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Keywords: ABSTRACT: The receptor for advanced glycation end-products (RAGE) and
its ligands, particularly advanced glycation end-products (AGESs), serve as a

AGE, Breast cancer, Diabetes, . . . .
crucial molecular link between diabetes and breast cancer. Chronic

Hyperglycemia, RAGE

hyperglycemia and insulin resistance in diabetes promote excessive AGE
formation, which, upon binding to RAGE, triggers inflammatory and oncogenic
signaling cascades, including NF-xB, PI3K/Akt, MAPK, and JAK/STAT
pathways. These pathways drive oxidative stress, chronic inflammation, and
epithelial-to-mesenchymal transition (EMT), fostering a tumor-promoting
microenvironment. In breast cancer, sustained RAGE activation enhances cancer
cell proliferation, invasion, angiogenesis, and immune evasion while also
contributing to therapy resistance. Additionally, metabolic reprogramming
associated with diabetes, such as the Warburg effect and increased insulin/IGF-1
signaling, synergizes with RAGE-mediated tumor progression. The persistent
activation of the AGE-RAGE axis creates a self-sustaining loop of inflammation
and oxidative stress, exacerbating both metabolic dysfunction and tumorigenesis.
Understanding the intricate crosstalk between diabetes and breast cancer through
this axis highlights the potential of targeting RAGE as a novel therapeutic
strategy for managing both conditions. This review explores the molecular
mechanisms underpinning the AGE-RAGE axis in diabetes and breast cancer,
emphasizing its role in disease progression and potential clinical implications.
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INTRODUCTION: Cancer often referred as a
group of diseases that are distinguished by the
uncontrolled proliferation of cells and the
dissemination of the disease to adjacent tissues,
frequently resulting in the formation of tumors *.
According to a WHO estimate, cancer is a primary
cause of mortality globally, accounting for around
10 million deaths in 2020, or about one in six
deaths globally %
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The estimated number of incident cases of cancer
in India for the year 2022 was found to be
14,61,427(100 cases per 100,000) . In India, one in
nine people are likely to develop cancer in his/her
lifetime. The global cancer burden is expected to be
28.4 million cases by 2040 *. Smoking, diet, and
exposure to carcinogens are among the lifestyle
choices that contribute to its development, as well
as genetic mutations and environmental factors.

Lung, breast, prostate, and colorectal cancer are
among the most prevalent forms °. Fatigue,
persistent pain, tumors, and unexplained weight
loss are among the symptoms that may be present.
As a result of altered energy production and
nutrient utilization in cells, cancer is becoming
more widely recognized as a metabolic disease °.
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In contrast to healthy cells, which predominantly
rely on oxidative phosphorylation, cancer cells
frequently transition to glycolysis, a phenomenon
known as the Warburg effect, even in oxygen-rich
conditions ’. This metabolic reprogramming
facilitates rapid proliferation, resistance to therapy,
and the evasion of apoptosis. Dysregulated lipid
and amino acid metabolism further fuel tumor
growth and immune evasion °. Globally, breast
cancer is most rising concern of mortality for
women and the second most prevalent death cause
8 According to the World Health Organization
(WHO), there were 2.3 million new cases of breast
cancer found globally and approximately 685,000
deaths found globally in 2020. As of the end of
2020 breast cancer found 12.5% of all new annual
cancer cases worldwide and there were 7.8 million
women alive who were diagnosed with breast
cancer in the past 5 years, making it the world’s
most prevalent °.

According to the American Cancer Society, more
than 3.5 million women are currently living with
breast cancer or have been treated for it. In 2020,
there were an estimated 3,886,830 women living
with female breast cancer in the United States.
Numerous  morphological,  molecular, and
biochemical characteristics that affect the course of
the illness, prognosis, and responsiveness to
treatment define this heterogeneous malignancy.
Approximately 80% of breast cancer cases are
invasive, which means that a tumor may move
from the breast to other parts of the body. Breast
cancer mainly affects women aged 50 and older,
however it may also afflict women under the age of
50. Men may also acquire breast cancer ** %,

In 2022, 2.3 million women were diagnosed with
breast cancer, and 670,000 died worldwide. It
affects women of all ages after puberty, although
the incidence rises later in life. Breast cancer and
their typer are categorized according to their
hormone dependence; for example, they are called
ER-positive or ER-negative *?. Particularly, ERa-
positive breast cancer accounts for over 70% of
situations. Based on their immunohistochemistry
(IHC) features (hormone status), breast cancer can
be divided clinically into three primary Kkinds.
These are triple negative, HER2 positive (HER2+),
and hormone receptor positive *3. Breast cancers
that have Estrogen receptor-positive (ER+) or
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progesterone receptor-positive (PR+)
characteristics are known as hormone receptor-
positive breast cancers. Hormone receptor-positive
breast cancer account for around 85% of all cases.
Luminal A and Luminal B are the two variants of
hormone receptor-positive breast cancer .
Luminal A cancers are often HER2-negative
(HER2-) and ER+ or PR+. Luminal B cancers are
often HER2+ (or HER2- with elevated Ki67) and
ER+ and/or PR+ . Despite of that, Diabetes
mellitus (DM) is a concerning significant public
health issue, and it is the 10 top most cause of
mortality in the United States, Europe, and
industrialized nations. Diabetes mellitus (DM) is a
metabolic  disease, involving inappropriately
elevated blood glucose levels *°. DM has several
categories, including type 1, type 2, maturity-onset
diabetes of the young (MODY), gestational
diabetes, neonatal diabetes. Its incidence and
prevalence are increasing day by day *'.

According to the national diabetes statistics report
38.4 million people of all ages or 11.6% of the U.S.
population had diabetes. 38.1 million adults aged
population has been diagnosed (18 years) diabetes
18 Global prevalence of type 2 diabetes is projected
to increase to 7079 individuals per 100,000 by
2030, reflecting a continued rise across all regions
of the world *°. The main subtypes of DM are Type
1 diabetes mellitus (T1DM) and Type 2 diabetes
mellitus (T2DM), which classically result from
defective insulin secretion (T1DM) and/or action
(T2DM). T1DM presents in children or
adolescents, while T2DM is thought to affect
middle-aged and older adults who have prolonged
hyperglycemia due to poor lifestyle and dietary
choices.

The pathogenesis for T1DM and T2DM is
drastically different, and therefore each type has
various etiologies, presentations, and treatments.
Hyperglycemia, primarily caused by untreated
insulin resistance, is a dominant factor of type 2
diabetes 2°. Chronic hyperglycemia in case of
insulin resistance leads to production of advance
glycation end product (AGE), a family of
compounds of diverse chemical nature that are the
products of nonenzymatic reactions between
reducing sugars and proteins, lipids, or nucleic
acids 2*. The glycation triggered by hyperglycemia
is a comprehensive process, and it has major
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structural and functional ramifications. Cancer
often has a higher metabolism linked to higher
glycolytic rates, that also stimulate the production
of AGEs # 2. As AGEs can accelerate the
advancement and spread of breast cancer,
researches have recently revealed the direct effects
of diabetes-related hyperglycemia and hyper-
insulinemia and breast cancer relation %, In case of
Diabetes chronic hyperglycemia is the indicator of
unhealthy glycemic management. The brain and
other glucose-dependent tissues require a constant,
uninterrupted supply of glucose, which is
maintained by the pancreas actions in preventing
both postprandially and interprandial
hypoglycemia. The evolution and expansion of
diabetic complications, such as cardiovascular
disease, kidney disease, retinopathy, and
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neuropathy, can be significantly impacted by even
brief episodes of hyperglycemia or hypoglycemia
or by increased glycemic variability around healthy
mean glucose levels %°. It is currently known that
AGEs, as ligands, activate many intracellular
signaling cascades, resulting in a variety of
pathological conse%uences after binding to AGE
receptors (RAGE) *°. Several downstream effectors
of the RAGE pathway have been linked to cancer
immunity, cell proliferation, angiogenesis, and
metastases. Targeted RAGE silencing has been
shown to limit breast cancer cell growth and
invasion. Thus, it is fair to infer that AGEs
generated by diabetics may enhance breast cancer
invasion and metastasis via RAGE-mediated
signaling pathways.

FIG. 1: REPRESENT CAUSES AND RISK FACTOR ASSOCIATED WITH BREAST CANCER

RAGE Structure, Expression, Function: The
Receptor for Advanced Glycation End Products
(RAGE) is a multi-ligand receptor of the
immunoglobulin  (Ig) superfamily, structurally
divided into three segments: extracellular,
transmembrane, and intracellular ?.  The
extracellular segment, responsible for ligand
binding, comprises three Ig domains: V-type, C1-
type, and C2-type. This is followed by the
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transmembrane segment and a short, highly
charged intracellular segment that plays a key role
in signal transduction %%, The human RAGE gene
is located on the major histocompatibility complex
locus in the class 111 region of chromosome 6p21.3,
a gene-dense region containing many inflammatory
genes *°. In addition to cell surface RAGE, two
soluble forms of RAGE exist: SRAGE and
esSRAGE. sRAGE is generated by proteolytic
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cleavage of full-length RAGE (fIRAGE) by matrix
metalloproteinases (MMPs), integrin o (ITGa), and
ADAM-10 In contrast, esRAGE is an
endogenously secreted splice variant. Both forms
bind RAGE ligands, preventing their interaction
with fIRAGE, thereby functioning as ligand
inhibitors in humans. Cell surface RAGE and its
ligand interactions trigger inflammatory signaling
cascades both in-vitro and in-vivo, contributing to
the pathophysiology of various diseases *2. Recent
studies suggest that nuclear RAGE plays a distinct
role in DNA damage repair, though its exact
mechanism and involved cell types remain unclear
%% Thus, RAGE exhibits a dual function: as a cell
surface receptor, it drives pro-inflammatory
responses, while in the nucleus, it participates in
DNA repair.

