprehensive microarray
analysis, TRIP13 was identified as a critical gene implicated in
the molecular mechanisms underlying the initiation and
progression of melanoma. [89] Elevated TRIP13 expression was
observed in malignant tissues, and higher levels were
correlated with poorer prognoses in melanoma patients.
Mechanistically, TRIP13 interacts with filamin-A (FLNA),
triggering the activation of the PI3K/AKT pathway and leading
to the upregulation of epithelial-mesenchymal transition (EMT)
associated genes. [90]

The matrix remodeling-associated-7 (MXRA7) protein is also
reported to play some roles in skin cancer-melanoma
pathophysiology and progression. MXRA7 is thought to be
involved in extracellular matrix (ECM) remodeling and cellular
processes such as adhesion, migration, and signaling. The
actual association of MXRA7 in melanoma tumor progression
and metastasis has not been fully validated. [46] A glide from
the Schrodinger suite was used for molecular docking. [91]
Metformin was observed to interact with major residues of the

predicted proteins, including SER-187, SER-138 (5VQA), SER-
187, SER-138 (50Q4), and ASP-50 (7UAD), respectively. These
interactions were very comparable to the co-crystallized
inhibitors of all three proteins used for the target prediction
analysis (Figure 7). Thus, further comprehensive studies are
essential to elucidate the potential therapeutic targets for
metformin in the management of skin cancer (melanoma). The
actual 2D interactions of metformin and the protein residues
are presented in the Supporting Information.

EMERGING CLINICAL EVIDENCE

Tseng (2018) examined the link between metformin use and
the risk of skin cancer. Using Taiwan’s National Health Research
Institute health database, the study retrospectively enrolled
16,237 matched pairs of ever-users and never-users of
metformin with new-onset type-2 diabetes diagnosed between
1999 and 2005, following them until December 31, 2011. The
incidence of skin cancer was 45.59 and 83.90 per 100,000
person-years among ever-users and never-users, respectively.
The results indicate a reduced incidence of skin cancer,
including MSC and NMSC, associated with metformin use in a
dose-dependent manner among patients with type-2 Diabetes
Mellitus. [92] In another retrospective, population-based case-
control study, the association between metformin use and
keratinocyte carcinoma was investigated among 6,880 patients
diagnosed with first-time BCC, SCC, or invasive SCC between
2003 and 2017, alongside 69,620 controls. The study found that
metformin use was linked to a lower risk of developing BCC,
even at low doses, suggesting its potential as a
chemoprotective agent for high-risk BCC patients, though
further studies are needed to confirm these findings. [93]
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Figure 7: 3D protein-ligand interactions of metformin and
standard molecules with 5VQA (A), 50Q4 (B), and 7UAD (C).

Prospective randomized clinical trials are currently being
conducted to assess the clinical benefits of combining
metformin with other anticancer drugs. A Phase I/l clinical
trial (NCT01638676) in Louisville, United States, is evaluating
the therapeutic effects of metformin combined with
vemurafenib, a BRAF inhibitor, in 55 patients. Phase | focuses
on determining the safety of FDA-approved vemurafenib (960
mg orally, once daily) alongside metformin (500 mg orally,
twice daily for two weeks, then 850 mg orally, twice daily) in
patients with unresectable Stage IlIC and Stage IV melanoma.
Phase Il aims to evaluate the clinical efficacy of this
combination therapy. The safety profile of the vemurafenib-
metformin regimen will be monitored throughout both phases,
with treatment administered in 28-day cycles until disease
progression or unacceptable toxicity occurs. [94] Additionally,
a clinical trial at the University of Louisville is investigating the
combination of dabrafenib, trametinib, and metformin. This
Phase I/1l trial, initiated in 2014 with 53 participants, has not
yet reported results. However, researchers hypothesize that
combining a non-toxic, FDA-approved dose of oral metformin
with the B-Raf inhibitor dabrafenib and the MEK inhibitor
trametinib will result in minimal toxicity while improving
clinical outcomes, including objective response rates and
survival, in patients with metastatic melanoma. [95] Another
Phase 1 study in Pittsburgh is currently examining the efficacy
and safety of combining pembrolizumab (KEYTRUDA®), an

immunotherapeutic agent, with metformin for the treatment
of advanced melanoma. [96]

