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Targeting the feminized nature of prostate cancer exploring
estrogen-driven metabolic reprogramming and its therapeutic
intervention: a narrative review
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Abstract

Prostate cancer (PCa) has long been classified as an androgen-driven malignancy; however, mounting evidence
underscores the pivotal role of estrogen in its initiation, progression, and therapeutic resistance. This review establishes
that PCa exhibits intrinsic estrogen dependence through intratumoral aromatization, positioning it within the spectrum
of estrogen-driven malignancies. Through integrative molecular analyses, we elucidate how estrogen orchestrates
metabolic reprogramming, shifting prostate tumors toward enhanced lipid oxidation and glucose uptake a hallmark of
glucolipotoxicity. Mechanistically, estrogen signaling, primarily via the PI3K/AKT pathway, drives the upregulation
of carnitine palmitoyltransferase 1 and glucose transporter 1, fueling a metabolic storm characterized by oxidative
stress, mitochondrial dysfunction, and chronic inflammatory signaling. This metabolic adaptation enables androgen-
independent survival, presenting a critical vulnerability overlooked by conventional androgen-targeted therapies. Our
findings necessitate a paradigm shift in the classification and treatment of PCa, advocating for a novel therapeutic
framework targeting the estrogen—metabolic axis. We propose a precision strategy integrating aromatase inhibition,
estrogen receptor blockade, and metabolic stress modulation to counteract castration-resistant disease. Recognizing
PCa as an estrogen-driven, metabolically adaptive malignancy transforms its clinical understanding and therapeutic
approach, demanding urgent reconsideration of current oncologic paradigms.
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Pe3rome

Pak npencrarensroii xenessl (PIDK) TpaguiimonHo paccMarpuBaeTcst Kak aHIpOTeH-3aBUCUMOE 3JI0KaueCTBEHHOE HO-
BooOpazoBaHue. OHAKO HAKAIUIMBAIOUIMECS JAHHBIE TOAYEPKUBAIOT KIIFOUEBYIO POJIb 3CTPOT€HOB B €r0 MHUIIMAIINH,
MIPOTPECCHU U PE3UCTEHTHOCTH K Tepanuu. JlaHHbIi 0030p ycranasmuBaet, uto PIDK obmamaer BHyTpeHHel scTpore-
HOBOI 3aBUCHMOCTBIO 3@ CUET MHTPAOITYXOJIEBOH apOMaTHU3alliH, YTO MO3BOJISIET PACCMAaTPHUBATh €TO B CIIEKTPE ICTPO-
TeH-3aBHCUMBIX HOBOOOpa3oBaHMi. [IyTeM HHTErpaTHBHOTO MOJICKYIISIPHOTO aHAJIN3a MBI IEMOHCTPHPYEM, KaK 3CTPO-
T€HBI PETYIUPYIOT METa00INUECKYIO ITEPEIPOrpaMMHUPOBKY, CMEIIas OITyXOJIH MPEICTATeILHOM JKeJIe3bl K YCUICHHOMY
OKHCIICHHIO JIMITUA0B M 3aXBaTy IIIOKO3bI MPU3HAKAM NIIOKOTUIIOTOKCHYHOCTH. MeXaHUCTHYECKH ICTPOTEHOBAs CUT-
Hanu3anus, npeumyinectseHHo dyepe3 myTh PI3K/AKT, cmocoOCcTByeT MOBBIMICHHON 3KCIIPECCUN KapPHUTHHITAIbMHU-
TomntpaHcdepasbl-1 W TpaHcIopTepa TIIOKO3bI-1, YTO 3alycKaeT METa0OJMYEcKylo Oypro, XapaKTepH3YIOIIyIocs
OKHCJIUTEIBHBIM CTPECCOM, MUTOXOHIPUAIIBHOM AUCHYHKINEH 1 XPOHUYECKUM BOCIAINTEIbHBIM CUTHAJMHIOM. JTa
MeTaboIuecKast afanTanus M03BOJSIET OIMyXOJIEBBIM KJIETKaM BBDKHBATh HE3aBUCHMO OT aHAPOTEHOB, CO3/1aBasi KpH-
THYECKYIO yA3BHUMOCTb, KOTOPYIO HTHOPUPYIOT TPaJUIIOHHBIE METO/IBI aHAPOTeH-TapreTHOH Tepanuu. Hamm BeIBOBI
TpeOyroT nmepecMoTpa Kkiaccudukauy u aedenust PIDK, npenaras HOBBIH TepaneBTHUECKUH MOXO0, HALICIICHHBINH Ha
0Cb «3CTPOTeH—METa00IN3M». MBI ITpeIaraeM TOUeIHY0 CTPATErHI0, BKITIOYAIOITYI0 HHIMONPOBAHUE apoMaTasbl, 0J10-
Ka/1y 3CTPOTEHOBBIX PELENTOPOB U MOAYJISILIUIO META00IMUYECKOTO CTpecca Uit 00pbObI ¢ KAaCTPAIMOHHO-PE3UCTEHTHOM
hopmoii 3abomeBarus. [Ipuznanne PIDK kak scTporeH-3aBUCHMOI METaOOMHIECKH aIallTHBHOM 37T0KaYeCTBEHHOCTH
M3MEHSIET ero KIIMHUYECKOe MOHUMaHUE M TepareBTUYECKUI MOAX0M, TpeOysi CPOYHOTO MEPEeCcMOTpa CYIIECTBYOLIHX
OHKOJIOTHUECKHX Mapaurm.