Rage Ligands: Because of the presence of multiple
domains (V, C1, and C2), receptor isoforms, and
polymorphisms, RAGE is able to interact with a
series of different ligands.

AGEs: Advanced Glycation End Products (AGES)
are a diverse group of compounds formed through
the non-enzymatic glycation of proteins, lipids, and
nucleic acids by reducing sugars via the Maillard
reaction, which progresses through three stages:
early glycation, advanced glycation, and AGE
formation. Initially, reducing sugars react with free
amino groups of proteins, forming Schiff bases,
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which undergo further rearrangement to produce
Amadori products Over time, these
intermediate  products  undergo  oxidation,
dehydration, and condensation, leading to the
formation of irreversible AGEs. AGEs can be
classified into fluorescent AGEs (such as
pentosidine), non-fluorescent AGEs (such as Ne-
carboxymethyl-lysine [CML] and Ne-carboxyethyl-
lysine [CEL]), and cross-linking AGEs (such as
glucosepane) ' ¥ The formation of AGEs is
accelerated under hyperglycemic conditions,
oxidative stress, and inflammation, making them
critical in  the pathology of diabetes,
neurodegenerative diseases, and cardiovascular
disorders **. AGEs exert their effects by modifying
structural proteins, impairing their function, and
through interaction with the Receptor for Advanced

Glycation End Products (RAGE), triggering
intracellular signaling cascades that promote

inflammation, oxidative stress, and fibrosis ** .
Additionally, AGEs can be derived endogenously
through metabolic reactions or exogenously
through diet, particularly in heat-processed foods
1 The accumulation of AGEs contributes to tissue
damage, vascular dysfunction, and accelerated
aging, making their regulation an important
therapeutic target in metabolic and age-related
diseases *2.
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HMGBL1: High Mobility Group Box 1 (HMGB1)
is a highly conserved chromatin-binding protein
that functions as a nuclear, cytoplasmic, and
extracellular signalling molecule, playing crucial
roles in DNA organization, transcriptional
regulation, and immune responses .
Structurally, HMGB1 consists of two DNA-binding
domains (Box A and Box B) and an acidic C-
terminal tail, which regulate its interactions with
DNA and proteins. HMGB1 exists in different
forms based on its redox state, including fully
reduced HMGB1, disulfide HMGB1, and oxidized
HMGB1, each exhibiting distinct biological
activities *°.

In its fully reduced form, HMGBL1 primarily acts as
a chemotactic factor by binding to CXCL12 and
interacting with CXC chemokine receptor 4
(CXCR4), promoting cell migration and tissue
repair. Disulfidle HMGBLI, characterized by an
intramolecular disulfide bond in Box B, functions
as a pro-inflammatory mediator by activating Toll-
like receptor 4 (TLR4) and RAGE, leading to NF-
kB activation and cytokine release. Oxidized
HMGB1, which contains terminally oxidized
cysteines, loses its cytokine and chemotactic
activities and is involved in immunosuppression
and resolution of inflammation “® . HMGBL1 is
passively released from necrotic and damaged cells
or actively secreted by immune cells like
macrophages, dendritic cells, and neutrophils under
inflammatory conditions. Its extracellular release is
triggered by cellular stress, infection, hypoxia, and
oxidative damage, where it serves as a damage-
associated molecular pattern (DAMP) molecule,
amplifying immune responses. HMGB1-mediated
signalling is involved in sepsis, cancer,
neuroinflammation, and autoimmune diseases,
making it a potential therapeutic target for
inflammatory and immune-related disorders ¢ *°.

S100 Protein: S100 proteins are a large family of
calcium-binding proteins belonging to the EF-hand
super family, involved in diverse cellular functions,
including calcium signalling, inflammation,
immune response, cell proliferation, and apoptosis
%0. 51 The S100 family consists of more than 20
members (e.g., SI00A1, S100A4, S100B, S100P,
S100A12) that exhibit tissue-specific expression
and function both intracellularly and extracellularly
L Intracellularly, S100 proteins act as calcium
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sensors and signal transducers, modulating various
targets such as enzymes, cytoskeletal proteins, and
transcription factors. Extracellularly, S100 proteins
function as damage-associated molecular patterns
(DAMPs) by binding to Receptor for Advanced
Glycation End Products (RAGE) and Toll-like
receptors (TLRs), initiating inflammatory and
immune responses 2. Structurally, S100 proteins
typically form homodimers, heterodimers, or
oligomers, which influence their biological activity
and target interactions. Their formation is tightly
regulated by calcium, zinc, and redox status,
allowing them to mediate signal transduction in
response to cellular stress, injury, or infection >*>*,

Dysregulated S100 expression is implicated in
chronic inflammation, neurodegenerative diseases
(e.g., Alzheimer's, Parkinson’s), cancer
progression, and cardiovascular disorders, where
they act as biomarkers and potential therapeutic
targets. Elevated levels of S100B are associated
with brain injury and neuroinflammation, while
S100A4 and S100A12 play key roles in cancer
metastasis and atherosclerosis, respectively. Given
their broad functional scope, S100 proteins are
crucial regulators of cellular homeostasis and
pathological processes, making them significant in
disease diagnostics and treatment strategies > *°.

Rage in Diabetes: Because hyperglycaemia in
diabetes raises the formation of AGEs, the kidney
and other kidney cells such as the glomerular
basement membrane, mesangial cells, podocytes,
tubular cells, and vascular endothelial cells are
overloaded with AGEs, which promotes cellular
damage °" °®. A guanidine derivative called
aminoguanidine inhibits the production of AGE by
trapping reactive dicarbon. RAGE is a multi-ligand
pattern recognition receptor that plays a pivotal role
in diabetes and its complications >°. Type 2
diabetes mellitus (T2DM) is closely linked to
increased RAGE expression through chronic
hyperglycaemia, oxidative stress, and
inflammation. In T2DM, prolonged
hyperglycaemia leads to excessive formation of
advanced glycation end-products (AGEs), which
serve as primary ligands for RAGE®®. In
hyperglycaemic conditions, elevated levels of
advanced glycation end-products (AGEs) bind to
RAGE, triggering receptor activation and
downstream signaling cascades.
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This activation primarily involves the NF-xB
pathway, where AGES-RAGE interaction leads to
the activation of NADPH oxidase, increasing
reactive oxygen species (ROS) production. ROS, in
turn, activates NF-kB, which translocate to the
nucleus and promotes the transcription of pro-
inflammatory cytokines (TNF-a, IL-6), adhesion
molecules (VCAM-1, ICAM-1), and further RAGE
expression, creating a positive feedback loop %%,
Additionally, the RAGE signaling pathway
interacts with the MAPK and JAK/STAT
pathways, contributing to inflammation, apoptosis,
and vascular dysfunction. In type 3 diabetes, or
Alzheimer disease-related diabetes, RAGE also
mediates amyloid-p-induced neuroinflammation
and oxidative stress, exacerbating neuronal
damage. The persistent activation of RAGE
signaling in diabetes leads to chronic inflammation,
endothelial dysfunction, and progression of diabetic
complications such as nephropathy, retinopathy,
and atherosclerosis ® ®. Insulin resistance plays a
crucial role in accelerating the formation of AGEs,
which further contribute to metabolic dysfunction
and diabetic complications. In insulin-resistant
states, such as type 2 diabetes mellitus (T2DM) and
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obesity, impaired insulin signaling leads to chronic
hyperglycemia. Persistent high blood glucose levels
enhance the non-enzymatic glycation of proteins,
lipids, and nucleic acids, forming Schiff bases and
Amadori products, which ultimately undergo
irreversible chemical modifications to generate
AGEs °" % Additionally, insulin resistance is
associated with increased oxidative stress due to
mitochondrial ~ dysfunction  and  excessive
production of reactive oxygen species (ROS).
Oxidative stress promotes AGE formation by
accelerating glycoxidation reactions and lipid
peroxidation-derived AGE precursors, such as
malondialdehyde (MDA) and 4-hydroxy-2-nonenal
(HNE) ®°.

Moreover, insulin resistance impairs the clearance
of AGEs by reducing the expression of AGE-
detoxifying enzymes, such as glyoxalase-1, and
decreasing the activity of AGE-receptors involved
in AGE degradation, such as AGER1. The
accumulation of AGEs leads to their interaction
with the receptor for advanced glycation end-
products (RAGE), activating pro-inflammatory and
pro-fibrotic signalling pathways " "*.