In melanoma, various preclinical studies have shown that
metformin can inhibit melanoma cell proliferation, induce
apoptosis, and reduce metastasis. Also, epidemiological
studies suggest that diabetic patients taking metformin have a
lower incidence of melanoma compared to those on other
antidiabetic medications, while in NMSCs, Metformin has
demonstrated protective effects against BCC and SCC, the two
most common types of NMSCs. [97-99] Reports postulate that
metformin may reduce UV-induced DNA damage and
inflammation, key drivers of NMSC development, with the
ability to reduce oxidative stress and inflammation, making it
a promising candidate for skin cancer prevention, particularly
in high-risk populations. [85,100]

CHALLENGES AND LIMITATIONS

Exploring the potential role of metformin in skin cancer
management is particularly appealing due to its affordability,
relative safety, and involvement in modulating energy
metabolism, a growing area of interest in cancer research.
[101, 102] Numerous studies have used population databases
to evaluate cancer risk in diabetic individuals, comparing those
treated with metformin to those who were not. Other research
has focused on patients with both diabetes and cancer,
investigating whether metformin use for diabetes management
influences cancer outcomes. Most of these studies are
retrospective, with metformin use not being randomized,
except in rare cases where it was randomly assigned within
diabetes treatment trials. Consequently, interpreting these
findings is more complex than it may initially appear. [103] In
general, retrospective studies should be seen as hypothesis-
generating rather than conclusive. They identify promising
avenues and underscore the need for further population-
based, translational, and laboratory research. The role of
nonrandomized studies examining metformin's impact on
cancer burden in diabetics in shaping the rationale for clinical
trials in nondiabetics remains debatable. However, data on
cancer incidence from the Diabetes Prevention Trial provide
additional insights, [104] and other cohorts with randomized
long-term metformin exposure will be particularly valuable in
this context. It is vital to emphasize that incorporating well-
designed companion studies with tissue and serum
pharmacodynamic markers, along with drug-level assessments,
can significantly enhance these trials. Such integration offers
deeper insights beyond simply determining whether the drug is
active in preventing or treating skin cancer. If the trials show
positive activity, these data can guide future research by
identifying responsive subpopulations or suggesting effective
drug combinations. On the other hand, if the trials produce
negative results, companion studies will help interpret the
findings, whether by uncovering technical issues that could be
addressed in follow-up studies (e.g., selecting a biguanide with
improved pharmacokinetics if drug accumulation in tumors is
inadequate) or by providing evidence that the drug lacks
benefit even under optimal conditions, thereby supporting the
decision to halt its development for that specific indication.
[105]
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Therefore, the research on metformin’s potential in skin
cancer prevention and treatment must focus on several key
areas: refining retrospective data interpretation to minimize
bias, elucidating the molecular mechanisms behind the effects
of Metformin on the mitochondria, determining the extent of
metformin’s indirect and direct anticancer actions, optimizing
pharmacokinetics to enhance drug delivery to target tissues,
exploring  rational drug combinations (e.g., with
chemotherapy, glycolysis inhibitors, or PI3K inhibitors),
identifying predictive biomarkers for patient selection, and
prioritizing clinical trials to assess its efficacy in cancer
prevention and treatment. While metformin shows promise,
further investigation is needed to define optimal dosing,
combinations, and target populations for its use in oncology.
[105, 106] The ideal dosage of metformin for anticancer
effects is still uncertain, as most studies have used doses
higher than those usually prescribed for diabetes. The
potential benefits of metformin may differ depending on
individual factors like metabolic condition, tumor type, and
genetic makeup. While it is typically well-tolerated,
metformin can lead to gastrointestinal side effects and, in rare
cases, lactic acidosis, particularly in patients with kidney
problems.