KuroueBble c10Ba: pak MpeACcTaTeILHOMN JKelle3bl, SCTPOTCHOBAs CUTHAIN3AINS, METa0OIMIeCKoe TIeperporpaM-
MHUPOBaHHKE, IIIOKOJIUIOTOKCHYHOCTD, TEPAIeBTHYECKasi PE3UCTEHTHOCTb.
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age-related upregulation of aromatase, an enzyme
responsible for converting testosterone into estrogen
within the prostate, thereby shifting the androgen-
to-estrogen balance in favor of tumor-promoting
estrogen receptor (ER)-mediated pathways [5]. While
ERa activation has been associated with proliferative
and inflammatory responses, ER[P appears to
exert tumor-suppressive effects, highlighting the
complexity of estrogen’s role in prostate cancer
progression [6]. This review proposes a paradigm

Introduction

Prostate cancer is one of the most prevalent
malignancies in men, ranking as the second most
diagnosed cancer and a leading cause of cancer-
related mortality, with a median age of diagnosis
around 66 years [1]. Its pathophysiology is driven
by a complex interplay of genetic, hormonal, and
immune-mediated mechanisms, primarily through
androgen receptor (AR) signaling, which, when
dysregulated via genetic mutations, epigenetic

modifications, or amplification, leads to uncontrolled
proliferation and disease progression [2].
Additionally, key molecular pathways such as
PI3K/Akt and TGF-B, alongside immune-suppressive
interactions within the tumor microenvironment
involving tumor-associated macrophages, regulatory
T cells, and myeloid-derived suppressor cells,
contribute to tumor immune evasion [3]. The
current cornerstone of treatment remains androgen
deprivation therapy, achieved through surgical or
pharmacological castration to suppress AR activity;
however, the inevitable emergence of castration-
resistant prostate cancer (CRPC) underscores the need
for alternative therapeutic strategies [4]. Growing
evidence suggests that estrogenic signaling may play
a more significant role in prostate carcinogenesis
than previously recognized, particularly through the

shift in the understanding of prostate cancer by
redefining it as an estrogen-driven malignancy, akin
to hormone receptor-positive female cancers such
as breast and endometrial cancer, which could open
new therapeutic avenues such as selective estrogen
receptor modulators and aromatase inhibitors. By
challenging the traditional androgen-centric model,
this perspective aims to enhance our understanding
of prostate cancer pathogenesis and introduce novel
treatment strategies that could improve patient
outcomes.

Material and methods

A comprehensive narrative review  was
conducted to explore the estrogen-driven metabolic
reprogramming of prostate cancer and its therapeutic
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implications. A systematic literature search was
performed using PubMed, Scopus, and Web of
Science databases, incorporating Medical Subject
Headings (MeSH) terms and free-text keywords
such as “Estrogen Signaling in Prostate Cancer,”
“Aromatase = and  Prostate =~ Tumorigenesis,”
“Metabolic Reprogramming in Hormone-Driven
Malignancies,”  “Glucolipotoxicity in  Cancer
Progression,” and “Targeting the Estrogen Metabolic
Axis in Castration-Resistant Prostate Cancer.”
Boolean operators (AND/OR) were applied to
optimize sensitivity and specificity. The review
included peer-reviewed studies published in English
from 1995 to 2024, spanning clinical, preclinical,
and mechanistic research on estrogen signaling,
metabolic dysregulation, and therapeutic strategies
targeting the estrogen—metabolic axis in prostate
cancer. Reference lists of key articles were manually
screened to identify additional relevant publications.
Studies were selected based on their investigation of
intratumoral aromatization, ER signaling, metabolic
alterations, and therapeutic resistance mechanisms in
prostate cancer.