TABLE 1: REPRESENT THE VARIOUS LIGAND OF RAGE, THEIR BINDING SITE AND THEIR FUNCTION

Ligand

Binding site

Function

Advanced Glycation End Products (AGESs)
HMGB1

Amyloid-B (AB)
S100 Proteins (S100B, S100A4, S100A12,
etc.)
Protein Diaphanous Homolog 1 (DIAPH1)
Brain-Derived Neurotrophic Factor (BDNF)
Epidermal Growth Factor Receptor (EGFR)

Myeloid Differentiation Primary Response 88
(MyD88)
Transforming Protein Ras Homolog Family
Member A (RhoA)
Toll-Like Receptor 9 (TLR9)
Formyl Peptide Receptors (FPRs)
Leukotriene B4 Receptor 1 (BLT1)

V-type domain
V-type domain

V-type domain
V-type and C1
domains
Cytoplasmic domain
V-type domain
V-type and C1
domains
Cytoplasmic domain

Cytoplasmic domain
Cytoplasmic domain

V-type domain
V-type domain

Promotes inflammation, oxidative stress, and
diabetic complications
Mediates inflammation, immune response, and cell
migration
Involved in Alzheimer's disease pathology
Regulate inflammation, calcium homeostasis, and
tumour progression

Facilitates RAGE-mediated intracellular signalling
Modulates neuronal survival and synaptic plasticity

Promotes tumour growth and cell proliferation

Links RAGE to TLR-mediated inflammatory
responses
Regulates cytoskeletal dynamics and cell migration

Enhances immune activation and inflammation
Modulates immune cell migration and response
Involved in inflammatory and immune responses

Non-Catalytic Region of Tyrosine Kinase Predicted Regulates intracellular signalling pathways
Adaptor Protein 1 (NCK1) intracellular binding
Chromosome 3 Open Reading Frame 52 Predicted Potential role in immune signalling

(C30rf52)
Mitogen-Activated Protein Kinase 5
(MAPK5)

intracellular binding
Cytoplasmic domain

Involved in signal transduction and cell survival

Rage in Breast Cancer: Several studies have
demonstrated that chronic inflammation plays a

International Journal of Pharmaceutical Sciences and Research

significant role in the development of tumours. The
activation of many transcription factors, primarily
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NF-kB, which controls the production of tumour-
promoting cytokines as well as survival genes like

Bel-XL, is crucial for the creation of an
inflammatory, pro-tumorigenic milieu . In a
positive feed-forward fashion, these soluble

substances subsequently attract and activate
immune cells of myeloid and lymphoid origin and
set off signalling pathways that result in the
creation of several pro-inflammatory mediators "It
has been linked to the development of several
malignancies and offers a crucial connection
between the build-up of AGEs and cancer through
its capacity to activate NF-xB, RAGE signalling,
and up-regulation. The presence of AGESs in human
cancers was initially = demonstrated by
immunohistochemical labelling in squamous cell
carcinomas of the throat, breast, colon, and
leiomyosarcomas, with significant heterogeneity
among tumour types ",

RAGE expression in a panel of breast cancer cell
lines was overanalysed. Metastatic TNBC cell lines
showed increased RAGE expression, while weakly
metastatic ERo+ breast cancer cell lines (MCF7,
T47D, and BT474) showed little to no RAGE
expression. Research study shows that, RAGE is
mostly expressed in breast cancer cell lines that are
ERa- and highly metastatic "> . Assessment of
open access Gene Expression Omnibus (GEO)
datasets for RAGE expression to assess the
relationship between RAGE and ERa-status.
According to research on subtype-specific breast
cancer, RAGE expression is considerably higher in
tumour samples from patients with invasive breast
cancer and basal type (mostly TNBC) breast cancer
than in non-basal type (mostly ERo+ cancer) and
normal breast cancer ', respectively.

The existence of an inflammatory micro-
environment in solid tumours, particularly breast
cancers, is now well acknowledged. A member of
the immunoglobulin superfamily of cell surface
molecules, receptor for advanced glycation end
products (RAGE) has been linked to chronic
inflammation, which accelerates the development
of certain types of cancer '®. Several molecular
signalling  pathways, including PI3K/AKT,
JAK/STAT, NF-kB, Ras/MAPK, Racl/cdc42,
p44/p42, p38, and SAP/JNK MAPK, as well as
transcription factors, including NF-kB, STATS3,
HIF-10, AP-1, and CREB, are activated when
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RAGE is stimulated by its ligands, AGEs,
HMGB1, and the S100 group of proteins. By
interacting with AGEs, HMGBL, or the S100 group
of proteins-which are mostly expressed during
pathological circumstances of glycation and
inflammation-RAGE functions as a master
regulator of the genesis, invasion, and metastasis of
tumours " ¥, Regardless of the cancer's genesis
place, genetic subtype, or stage of development, the
receptor-ligand combination is the primary target
for both prevention and effective therapy. It gives
medications that target RAGE and its ligands
preferential cytotoxicity; once these treatments are
found, they may be employed in conjunction with
traditional chemotherapy to effectively inhibit the
growth and spread of malignancies while having no
negative effects on healthy cells .

Rage Mediated Signalling Pathway in Breast
Cancer:

NF — kB signalling Pathway: One important
transcription factor that connects inflammation and
cancer is NF-kB. It is crucial for controlling
inflammation, cell line survival, and proliferation.
AGEs, HMGB1, and S100 proteins bind to RAGE,
leading to receptor oligomerization and activation

of intracellular adaptor proteins such as
Toll/interleukin-1  receptor  (TIR)  domain-
containing  adaptor protein  (TIRAP) and

MyD88.The RAGE signalling pathway activates
NADPH oxidase, leading to the generation of
reactive oxygen species (ROS), which serve as
secondary messengers %5,

ROS activates transforming growth factor-beta-
activated kinase 1 (TAK1), which subsequently
phosphorylates the kB kinase (IKK) complex. The
IKK complex consists of IKKa, IKKf, and IKKYy
(NEMO). Upon activation, IKKf phosphorylates
inhibitor of NF-«xB (IkBa), marking it for
ubiquitination and subsequent degradation by the
proteasome. The degradation of IkBa releases
p50/p65 (RelA) heterodimers, allowing them to
translocate into the nucleus.Once in the nucleus,
NF-kB regulates the expression of multiple genes
(TNF-a, IL-6, IL-8, & CCL-2) that contribute to
breast cancer progression. NF-kB activation via
RAGE promotes tumour invasion and metastasis by

increasing the expression of matrix
metalloproteinases (MMP-2, MMP-9), which
degrade the extracellular matrix (ECM) 8.
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MAPK/ERK Pathway: Many pathophysiological
alterations brought on by AGE have been linked to
the MAPK pathway. The MAPK/ERK signalling
pathway plays a crucial role in breast cancer
progression when activated via the RAGE 8. Upon
binding of AGEs or other RAGE ligands (such as
S100 proteins or HMGB1), RAGE undergoes
conformational changes, leading to the recruitment
and activation of intracellular adaptor proteins like
Src, TGF-B-activated kinase 1 (TAK1), and growth
factor receptor-bound protein 2 (GRB2). These
adaptors facilitate the activation of Ras, a small
GTPase that initiates the classical MAPK/ERK
cascade % . Activated Ras phosphorylates and
activates RAF (Rapidly Accelerated
Fibrosarcoma), which subsequently phosphorylates
MEK1/2 (MAPK/ERK Kkinase). MEK1/2 then
phosphorylates ERKZ1/2 (extracellular signal-
regulated kinases), leading to their translocation
into the nucleus, where they regulate transcription
factors such as c-Myc, Elk-1, and AP-1 ¥ %, These
transcription factors drive the expression of genes
associated with proliferation (cyclin D1, c-Myc),
survival (Bcl-2, Mcl-1), epithelial-to-mesenchymal
transition (EMT) markers (Snail, Twist, Zebl), and
invasion (MMP-2, MMP-9) %. Additionally,
RAGE-mediated ERK  activation  enhances
resistance to apoptosis by modulating Bcl-2 family
proteins and upregulating surviving. Chronic
activation of the RAGE-MAPK/ERK pathway also
fosters a pro-inflammatory  tumour micro-
environment by inducing cytokine secretion (IL-6,
TNF-0) and increasing oxidative stress through
NADPH oxidase activation, further sustaining
tumour progression. In breast cancer, particularly in
aggressive subtypes like triple-negative breast
cancer (TNBC), persistent RAGE-ERK signalling
promotes tumour cell proliferation, metastasis, and
chemoresistance, making it a potential therapeutic
target for anti-cancer interventions % .