FUTURE DIRECTIONS

The exploration of metformin as a novel therapeutic agent in
skin cancer pharmacotherapy presents a promising frontier in
oncology. [107] However, to fully harness its potential, several
key research and clinical application areas must be addressed.
Translational and clinical research expansion is essential to
establish metformin’s efficacy and safety in skin cancer
treatment. Despite compelling preclinical and epidemiological
evidence supporting its anti-tumor properties, large-scale,
randomized clinical trials are needed. Personalized medicine
and biomarker development will play a key role in optimizing
metformin’s use in oncology. Identifying biomarkers that can
predict patient response is essential in determining which
individuals are most likely to benefit from treatment. For
example, research has suggested that metformin exposure is
associated with a decreased risk of non-melanoma skin
cancers, particularly basal cell carcinoma, across various sex
and ethnicity groups. [108] Combination therapies and
synergistic approaches have the potential to enhance
metformin’s therapeutic efficacy and overcome treatment
resistance in skin cancer. Given metformin’s role in altering
tumor metabolism, its synergy with glycolysis inhibitors should
also be examined as a potential strategy for enhancing cancer
therapy. Understanding mechanistic pathways beyond AMPK is
another critical area for future research. Although AMPK
activation is a central pathway in metformin’s anti-cancer
effects, other underlying mechanisms remain unexplored.
Examining the interaction between metformin and the tumor
microenvironment, including its influence on angiogenesis and
immune evasion, could further uncover its therapeutic
potential in treating skin cancer. Moreover, metformin's ability
to lower insulin-like growth factor-1 (IGF-1) levels and activate
AMPK and energy conservation further highlights its broad
anticancer properties. Metformin represents a promising, low-
cost, and widely available drug with potential applications in
skin cancer prevention and treatment. Future research should

focus on identifying biomarkers to predict response to
metformin, conducting large-scale randomized controlled
trials to establish its efficacy, and exploring combination
therapies to enhance its anticancer effects. Overall,
metformin is a fascinating example of drug repurposing in
oncology. [109, 110] Its potential role in skin cancer
pharmacotherapy highlights the importance of further
research to fully understand its mechanisms and therapeutic
potential.
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LIST OF ABBREVIATIONS

ACC2  acetyl-CoA carboxylase-2

AMPK  AMP-activated protein kinase

ARID2  AT-rich interaction domain 2

BCC basal cell carcinoma

BRAF  B-Raf proto-oncogene

CDKN2A cyclin-dependent kinase inhibitor 2A
COX-2 cyclooxygenase-2

GLUT-1 glucose transporter 1

HFFs human foreskin fibroblasts

HIF-1  hypoxia-inducible factor-1

IGF-1  insulin growth factor-1

IL-2 Interleukin-2

IRS-1 insulin receptor substrates 1

KIT KIT proto-oncogene receptor tyrosine kinase
LKB1 Liver Kinase B1

MC1R  melanocortin 1 receptor
74

Ogbeye et al./Yemen J Med. 2025;4(1): 65-78



MSC

melanoma skin cancer

MSH melanocyte-stimulating hormone

MXRA7 matrix remodeling associated-7

NF1 neurofibromin 1

NMSCs  non-melanoma skin cancers

OCTs  Organic Cation Transporters

PMAT  plasma membrane monoamine transporter
PTEN  phosphatase and tensin homolog

ROS reactive oxygen species

SCC squamous cell carcinoma

T2DM  type 2 diabetes mellitus

TERT  telomerase reverse transcriptase

TP53 tumor protein p53

TRIP13 Thyroid Hormone Receptor Interacting Protein-13
T-VEC Talimogene laherparepvec

UVR ultraviolet radiation

XPC xeroderma pigmentosum C
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