Exclusion criteria included non-English studies,
case reports with limited statistical power, articles
without full-text availability, and studies lacking
direct relevance to estrogen-mediated metabolic
reprogramming. The selection process followed a
two-stage screening approach, initially retrieving 823
studies, with 215 duplicates removed. Title and abstract
screening excluded 392 studies based on irrelevance,
leaving 216 for full-text review. Among these, 90
studies were included for qualitative synthesis, focusing
on estrogen-driven lipid and glucose metabolism,
oxidative stress, and the oncogenic implications of
metabolic adaptation in prostate cancer.

Quality assessment was conducted using the
SANRA (Scale for the Assessment of Narrative Review
Articles) checklist, evaluating six domains: justification
of the review, clarity of objectives, literature search
methodology, inclusion of primary references,
evidence-based reasoning, and data synthesis. Studies
scoring >9/12 were considered methodologically
rigorous. Although this review does not present direct
experimental data, it synthesizes preclinical and clinical
evidence to assess the role of estrogen-induced metabolic
reprogramming in prostate cancer progression and
resistance. The analysis integrates findings on PI3K/
AKT-mediated lipid oxidation, GLUT1-driven glucose
uptake, reactive oxygen species (ROS)-mediated
oxidative stress, and therapeutic interventions such as
aromatase inhibitors, estrogen receptor modulators, and
metabolic stress regulators. This framework establishes
a foundation for future translational research and
targeted therapeutic strategies against estrogen-driven
prostate cancer.

The role of aromatase in prostate cancer

Mechanism of aromatase enzyme and the
conversion of testosterone to estrogen

Aromatase, encoded by the CYP19A1 gene, is
a cytochrome P450 enzyme complex responsible
for the biosynthesis of estrogens through the
aromatization of androgens. This enzymatic reaction
occurs in the smooth endoplasmic reticulum of cells
and involves the conversion of testosterone into
estradiol and androstenedione into estrone via a
three-step oxidative process. Aromatase catalyzes the
removal of the C19 methyl group from androgens,
introducing an aromatic ring into the steroid structure.
This reaction is facilitated by molecular oxygen
and NADPH-cytochrome P450 reductase, which
provides the necessary electrons for the oxidative
conversion. The enzymatic activity of aromatase is
tightly regulated by several factors, including tissue-
specific promoters, transcriptional regulators, and
inflammatory cytokines such as IL-6 and TNF-q,
which can enhance aromatase expression through
activation of the PI3K/Akt and NF-xB pathways. In
prostate tissue, increased aromatase expression leads
to a local rise in estrogen levels, influencing cellular
proliferation, differentiation, and tumor progression
via ER-mediated signaling cascades [7].

Age-related changes in aromatase activity in
men

Aging is associated with a shift in steroid hormone
metabolism, with a progressive increase in aromatase
activity observed in peripheral tissues, including
adipose tissue and the prostate. This upregulation
is partly driven by epigenetic modifications in
the CYPI19A1 gene and enhanced inflammatory
signaling, particularly through IL-1p and COX-2-
mediated pathways [7, 8]. The increased expression
of aromatase in the prostate microenvironment
contributes to a higher local estrogen-to-androgen
ratio, altering the hormonal milieu that regulates
prostate homeostasis [9]. Additionally, senescence-
associated secretory phenotype factors, such as
TGF-B and IL-8, promote aromatase activity, further
amplifying estrogen biosynthesis [10]. The interplay
between these inflammatory and hormonal changes
establishes a permissive environment for estrogen-
driven oncogenic signaling, facilitating prostate
epithelial cell proliferation, genomic instability, and
increased susceptibility to malignant transformation.