JAK/STAT Pathway: The JAK/STAT (Janus
kinase/signal  transducer and activator  of
transcription) signalling pathway plays a crucial
role in breast cancer progression when activated via
the receptor for advanced glycation end-products
(RAGE) * . Upon binding of advanced glycation
end-products (AGESs) or other RAGE ligands (S100
proteins, HMGB1), RAGE undergoes activation,
leading to intracellular signalling cascades,
including the recruitment of Janus kinases (JAKS)
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% Activated JAKs phosphorylate specific tyrosine
residues on RAGE-associated adaptor proteins,
which in turn serve as docking sites for STAT
proteins (primarily STAT3 and STAT5 in breast
cancer). These STAT proteins are then
phosphorylated, leading to their dimerization and
translocation into the nucleus, where they function
as transcription factors to regulate genes involved
in inflammation, proliferation, invasion, and
metastasis . The RAGE-induced JAK/STAT
activation enhances the expression of key
oncogenes and pro-tumorigenic cytokines, such as
IL-6, IL-8, and VEGF, contributing to a chronic
inflammatory tumour microenvironment.
Moreover, sustained STAT3 activation promotes
epithelial-to-mesenchymal  transition  (EMT),
increases cancer stem cell-like properties, and
induces chemoresistance, all of which contribute to
breast cancer aggressiveness ' 12 STAT5
activation, on the other hand, has been linked to
hormone receptor signalling and tumour growth,
particularly in estrogen receptor-positive (ER+)
breast cancer subtypes '%. Additionally, RAGE-
mediated JAK/STAT signalling interacts with other
oncogenic pathways, including NF-kB and MAPK,
amplifying the inflammatory and proliferative
signals within the tumour microenvironment.
Targeting the JAK/STAT pathway in RAGE-
activated breast cancer may provide a promising
therapeutic approach to mitigate inflammation-
driven tumour progression and improve treatment
outcomes 1%,

PISBK/AKT Pathway: A class of lipid kinases

known as phosphoinositide 3-kinase (PI3K)
phosphorylates the 3’-OH group of
phosphatidylinositol (P at intracellular

membranes and plasma. The PI3K/Akt signalling
pathway plays a crucial role in breast cancer
progression when activated via the receptor for
advanced glycation end-products (RAGE). Upon
binding of AGEs or other RAGE ligands, such as
S100 proteins and HMGB1, RAGE undergoes
activation, triggering downstream  signalling
cascades, including the phosphoinositide 3-kinase
(PI3K)/Akt pathway %% Activation of RAGE
recruit’s adaptor molecules such as Grb2 and SOS,
which facilitate PI3K activation by phosphorylating
its regulatory subunit (p85) and activating the
catalytic subunit (p110) *®. This leads to the
conversion of PIP2 to PIP3, which acts as a
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docking site for Akt and phosphoinositide-
dependent kinase 1 (PDK1). PDK1 phosphorylates
Akt at Thr308, followed by additional
phosphorylation at Ser473 by mTORC2, leading to
full activation of Akt. Activated Akt promotes
breast cancer cell survival, proliferation, and
invasion by inhibiting pro-apoptotic factors such as
BAD and caspase-9 while upregulating cell cycle
regulators like cyclin D1. Additionally, Akt
activation suppresses the tumour suppressor PTEN,
further amplifying PI3K signalling ** '°. RAGE-
induced Akt activation also enhances epithelial-to-
mesenchymal transition (EMT) by increasing Snail,
Twist, and B-catenin levels, facilitating metastasis.
Furthermore, Akt activation stimulates mTORCI,
promoting protein synthesis, metabolic
reprogramming, and angiogenesis, which sustain
tumour growth .

Chronic RAGE activation in insulin-resistant and
inflammatory conditions exacerbates PI3K/Akt-
driven breast cancer progression, making it a
potential target for therapeutic intervention. In
breast cancer, the PISBK/AKT/mTOR pathway is
often dysregulated by several pathways, resulting
in mutations in tumour suppressor genes such as
INPP4B and PTEN phosphatases, as well as
increased PI3K activity and/or loss of PI3K
inhibitory activities ' 3. One of the most often
mutated PI3K genes is PIK3CA, which has
mutations at two hotspot regions: a histidine
residue (H1047) in the kinase domain and an acidic
cluster (E542, E545, and Q546) in the helical
domain. Activating mutations in the -catalytic
subunit of pl10a directly enhance lipid kinase
activity by allowing allosteric movements
necessary for catalysis on membranes, whereas
mutations on the helical domain mostly rely on the
loss of p85-dependent inhibitory action *** %>,

RAGE-Dependent  Crosstalk  with  ROS
Signalling: ROS signalling plays a critical role in
sustaining chronic inflammation, oxidative stress,
and cellular dysfunction in various pathological
conditions, including diabetes, neurodegenerative
disorders, and cancer **®**". The binding of RAGE
ligands, such as AGEs, S100 proteins, and
HMGBJ1, triggers a primary source of ROS
production in cells. This activation occurs through
the recruitment of intracellular adaptor proteins
such as TIRAP and MyD88, which lead to
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downstream activation of signalling cascades,
including NF-kB, MAPK, and PI3K/Akt pathways
18, 19 The stimulation of NOX increases
superoxide (O2) production, which undergoes
dismutation to hydrogen peroxide (H:0:), further
amplifying oxidative stress. Simultaneously, RAGE
activation inhibits antioxidant defines mechanisms
by down regulating the expression of key
detoxifying enzymes such as superoxide dismutase
(SOD), catalase, and glutathione peroxidase (GPx)
120121 The excessive accumulation of ROS
activates NF-xB, which translocate to the nucleus
and upregulates pro-inflammatory cytokines (TNF-
a, IL-6, IL-1B), adhesion molecules (VCAM-1,
ICAM-1), and matrix metalloproteinases (MMPs),
thereby  perpetuating a  pro-inflammatory
microenvironment.

Additionally, ROS-induced activation of MAPK
pathways (ERK, JNK, and p38) leads to enhanced
cell proliferation, apoptosis resistance, and
epithelial-to-mesenchymal  transition ~ (EMT),
contributing to tumour progression in cancer 2%,
In metabolic disorders like diabetes, RAGE-ROS
signalling disrupts insulin signalling by promoting
IRS-1 serine phosphorylation, leading to insulin
resistance and f-cell dysfunction. Furthermore,
ROS-mediated oxidation of DNA, lipids, and
proteins  exacerbates cellular damage and
accelerates aging and neurodegeneration. This
vicious cycle of RAGE-dependent ROS generation
and subsequent oxidative stress-driven
inflammation creates a self-sustaining loop,
amplifying disease progression. Given its central
role in oxidative stress and inflammation, targeting
RAGE-ROS crosstalk using antioxidants, NOX
inhibitors, or RAGE antagonists presents a
promising therapeutic strategy for mitigating the
?Z%thological consequences of chronic diseases ***

The most prevalent ROS are hydrogen peroxide
(H20) and superoxide (O,e—), which are regular
byproducts of several enzymes and metabolic
processes. But under the right circumstances, even
more hazardous and reactive species such the
hydroxyl radical (eOH), singlet dioxygen, and
RNS (reactive nitrogenous species) are also
produced '*°. Even in healthy mitochondria, the
production of ROS is a collateral small activity that
cannot be completely eradicated, in addition to
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water. It is a natural by product of using oxygen as
an electron acceptor ETC. Numerous oxidases and
secondary metabolic activities produce H,0,,
whereas the mitochondria and cytoplasm produce
trace quantities of superoxide anion. SOD converts
superoxide to hydrogen peroxide 2" *®. The idea
that any ROS is bad for cells and that any
antioxidant is good is a misconception, even though
ROS are often linked to potentially negative
consequences. Since, ROS are signal molecules
required to control proper metabolism, cell
development, differentiation, apoptosis, and
autophagy, the production of small levels of ROS
under physiological concentrations is a normal
process **°. The activity of a number of enzymes
that preserve the intracellular redox balance is
intimately linked to the processes that control ROS
levels. Pro-oxidant enzymes, which are often
oxidases, and antioxidant enzymes, which scavenge
reactive oxygen species, are the two main
categories. Both groups contribute to the redox
equilibrium, respond to different stimuli, and
follow different roles; the imbalance in these
activities brought on by the first group
preponderance is mostly to blame for the
emergence of oxidative stress =** 3,

CONCLUSION: The AGE-RAGE axis represents
a pivotal molecular link between diabetes and
breast cancer, driving chronic inflammation,
oxidative stress, and metabolic dysfunction, which
contribute to tumor initiation, progression, and
metastasis. Persistent hyperglycaemia and insulin
resistance in diabetes enhance AGE accumulation,
leading to sustained RAGE activation and the
induction of key oncogenic pathways such as NF-
kB, PI3K/Akt, MAPK, and JAK/STAT. These
signaling cascades not only promote cancer cell
proliferation, epithelial-to-mesenchymal transition
(EMT), and angiogenesis but also remodel the

tumor microenvironment (TME) to support
immune evasion and therapy resistance.
Additionally, diabetes-induced metabolic

alterations, including hyperinsulinemia, increased
IGF-1 signaling, and the Warburg effect, further
exacerbate breast cancer progression by fueling
cellular growth and survival mechanisms. The
interplay between RAGE signaling and ROS
generation perpetuates a vicious cycle of
inflammation and oxidative damage, enhancing
genomic instability and fostering a tumor-
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promoting milieu. Given the growing evidence
linking diabetes and breast cancer through the
AGE-RAGE axis, targeting this pathway emerges
as a promising therapeutic strategy. Potential
interventions include RAGE antagonists, AGE
inhibitors, and lifestyle modifications aimed at
reducing AGE accumulation and RAGE activation.
Further research is necessary to explore the clinical
applications of RAGE-targeted therapies and their
efficacy in breaking the pathological connection
between diabetes and breast cancer. By elucidating
the molecular intricacies of the AGE-RAGE axis,
future studies may pave the way for novel
therapeutic approaches that mitigate both metabolic
disorders and cancer progression, ultimately
improving patient outcomes.