Hormonal changes in aging men

With advancing age, men experience a
gradual decline in circulating testosterone levels,
a phenomenon referred to as andropause. This
decline is attributed to reduced Leydig cell
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function, decreased hypothalamic gonadotropin-
releasing hormone secretion, and increased activity
of sex hormone-binding globulin, which lowers
bioavailable testosterone [10, 11]. Concurrently,
estradiol levels remain stable or even increase due
to heightened aromatization of residual androgens.
The altered androgen-to-estrogen ratio affects
prostate physiology by modulating ER signaling
pathways. ERa activation has been implicated in
pro-proliferative and pro-inflammatory responses,
while ERP exerts tumor-suppressive effects [12].
However, in aging prostate tissue, the ERa:ER[
ratio becomes skewed in favor of ERa, leading to
increased proliferation, inflammation, and a greater
predisposition to neoplastic transformation [13]. This
hormonalimbalance also influences stromal-epithelial
interactions, promoting fibroblast-to-myofibroblast
differentiation via TGF-B1 signaling, contributing to
a desmoplastic tumor microenvironment [14].

Declining testosterone and rising estrogen:
impact on prostate health and aberrant cell
growth

Testosterone exerts a regulatory effect on
prostate epithelial cell differentiation and apoptosis
through AR-dependent transcriptional programs,
including modulation of genes such as NKX3-/ and
PTEN [15]. With age-related testosterone decline and
compensatory estrogen elevation, these protective
androgen-mediated effects are diminished. Elevated
estrogen levels, particularly through ERa activation,
stimulate mitogenic pathways such as MAPK/ERK
and JAK/STAT, leading to increased cell proliferation
and survival [16]. Additionally, estrogen promotes
oxidative stress by inducing NADPH oxidase (NOX)
activity, generating ROS that cause DNA damage
and chromosomal instability [17]. Estrogenic
signaling also modulates epithelial-mesenchymal
transition through upregulation of Snail and Twist
transcription factors, facilitating tumor invasiveness
and progression to CRPC [18]. The chronic
exposure of prostate cells to elevated estrogen levels
further disrupts epigenetic regulation, including
hypermethylation of tumor suppressor genes and
histone modifications that promote oncogenic gene
expression [19].

Clinical and epidemiological evidence
supporting the role of aromatase in prostate
cancer

Epidemiological studies have demonstrated
a strong correlation between obesity a condition
associated with increased aromatase activity and
elevated prostate cancer risk. Adipose tissue,
particularly visceral fat, serves as a major site
of extragonadal estrogen synthesis, where pro-

inflammatory adipokines such as leptin and IL-6
enhance aromatase transcription via the STAT3 and
NF-kB pathways [20]. This metabolic-inflammatory
axis leads to increased estrogen bioavailability and
sustained ERoa-driven oncogenic signaling within
the prostate [21]. Clinical studies have shown that
men with higher estradiol-to-testosterone ratios
exhibit increased prostate cancer incidence and more
aggressive tumor phenotypes, reinforcing the concept
of estrogen-mediated Tumorigenesis [22, 23].
Moreover, pharmacological inhibition of aromatase
with agents such as anastrozole has been associated
with reduced prostate cancer cell proliferation and
delayed disease progression in preclinical models
[24, 25].

Expression of ERa and ERp in prostate
cancer subtypes

The presence of ERa and ER in prostate cancer
cells provides further molecular evidence of estrogen’s
role in disease progression. ERa is predominantly
expressed in basal and luminal epithelial cells, where
its activation promotes cyclin D1-mediated cell cycle
progression and suppresses apoptotic pathways via
Bcl-2 upregulation [26]. In contrast, ERB, which
is generally associated with tumor suppression,
undergoes downregulation in high-grade prostate
cancer due to promoter hypermethylation and
chromatin remodeling. This shift towards ERo-
dominant signaling enhances tumor growth,
angiogenesis, and resistance to apoptosis. Functional
studies have demonstrated that ERo antagonism or
selective ERJ activation can inhibit prostate cancer
cell proliferation and restore apoptotic sensitivity,
suggesting a potential therapeutic approach targeting
estrogen signaling [27].

Chronic estrogen exposure and cellular
transformations in the prostate

Prolonged estrogen exposure exerts profound
effects on prostate epithelial homeostasis, leading
to phenotypic alterations that predispose cells
to malignant transformation. Chronic estrogenic
stimulation disrupts normal differentiation programs
by modulating Wnt/B-catenin and Hedgehog
signaling pathways, resulting in the expansion of
progenitor-like cell populations with enhanced self-
renewal capacity [28]. Additionally, estrogen-induced
DNA damage through activation of AID/APOBEC
cytidine deaminases generates mutational burdens
characteristic of aggressive prostate cancers [29]. The
estrogen-driven inflammatory microenvironment
further promotes tumorigenesis by recruiting
immunosuppressive myeloid cells and inhibiting
cytotoxic T-cell responses, creating an immune-
privileged niche that facilitates tumor progression
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[30]. Clinical evidence from hormone replacement
therapy studies in aging men has shown that prolonged
exposure to exogenous estrogens increases prostate
cancer risk, underscoring the oncogenic potential of
estrogenic signaling in this disease [31].