Future Perspective: As the molecular interplay
between diabetes and breast cancer via the AGE-
RAGE axis becomes increasingly evident, future
research should focus on targeted interventions that
disrupt this pathological link. One promising
avenue is the development of RAGE antagonists,
soluble RAGE (sRAGE), and small-molecule
inhibitors that block RAGE-ligand interactions,
thereby preventing chronic inflammation and
tumor-promoting signaling. Additionally, AGE
inhibitors, such as amino guanidine and ALT-711,
could be explored for their potential to reduce AGE
accumulation and mitigate RAGE activation in
both metabolic and cancerous conditions. Given the
role of oxidative stress in AGE-RAGE signaling,
antioxidant-based therapies, including natural
compounds like resveratrol and curcumin, may
serve as adjunct strategies to attenuate ROS-driven
tumor progression.

Moreover,  precision  medicine  approaches
integrating genetic, epigenetic, and metabolic
profiling of patients with diabetes and breast cancer
could aid in identifying high-risk individuals and
tailoring targeted therapies. Clinical studies
evaluating the impact of glycemic control on breast
cancer incidence and progression are essential to
establish metabolic management as a preventive
strategy. Additionally, investigating the role of the
AGE-RAGE axis in different breast cancer
subtypes, particularly triple-negative and hormone
receptor-positive tumors, could provide insights
into subtype-specific therapeutic interventions.
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Lifestyle  modifications, including  dietary
interventions to limit dietary AGE intake and
exercise regimens to improve insulin sensitivity,
should also be explored as potential non-
pharmacological strategies to disrupt AGE-RAGE
signaling. Future studies should also focus on the
crosstalk between the AGE-RAGE axis and the
tumor microenvironment, particularly immune cell
infiltration, fibroblast activation, and vascular
remodeling, to identify novel therapeutic targets.

Overall, a multidisciplinary approach integrating
metabolic regulation, inflammation control, and
cancer-targeted therapies is crucial to developing
effective treatment strategies for patients at the
intersection of diabetes and breast cancer. By
further elucidating the molecular mechanisms and
clinical implications of the AGE-RAGE axis,
future research can pave the way for innovative
therapeutic strategies aimed at improving both
metabolic and oncologic outcomes.

ACKNOWLEDGEMENT: We acknowledge
HIMT College of Pharmacy, Greater Noida,
AKTU, for providing essential support during
preparation of manuscript.

CONFLICTS OF INTEREST: Authors, affirm
that we don’t have any conflict of interest.

REFERENCES:

1. Schwartz SM: Epidemiology of Cancer. Clin Chem 2024,
70(1): 140-149. doi:10.1093/clinchem/hvad202

2. Sung H, Ferlay J and Siegel RL: Global Cancer Statistics
2020: GLOBOCAN Estimates of Incidence and Mortality
Worldwide for 36 Cancers in 185 Countries. CA Cancer J
Clin 2021; 71(3): 209-249. doi:10.3322/caac.21660

3. Sathishkumar K, Chaturvedi M, Das P, Stephen S and
Mathur P: Cancer incidence estimates for 2022 &amp;
projection for 2025. Indian Journal of Medical Research.
2022; 156(4&5): 598-607. doi:10.4103/ijmr.ijmr_1821_22

4. Brenner DR, Carbonell C and O’Sullivan DE: Exploring
the Future of Cancer Impact in Alberta: Projections and
Trends 2020-2040. Current Oncology 2023; 30(11): 9981-
9995. doi:10.3390/curroncol30110725

5.  Anand P, Kunnumakara AB and Sundaram C: Cancer is a
preventable disease that requires major lifestyle changes.
Pharm Res 2008; 25(9): 2097-2116. doi:10.1007/s11095-
008-9661-9

6. Coller HA: Is Cancer a Metabolic Disease? Am J Pathol
2014; 184(1): 4-17. doi:10.1016/j.ajpath.2013.07.035

7. Vander Heiden MG, Cantley LC and Thompson CB:
Understanding the Warburg Effect: The Metabolic
Requirements of Cell Proliferation. Science (1979). 2009;
324(5930): 1029-1033. doi:10.1126/science.1160809

8. Barzaman K, Karami J and Zarei Z: Breast cancer:
Biology, biomarkers, and treatments. Int

International Journal of Pharmaceutical Sciences and Research

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21,

22.

23.

E-ISSN: 0975-8232; P-ISSN: 2320-5148

Immunopharmacol 2020; 84: 106535.
doi:10.1016/j.intimp.2020.106535

Arnold M, Morgan E and Rumgay H: Current and future
burden of breast cancer: Global statistics for 2020 and
2040. The Breast 2022; 66: 15-23.
doi:10.1016/j.breast.2022.08.010

Gucalp A, Traina TA and Eisner JR: Male breast cancer: a
disease distinct from female breast cancer. Breast Cancer
Res Treat 2019; 173(1): 37-48. doi:10.1007/s10549-018-
4921-9

Fox S, Speirs V and Shaaban AM: Male breast cancer: an
update. Virchows Archiv 2022; 480(1): 85-93.
doi:10.1007/s00428-021-03190-7

Tav€ar Kunsti¢ T, Debeljak N and Fon Tacer K:
Heterogeneity in hormone-dependent breast cancer and
therapy: Steroid hormones, HER2, melanoma antigens,
and cannabinoid receptors. Advances in Cancer Biology -
Metastasis 2023; 7 100086.
doi:10.1016/j.adcanc.2022.100086

Alanko J, Tanner M, Vanninen R, Auvinen A and Isola J:
Triple-negative and HER2-positive breast cancers found
by mammography screening show excellent prognosis.
Breast Cancer Res Treat 2021; 187(1): 267-274.
doi:10.1007/s10549-020-06060-z

Li Z, Wei H, Li S, Wu P and Mao X: The Role of
Progesterone Receptors in Breast Cancer. Drug Des Devel
Ther 2022; 16: 305-314. doi:10.2147/DDDT.S336643

Tan H, Yi L, Rote NS, Hurd WW and Mesiano S:
Progesterone Receptor-A and -B Have Opposite Effects on
Proinflammatory Gene Expression in Human Myometrial
Cells: Implications for Progesterone Actions in Human
Pregnancy and Parturition. J Clin Endocrinol Metab 2012;
97(5): 719-730. d0i:10.1210/jc.2011-3251

Siddiqui AN, Khayyam KU and Sharma M: Effect of
diabetes mellitus on tuberculosis treatment outcome and
adverse reactions in patients receiving directly observed
treatment strategy in India: a prospective study. Biomed
Res Int 2016; 2016: 1-11. doi:10.1155/2016/7273935
Anwer T, Sharma M, Pillai KK, Haque SE, Alam MM and
Zaman MS: Protective effect of bezafibrate on
streptozotocin-induced oxidative stress and toxicity in rats.
Toxicology 2007; 229(1-2): 165-172.
d0i:10.1016/j.tox.2006.10.016

Diabetes Statistics - NIDDK. Accessed February 21, 2025.
https://www.niddk.nih.gov/health-information/health-
statistics/diabetes-statistics

Khan MAB, Hashim MJ, King JK, Govender RD, Mustafa
H and Al Kaabi J: Epidemiology of Type 2 Diabetes —
Global Burden of Disease and Forecasted Trends. J
Epidemiol  Glob  Health  2019; 10(1):  107.
d0i:10.2991/jegh.k.191028.001

What Is Diabetes? - NIDDK. Accessed February 21, 2025.
https://www.niddk.nih.gov/health-
information/diabetes/overview/what-is-diabetes

Chang CC, Chen CY and Chang GD: Hyperglycemia and
advanced glycation end products (AGEs) suppress the
differentiation of 3T3-L1 preadipocytes. Oncotarget 2017;
8(33): 55039-55050. doi:10.18632/oncotarget.18993
Hammoudi N, Riaz Ahmed KB, Garcia-Prieto C and
Huang P: Metabolic alterations in cancer cells and
therapeutic implications. Chin J Cancer 2011; 30(8): 508-
525. doi:10.5732/cjc.011.10267

Singh VP, Bali A, Singh N and Jaggi AS: Advanced
Glycation End Products and Diabetic Complications. The
Korean Journal of Physiology & Pharmacology 2014;
18(1): 1. doi:10.4196/kjpp.2014.18.1.1

2932



Rashmi, 1JPSR, 2025; Vol. 16(11): 2922-2936.

24.

25.

26.

27.

28.

29.

30.

3L

32.

33.

34.

35.

36.

37.

38.

39.

40.

International Journal of Pharmaceutical Sciences and Research

Giovannucci E, Harlan DM and Archer MC: Diabetes and
Cancer. Diabetes Care 2010; 33(7): 1674-1685.
doi:10.2337/dc10-0666

Palsson R and Patel UD: Cardiovascular Complications of
Diabetic Kidney Disease. Adv Chronic Kidney Dis 2014;
21(3): 273-280. doi:10.1053/j.ackd.2014.03.003
Bongarzone S, Savickas V, Luzi F and Gee AD: Targeting
the Receptor for Advanced Glycation endproducts
(RAGE): A Medicinal Chemistry Perspective. J Med
Chem 2017, 60(17): 7213-7232.
doi:10.1021/acs.jmedchem.7b00058

Senatus LM and Schmidt AM: The AGE-RAGE Axis:
Implications for Age-Associated Arterial Diseases. Front
Genet 2017; 8. doi:10.3389/fgene.2017.00187

Fritz G: RAGE: a single receptor fits multiple ligands.
Trends Biochem Sci  2011; 36(12): 625-632.
doi:10.1016/j.tibs.2011.08.008

Hu H, Jiang H, Ren H, Hu X, Wang X and Han C: AGEs
and chronic subclinical inflammation in diabetes: disorders
of immune system. Diabetes Metab Res Rev 2015; 31(2):
127-137. doi:10.1002/dmrr.2560

Dong H, Zhang Y, Huang Y and Deng H: Pathophysiology
of RAGE in inflammatory diseases. Front Immunol 2022;
13. d0i:10.3389/fimmu.2022.931473

Raucci A, Cugusi S and Antonelli A: A soluble form of the
receptor for advanced glycation endproducts (RAGE) is
produced by proteolytic cleavage of the membrane-bound
form by the sheddase a disintegrin and metalloprotease 10
(ADAM10). The FASEB Journal 2008; 22(10): 3716-
3727. doi:10.1096/fj.08-109033

Chavakis T, Bierhaus A and Nawroth PP: RAGE (receptor
for advanced glycation end products): a central player in
the inflammatory response. Microbes Infect 2004; 6(13):
1219-1225. doi:10.1016/j.micinf.2004.08.004

Kumar V, Fleming T and Terjung S: Homeostatic nuclear
RAGE-ATM interaction is essential for efficient DNA
repair. Nucleic Acids Res 2017; 45(18): 10595-10613.
doi:10.1093/nar/gkx705

Twarda-Clapa A, Olczak A, Bialkowska AM and
Koziotkiewicz M: Advanced Glycation End-Products
(AGEs): Formation, Chemistry, Classification, Receptors,
and Diseases Related to AGEs. Cells 2022; 11(8): 1312.
doi:10.3390/cells11081312

Luevano-Contreras C and Chapman-Novakofski K:
Dietary Advanced Glycation End Products and Aging.
Nutrients 2010; 2(12): 1247-1265. doi:10.3390/nu2121247
Perrone A, Giovino A, Benny J and Martinelli F:
Advanced Glycation End Products (AGEs): Biochemistry,
Signaling, Analytical Methods, and Epigenetic Effects.
Oxid Med Cell Longev 2020; 2020: 1-18. doi:
10.1155/2020/3818196

Twarda-Clapa A, Olczak A, Biatkowska AM and
Koziotkiewicz M: Advanced glycation end-products
(ages): formation, chemistry, classification, receptors, and
diseases related to AGEs. Cells 2022; 11(8): 1312.
d0i:10.3390/cells11081312

Rungratanawanich W, Qu Y, Wang X, Essa MM and Song
BJ: Advanced glycation end products (AGEs) and other
adducts in aging-related diseases and alcohol-mediated
tissue injury. Exp Mol Med 2021; 53(2): 168-188.
doi:10.1038/s12276-021-00561-7

Wang L, Jiang Y and Zhao C: The effects of advanced
glycation end-products on skin and potential anti-glycation
strategies. Exp Dermatol 2024; 33(4).
doi:10.1111/exd.15065

Khalid M, Petroianu G and Adem A: Advanced glycation
end products and diabetes mellitus: mechanisms and

41.

42,

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

E-ISSN: 0975-8232; P-ISSN: 2320-5148

Perspectives.  Biomolecules
doi:10.3390/biom12040542
Nowotny K, Schroter D, Schreiner M and Grune T:
Dietary advanced glycation end products and their
relevance for human health. Ageing Res Rev 2018; 47: 55-
66. doi:10.1016/j.arr.2018.06.005

Chaudhuri J, Bains Y and Guha S: The Role of Advanced
Glycation End Products in Aging and Metabolic Diseases:
Bridging Association and Causality. Cell Metab 2018;
28(3): 337-352. d0i:10.1016/j.cmet.2018.08.014

Yuan S, Liu Z, Xu Z, Liu J and Zhang J: High mobility
group box 1 (HMGB1): a pivotal regulator of
hematopoietic malignancies. J Hematol Oncol 2020; 13(1):
91. doi:10.1186/s13045-020-00920-3

Chen R, Kang R and Tang D: The mechanism of HMGB1
secretion and release. Exp Mol Med 2022; 54(2): 91-102.
doi:10.1038/s12276-022-00736-w

Mandke P and Vasquez KM: Interactions of high mobility
group box protein 1 (HMGB1) with nucleic acids:
Implications in DNA repair and immune responses. DNA
Repair (Amst) 2019; 83: 102701.
doi:10.1016/j.dnarep.2019.102701

Kwak MS, Kim HS, Lee B, Kim YH, Son M and Shin JS:
Immunological ~ Significance of HMGB1  Post-
Translational Modification and Redox Biology. Front
Immunol 2020; 11. doi:10.3389/fimmu.2020.01189
Schiraldi M, Raucci A and Mufioz LM: HMGB1 promotes
recruitment of inflammatory cells to damaged tissues by
forming a complex with CXCL12 and signaling via
CXCRA4. Journal of Experimental Medicine 2012; 209(3):
551-563. d0i:10.1084/jem.20111739

Andersson U and Tracey KJ: HMGBL Is a Therapeutic
Target for Sterile Inflammation and Infection. Annu Rev
Immunol 2011; 29(1): 139-162. doi:10.1146/annurev-
immunol-030409-101323

Chen R, Kang R and Tang D: The mechanism of HMGB1
secretion and release. Exp Mol Med 2022; 54(2): 91-102.
d0i:10.1038/s12276-022-00736-w

Donato R: Functional roles of S100 proteins, calcium-
binding proteins of the EF-hand type. Biochimica et
Biophysica Acta (BBA) - Molecular Cell Research 1999;
1450(3): 191-231. doi:10.1016/S0167-4889(99)00058-0
Donato R, Cannon BR and Sorci G: Functions of S100
proteins. Curr Mol Med 2013; 13(1): 24-57.

Lesniak W and Filipek A: S100 Proteins Intracellular and
Extracellular  Function in Norm and Pathology.
Biomolecules 2024; 14(4): 432.
d0i:10.3390/biom14040432

Lesniak W and Filipek A: S100 Proteins Intracellular and
Extracellular  Function in  Norm and Pathology.
Biomolecules 2024; 14(4): 432.
doi:10.3390/biom14040432

Gonzalez LL, Garrie K and Turner MD: Role of S100
proteins in health and disease. Biochimica et Biophysica
Acta (BBA) - Molecular Cell Research 2020; 1867(6):
118677. doi:10.1016/j.bbamcr.2020.118677

Zhou Y, Zha Y, Yang Y, Ma T, Li H and Liang J: S100
proteins in cardiovascular diseases. Molecular Medicine
2023; 29(1): 68. doi:10.1186/s10020-023-00662-1
Gonzalez LL, Garrie K and Turner MD: Role of S100
proteins in health and disease. Biochimica et Biophysica
Acta (BBA) - Molecular Cell Research 2020; 1867(6):
118677. doi:10.1016/j.bbamcr.2020.118677

Wu T, Ding L, Andoh V, Zhang J and Chen L: The
Mechanism of Hyperglycemia-Induced Renal Cell Injury
in Diabetic Nephropathy Disease: An Update. Life 2023;
13(2): 539. doi:10.3390/1ife13020539

2022;  12(4):  542.

2933



Rashmi, 1JPSR, 2025; Vol. 16(11): 2922-2936.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

International Journal of Pharmaceutical Sciences and Research

Guo J, Zheng HJ and Zhang W: Accelerated Kidney Aging
in Diabetes Mellitus. Oxid Med Cell Longev. 2020; 2020:
1-24. doi:10.1155/2020/1234059

Soulis T, Cooper ME, Vranes D, Bucala R and Jerums G:
Effects of aminoguanidine in preventing experimental
diabetic nephropathy are related to the duration of
treatment.  Kidney Int  1996; 50(2): 627-634.
doi:10.1038/ki.1996.358

Khalid M, Petroianu G and Adem A: Advanced Glycation
End Products and Diabetes Mellitus: Mechanisms and
Perspectives.  Biomolecules  2022; 12(4): 542.
doi:10.3390/biom12040542

Galicia-Garcia U, Benito-Vicente A and Jebari S:
Pathophysiology of Type 2 Diabetes Mellitus. Int J Mol
Sci 2020; 21(17): 6275. doi:10.3390/ijms21176275
Chen'Y, Meng Z, Li Y, Liu S, Hu P and Luo E: Advanced
glycation end products and reactive oxygen species:
uncovering the potential role of ferroptosis in diabetic
complications. Molecular Medicine 2024; 30(1): 141.
doi:10.1186/s10020-024-00905-9

Mengstie MA, Chekol Abebe E and Behaile Teklemariam
A: Endogenous advanced glycation end products in the
pathogenesis of chronic diabetic complications. Front Mol
Biosci 2022; 9. doi:10.3389/fmolb.2022.1002710