Molecular mechanisms of
induced prostate carcinogenesis

estrogen-

Estrogen-induced cell proliferation via ER

Estrogen stimulates prostate cancer cell
proliferation primarily through its interaction with
ER, particularly ERo. and ERB. ERa, encoded by
ESRI1, is highly expressed in stromal and luminal
prostate epithelial cells and promotes oncogenic
signaling when activated by estradiol [32]. Upon
ligand binding, ERa undergoes conformational
changes that enable dimerization and nuclear
translocation, where it binds to estrogen response
elements in the promoter regions of target genes
[33]. This leads to the transcriptional activation of
mitogenic genes such as CCND/ (cyclin D1), MYC,
and BCL2, facilitating cell cycle progression and
inhibiting apoptosis [34]. Additionally, estrogen-
activated ERo triggers extranuclear signaling
cascades, including the PI3K/Akt and MAPK/ERK
pathways, which further enhance cell survival and
proliferation. ERB, encoded by ESR2, exerts opposing
effects by activating tumor suppressor pathways,
such as p21 and PTEN, leading to growth inhibition
and increased apoptosis [35]. However, in prostate
cancer, ER} expression is often downregulated due
to promoter hypermethylation, shifting the ERa:ER
balance toward a pro-tumorigenic phenotype [36].

Comparison with breast cancer: er signaling
pathways in hormone-driven malignancies

While both prostate and breast cancers share
hormone-dependent growth mechanisms, their
estrogen signaling pathways exhibit distinct tissue-
specific variations. In breast cancer, ERa signaling
is the predominant driver of tumorigenesis, with
estrogen serving as the primary mitogenic hormone
[37]. Similar to prostate cancer, ERa activation
in breast epithelial cells leads to increased cyclin
D1 expression and enhanced cell proliferation via
MAPK and PI3K/Akt signaling [38]. However,
breast cancer cells exhibit a higher dependency on
estrogen-driven transcriptional programs, including
FOXA1-mediated chromatin remodeling, which
facilitates ERa binding to oncogenic enhancers [39].
Conversely, prostate cancer cells rely on a complex
interplay between estrogen and AR signaling
[40]. Estrogen can crosstalk with AR pathways
through ERa-mediated activation of Src kinase
and subsequent phosphorylation of AR, enhancing

its transcriptional activity even in low androgen
conditions [41]. This crosstalk contributes to CRPC,
where estrogen-driven pathways compensate for
androgen deprivation, sustaining tumor growth [42].

ERa and ERB: differential effects on prostate
cancer progression

ERa and ERP exert distinct effects on prostate
cancer progression, largely due to their differential
gene regulatory functions. ERa  promotes
tumorigenesis by enhancing cell proliferation,
survival, and angiogenesis [43]. It activates STAT3
and NF-xB signaling, which wupregulate pro-
inflammatory cytokines such as IL-6 and TNF-a,
creating a tumor-promoting microenvironment [44].
In contrast, ERP activation has been shown to inhibit
epithelial-mesenchymal transition and suppress
tumor invasion by downregulating Snail and Twist,
key transcription factors involved in metastatic
progression [45]. Furthermore, ERB can antagonize
ERa-driven oncogenic signaling by recruiting
corepressors such as NCOR1, limiting ERa-mediated
gene transcription [46]. Loss of ERP expression
in advanced prostate cancer stages removes this
protective effect, allowing unopposed ERa activity
to drive aggressive tumor behavior [47].