Khalid M, Petroianu G and Adem A: Advanced Glycation
End Products and Diabetes Mellitus: Mechanisms and
Perspectives.  Biomolecules ~ 2022;  12(4):  542.
doi:10.3390/biom12040542

Nguyen TT, Ta QTH, Nguyen TKO, Nguyen TTD and
Van Giau V: Type 3 Diabetes and Its Role Implications in
Alzheimer’s Disease. Int J Mol Sci 2020; 21(9): 3165.
doi:10.3390/ijms21093165

Kandimalla R, Thirumala V and Reddy PH: Is
Alzheimer’s disease a Type 3 Diabetes? A critical
appraisal. Biochimica et Biophysica Acta (BBA) -
Molecular Basis of Disease 2017; 1863(5): 1078-1089.
doi:10.1016/j.bbadis.2016.08.018

Zhao WQ and Townsend M: Insulin resistance and
amyloidogenesis as common molecular foundation for
type 2 diabetes and Alzheimer’s disease. Biochimica et
Biophysica Acta (BBA) - Molecular Basis of Disease
2009; 1792(5): 482-496. doi:10.1016/j.bbadis.2008.10.014
Lee SH, Park SY and Choi CS: Insulin Resistance: From
Mechanisms to Therapeutic Strategies. Diabetes Metab J
2022; 46(1): 15-37. d0i:10.4093/dm;j.2021.0280

Ishrat N, Khan H, Patel OPS, Mahdi AA, Mujeeb F and
Ahmad S: Role of Glycation in Type 2 Diabetes Mellitus
and Its Prevention through Nymphaea Species. Biomed
Res Int 2021; 2021(1). doi:10.1155/2021/7240046

Rowan S, Bejarano E and Taylor A: Mechanistic targeting
of advanced glycation end-products in age-related
diseases. Biochimica et Biophysica Acta (BBA) -
Molecular Basis of Disease 2018; 1864(12): 3631-3643.
doi:10.1016/j.bbadis.2018.08.036

Song F and Schmidt AM: Glycation and Insulin
Resistance. Arterioscler Thromb Vasc Biol 2012; 32(8):
1760-1765. doi:10.1161/ATVBAHA.111.241877

Park M and Hong J: Roles of NF-xB in Cancer and
Inflammatory Diseases and Their Therapeutic Approaches.
Cells 2016; 5(2): 15. doi:10.3390/cells5020015

Multhoff G, Molls M and Radons J: Chronic Inflammation
in Cancer Development. Front Immunol 2012; 2.

Pavitra E, Kancharla J and Gupta VK: The role of NF-xB
in breast cancer initiation, growth, metastasis, and
resistance  to  chemotherapy. Biomedicine &
Pharmacotherapy 2023; 163: 114822.
doi:10.1016/j.biopha.2023.114822

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

E-ISSN: 0975-8232; P-ISSN: 2320-5148

Nasser MW, Wani NA and Ahirwar DK: RAGE Mediates
S100A7-Induced Breast Cancer Growth and Metastasis by
Modulating the Tumor Microenvironment. Cancer Res
2015; 75(6): 974-985. doi:10.1158/0008-5472.CAN-14-
2161

Nasser MW, Ahirwar DK and Ganju RK: RAGE: A novel
target for breast cancer growth and metastasis.
Oncoscience 2016; 3(2): 52-53.
doi:10.18632/oncoscience.294

Pau Ni IB, Zakaria Z and Muhammad R: Gene expression
patterns distinguish breast carcinomas from normal breast
tissues: the Malaysian context. Pathol Res Pract 2010;
206(4): 223-228. doi:10.1016/j.prp.2009.11.006

Nasser MW, Wani NA and Ahirwar DK: RAGE Mediates
S100A7-Induced Breast Cancer Growth and Metastasis by
Modulating the Tumor Microenvironment. Cancer Res
2015; 75(6): 974-985. doi:10.1158/0008-5472.CAN-14-
2161

Palanissami G and Paul SFD: RAGE and Its Ligands:
Molecular Interplay Between Glycation, Inflammation,
and Hallmarks of Cancer a Review. Horm Cancer 2018;
9(5): 295-325. doi:10.1007/s12672-018-0342-9

Ageeva T, Rizvanov A and Mukhamedshina Y: NF-xB
and JAK/STAT Signaling Pathways as Crucial Regulators
of Neuroinflammation and Astrocyte Modulation in Spinal
Cord Injury. Cells 2024; 13(7): 581.
doi:10.3390/cells13070581

Riehl A, Németh J, Angel P and Hess J: The receptor
RAGE: Bridging inflammation and cancer. Cell
Communication and Signaling 2009; 7(1): 12.
doi:10.1186/1478-811X-7-12

Park M and Hong J: Roles of NF-kB in Cancer and
Inflammatory Diseases and Their Therapeutic Approaches.
Cells 2016; 5(2): 15. doi:10.3390/cells5020015

Hoesel B and Schmid JA: The complexity of NF-xB
signaling in inflammation and cancer. Mol Cancer 2013;
12(1): 86. doi:10.1186/1476-4598-12-86

Hinz M and Scheidereit C: The IkB kinase complex in
<scp>NF</scp> -kB regulation and beyond. EMBO Rep.
2014; 15(1): 46-61. doi:10.1002/embr.201337983

Zhang J, Clark K, Lawrence T, Peggie MW and Cohen P:
An unexpected twist to the activation of IKKfp: TAKI1
primes IKKp for activation by autophosphorylation.
Biochemical  Journal 2014;  461(3):  531-537.
doi:10.1042/BJ20140444

Dai Y, Chen S and Wang L: Disruption of IkB Kinase
(IKK)-mediated RelA Serine 536 Phosphorylation
Sensitizes Human Multiple Myeloma Cells to Histone
Deacetylase (HDAC) Inhibitors. Journal of Biological
Chemistry 2011, 286(39): 34036-34050.
doi:10.1074/jbc.M111.284216

Li X and Stark GR: NF«B-dependent signaling pathways.
Exp Hematol 2002; 30(4): 285-296. doi:10.1016/S0301-
472X(02)00777-4

Zhou M, Zhang Y and Shi L: Activation and modulation
of the AGEs-RAGE axis: Implications for inflammatory
pathologies and therapeutic interventions — A review.
Pharmacol Res 2024; 206: 107282.
doi:10.1016/j.phrs.2024.107282

Leclerc E, Fritz G, Vetter SW and Heizmann CW: Binding
of S100 proteins to RAGE: An update. Biochimica et
Biophysica Acta (BBA) - Molecular Cell Research 2009;
1793(6): 993-1007. doi:10.1016/j.bbamcr.2008.11.016
Kim HJ, Jeong MS and Jang SB: Molecular
Characteristics of RAGE and Advances in Small-Molecule
Inhibitors. Int J Mol Sci 2021; 22(13): 6904.
doi:10.3390/ijms22136904

2934



Rashmi, 1JPSR, 2025; Vol. 16(11): 2922-2936.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

International Journal of Pharmaceutical Sciences and Research

Cook SJ, Stuart K, Gilley R and Sale MJ: Control of cell
death and mitochondrial fission by <scp>ERK</scp> 1/2
<scp>MAP</scp> kinase signalling. FEBS J 2017
284(24): 4177-4195. d0i:10.1111/febs.14122

Li L, Zhao GD, Shi Z, Qi LL, Zhou LY and Fu ZX: The
Ras/Raf/MEK/ERK signaling pathway and its role in the
occurrence and development of HCC. Oncol Lett 2016;
12(5): 3045-3050. doi:10.3892/01.2016.5110

Palanissami G and Paul SFD: AGEs and RAGE: metabolic
and molecular signatures of the glycation-inflammation
axis in malignant or metastatic cancers. Explor Target
Antitumor Ther. Published online September 28, 2023;
812-849. d0i:10.37349/etat.2023.00170

Chen X, Liu Q and Wu E: The role of HMGBL1 in
digestive cancer. Biomedicine & Pharmacotherapy 2023;
167: 115575. doi:10.1016/j.biopha.2023.115575
Salaroglio IC, Mungo E, Gazzano E, Kopecka J and
Riganti C: ERK is a Pivotal Player of Chemo-Immune-
Resistance in Cancer. Int J Mol Sci 2019; 20(10): 2505.
d0i:10.3390/ijms20102505

Xue C, Yao Q and Gu X: Evolving cognition of the JAK-
STAT signaling pathway: autoimmune disorders and
cancer. Signal Transduct Target Ther 2023; 8(1): 204.
doi:10.1038/s41392-023-01468-7

El-Far AH, Sroga G, Al Jaouni SK and Mousa SA: Role
and Mechanisms of RAGE-Ligand Complexes and RAGE-
Inhibitors in Cancer Progression. Int J Mol Sci 2020;
21(10): 3613. d0i:10.3390/ijms21103613

Idoudi S, Bedhiafi T and Pedersen S: Role of HMGB1 and
its associated signaling pathways in human malignancies.
Cell Signal 2023; 112: 110904.
doi:10.1016/j.cellsig.2023.110904

El-Far AH, Sroga G, Al Jaouni SK and Mousa SA: Role
and Mechanisms of RAGE-Ligand Complexes and RAGE-
Inhibitors in Cancer Progression. Int J Mol Sci 2020;
21(10): 3613. d0i:10.3390/ijms21103613

Brooks AJ and Putoczki T: JAK-STAT Signalling
Pathway in Cancer. Cancers (Basel) 2020; 12(7): 1971.
doi:10.3390/cancers12071971

Huang B, Lang X and Li X: The role of IL-
6/JAK2/STAT3 signaling pathway in cancers. Front Oncol
2022; 12. d0i:10.3389/fonc.2022.1023177

Hirano T: IL-6 in inflammation, autoimmunity and cancer.
Int Immunol 2021; 33(3): 127-148.
doi:10.1093/intimm/dxaa078

Oueslati M, Bettaieb I, Ben Younes R, Gamoudi A, Rahal
K and Oueslati R: STAT-5 and STAT-6 in Breast Cancer:
Potential Crosstalk With Estrogen and Progesterone
Receptors Can Affect Cell Proliferation and Metastasis. J
Clin Med Res 2022; 14(10): 416-424.
doi:10.14740/jocmr4 785

WANG SW and SUN YM: The IL-6/JJAK/STAT3
pathway: Potential therapeutic strategies in treating
colorectal cancer. Int J Oncol 2014; 44(4): 1032-1040.
doi:10.3892/ij0.2014.2259

Liu P, Cheng H, Roberts TM and Zhao JJ: Targeting the
phosphoinositide 3-kinase pathway in cancer. Nat Rev
Drug Discov 2009; 8(8): 627-644. doi:10.1038/nrd2926
Arcaro A and Guerreiro A: The Phosphoinositide 3-Kinase
Pathway in Human Cancer: Genetic Alterations and
Therapeutic Implications. Curr Genomics 2007; 8(5): 271-
306. doi:10.2174/138920207782446160

Akinleye A, Avvaru P, Furgan M, Song Y and Liu D:
Phosphatidylinositol 3-kinase (PI3K) inhibitors as cancer
therapeutics. J Hematol Oncol 2013; 6(1): 88.
doi:10.1186/1756-8722-6-88

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

110.

120.

121.

122.

123.

E-ISSN: 0975-8232; P-ISSN: 2320-5148

Brock C, Schaefer M and Reusch HP: Roles of Gfy in
membrane recruitment and activation of pl10y/pl01
phosphoinositide 3-kinase y. J Cell Biol 2003; 160(1): 89-
99. doi:10.1083/jcb.200210115

Miricescu D, Totan A, Stanescu-Spinu I, Badoiu SC,
Stefani C and Greabu M: PI3K/AKT/mTOR Signaling
Pathway in Breast Cancer: From Molecular Landscape to
Clinical Aspects. Int J Mol Sci 2020; 22(1): 173.
doi:10.3390/ijms22010173

Pan L, Li J and Xu Q: HER2/PI3K/AKT pathway in
HER2-positive breast cancer: A review. Medicine 2024;
103(24): 38508. doi:10.1097/MD.0000000000038508
Palanissami G and Paul SFD: RAGE and Its Ligands:
Molecular Interplay Between Glycation, Inflammation,
and Hallmarks of Cancer a Review. Horm Cancer 2018;
9(5): 295-325. doi:10.1007/s12672-018-0342-9

Paplomata E and O’Regan R: The PI3SK/AKT/mTOR
pathway in breast cancer: targets, trials and biomarkers.
Ther Adv Med Oncol 2014; 6(4): 154-166.
doi:10.1177/1758834014530023

Dong C, Wu J, Chen Y, Nie J and Chen C: Activation of
PISK/AKT/mTOR Pathway Causes Drug Resistance in
Breast Cancer.  Front Pharmacol  2021; 12.
doi:10.3389/fphar.2021.628690

Li H, Prever L, Hirsch E and Gulluni F: Targeting
PI3K/AKT/mTOR Signaling Pathway in Breast Cancer.
Cancers (Basel) 2021; 13(14): 3517.
doi:10.3390/cancers13143517

Hao Y, Zhao S, Wang Z. Targeting the Protein—Protein
Interaction between IRS1 and Mutant p1100 for Cancer
Therapy. Toxicol Pathol 2014; 42(1): 140-147.
doi:10.1177/0192623313506794

Dash UC, Bhol NK and Swain SK: Oxidative stress and
inflammation in the pathogenesis of neurological
disorders: Mechanisms and implications. Acta Pharm Sin
B 2025; 15(1): 15-34. d0i:10.1016/j.apsh.2024.10.004
Leyane TS, Jere SW and Houreld NN: Oxidative stress in
ageing and chronic degenerative pathologies: molecular
mechanisms involved in counteracting oxidative stress and
chronic inflammation. Int J Mol Sci 2022; 23(13): 7273.
doi:10.3390/ijms23137273

Bongarzone S, Savickas V, Luzi F and Gee AD: Targeting
the Receptor for Advanced Glycation Endproducts
(RAGE): A Medicinal Chemistry Perspective. J Med
Chem 2017; 60(17): 7213-7232.
doi:10.1021/acs.jmedchem.7b00058

Rojas A, Lindner C, Schneider I, Gonzalez | and Uribarri
J: The RAGE Axis: A Relevant Inflammatory Hub in
Human Diseases. Biomolecules 2024; 14(4): 412.
doi:10.3390/biom14040412

Wang Y, Branicky R, Noé A and Hekimi S: Superoxide
dismutases: Dual roles in controlling ROS damage and
regulating ROS signaling. Journal of Cell Biology 2018;
217(6): 1915-1928. doi:10.1083/jch.201708007

Fukai T and Ushio-Fukai M: Superoxide Dismutases: Role
in Redox Signaling, Vascular Function, and Diseases.
Antioxid Redox Signal 2011; 15(6): 1583-1606.
d0i:10.1089/ars.2011.3999

Mittal M, Siddiqui MR, Tran K, Reddy SP and Malik AB:
Reactive Oxygen Species in Inflammation and Tissue
Injury. Antioxid Redox Signal 2014; 20(7): 1126-1167.
doi:10.1089/ars.2012.5149

Guo Q, Jin Y and Chen X: NF-«B in biology and targeted
therapy: new insights and translational implications. Signal
Transduct Target Ther 2024; 9(1): 53.
d0i:10.1038/s41392-024-01757-9

2935



Rashmi, 1JPSR, 2025; Vol. 16(11): 2922-2936.

124.

125.

126.

127.

Rains JL and Jain SK: Oxidative stress, insulin signaling,
and diabetes. Free Radic Biol Med 2011; 50(5): 567-575.
doi:10.1016/j.freeradbiomed.2010.12.006

Bhatti JS, Sehrawat A and Mishra J: Oxidative stress in the
pathophysiology of type 2 diabetes and related
complications: Current therapeutics strategies and future
perspectives. Free Radic Biol Med 2022; 184: 114-134.
doi:10.1016/j.freeradbiomed.2022.03.019

Collin F: Chemical basis of reactive oxygen species
reactivity and involvement in neurodegenerative diseases.
Int J Mol Sci 2019; 20(10): 2407.
doi:10.3390/ijms20102407

Gonzélez P, Lozano P, Ros G and Solano F:
Hyperglycemia and Oxidative Stress: An Integral, Updated
and  Critical Overview of Their  Metabolic
Interconnections. Int J Mol Sci 2023; 24(11): 9352.
doi:10.3390/ijms24119352

128.

129.

130.

131.

E-ISSN: 0975-8232; P-ISSN: 2320-5148

Murphy MP: How mitochondria produce reactive oxygen
species. Biochemical Journal 2009; 417(1): 1-13.
doi:10.1042/BJ20081386

Snezhkina AV, Kudryavtseva AV and Kardymon OL:
ROS generation and antioxidant defense systems in normal
and malignant cells. Oxid Med Cell Longev 2019; 2019: 1-
17. d0i:10.1155/2019/6175804

Afzal S, Abdul Manap AS, Attig A, Albokhadaim I,
Kandeel M and Alhojaily SM: From imbalance to
impairment: the central role of reactive oxygen species in
oxidative stress-induced disorders and therapeutic
exploration. Front Pharmacol 2023; 14.
doi:10.3389/fphar.2023.1269581

Jena AB, Samal RR, Bhol NK and Duttaroy AK: Cellular
Red-Ox system in health and disease: The latest update.
Biomedicine & Pharmacotherapy 2023; 162: 114606.
d0i:10.1016/j.biopha.2023.114606

How to cite this article:
Rashmi J: "The impact of age-rage pathway in breast cancer: novel strategies for treatment and prevention". Int J Pharm Sci & Res 2025;
16(11):

2922-36. doi: 10.13040/1JPSR.0975-8232.16(11).2922-36.

All © 2025 are reserved by International Journal of Pharmaceutical Sciences and Research. This Journal licensed under a Creative Commons Attribution-NonCommercial-ShareAlike 3.0 Unported License.

This article can be downloaded to Android OS based mobile. Scan QR Code using Code/Bar Scanner from your mobile. (Scanners are available on Google

Playstore)

International Journal of Pharmaceutical Sciences and Research

2936