Oxidative stress and ROS in estrogen-
induced carcinogenesis

Estrogen contributes to oxidative stress in prostate
cancer through multiple mechanisms, including
mitochondrial dysfunction and NOX activation [48].
Estrogen metabolism generates catechol estrogen
intermediates, such as 4-hydroxyestradiol (4-OHE2),
which undergo redox cycling and produce ROS
[49]. These ROS include superoxide anion (O,") and
hydrogen peroxide (H,O,), which cause oxidative
DNA damage and disrupt cellular homeostasis
[50]. In addition, ERa activation enhances NOX1
and NOX4 expression, leading to sustained ROS
production in prostate epithelial cells [51]. Excessive
ROS accumulation results in lipid peroxidation,
protein oxidation, and activation of redox-sensitive
transcription factors such as HIF-1a and NF-xB, which
promote angiogenesis and inflammatory signaling
[52]. The oxidative stress induced by estrogen not only
contributes to genomic instability but also enhances
the survival of cancer cells by upregulating antioxidant
defense mechanisms such as manganese superoxide
dismutase and glutathione peroxidase 1, which mitigate
ROS-induced apoptosis [53].

Mechanisms of estrogen-driven free radical
generation

Estrogen enhances free radical production
primarily through its metabolic conversion into

18 SIBERIAN SCIENTIFIC MEDICAL JOURNAL 2025; 45 (5): 14-26



Axno M.M. u op. [lenesas mepanus hemunusupo8aHuol npupoosl paxa npeocmamenbHoll JHceneswl ...

genotoxic quinones. The cytochrome P450 enzymes
CYPIAl and CYPIBI catalyze the oxidation of
estradiol into 4-hydroxyestradiol, which undergoes
auto-oxidation to form semiquinones and quinones
[54]. These estrogen-derived quinones can react
with DNA, forming stable adducts that lead to base
modifications and strand breaks [55]. Additionally,
quinones undergo redox cycling with glutathione,
leading to depletion of cellular antioxidant reserves
and amplifying oxidative stress [56]. In prostate
cancer cells, this estrogen-induced ROS production
triggers a DNA damage response mediated by ATM
and ATR kinases, activating downstream effectors
such as p53 and CHKI1 [57]. However, chronic
estrogen exposure can lead to p53 inactivation via
MDM2-mediated degradation, allowing cells to
bypass cell cycle arrest and accumulate mutations
that drive tumor progression [58].

DNA damage and mutational landscape in
estrogen-driven prostate cancer

Estrogen-induced oxidative stress contributes
to genomic instability by generating DNA lesions,
including 8-ox0-dG adducts, double-strand breaks,
and crosslinks. ROS-mediated damage activates
base excision repair and homologous recombination
pathways; however, prolonged estrogen exposure
can overwhelm these repair mechanisms, leading
to error-prone repair via non-homologous end
joining [59]. This results in the accumulation of
chromosomal aberrations, such as deletions in
tumor suppressor genes like PTEN and RBI, and
amplifications of oncogenes such as MYC [60].
Whole-genome sequencing studies of prostate tumors
have revealed an enrichment of C>T transitions at
CpG dinucleotides, a mutational signature associated
with estrogen metabolism and oxidative stress.
These mutations contribute to clonal expansion
and increased tumor heterogeneity, driving disease
progression [61].

Immunomodulatory effects of estrogen in the
prostate

Estrogen modulates the immune landscape of
the prostate by influencing both innate and adaptive
immune responses. ERa activation in tumor-
associated macrophages promotes an M?2-like
phenotype characterized by upregulation of IL-10,
TGF-B, and arginase-1, which suppress cytotoxic
T-cell responses and enhance immune evasion [62].
Additionally, estrogen signaling in dendritic cells
reduces antigen presentation by downregulating MHC
class II molecules, impairing T-cell activation. In
prostate cancer, estrogen-driven immunosuppression
is further reinforced by increased regulatory T-cell
infiltration, mediated by CCL22 and CXCLI12

chemokine signaling. This immunosuppressive
microenvironment allows prostate tumors to evade
immune surveillance and promotes sustained tumor
growth [62-63].

Estrogen’s role in chronic inflammation and
tumor microenvironment remodeling

Chronic estrogen exposure induces a persistent
inflammatory state in the prostate, contributing
to tumor initiation and progression. Estrogen
promotes NF-kB activation, leading to increased
secretion of pro-inflammatory cytokines such as IL-
6, IL-8, and COX-2-derived prostaglandins [64].
These factors stimulate fibroblast proliferation and
extracellular matrix remodeling, creating a fibrotic
tumor microenvironment that supports angiogenesis
and immune evasion [65]. Additionally, estrogen
enhances the recruitment of cancer-associated
fibroblasts through TGF-B1 signaling, which
increases collagen deposition and tissue stiffness.
The altered biomechanical properties of the prostate
stroma facilitate tumor invasion and metastasis by
activating integrin-mediated mechanotransduction
pathways [66].

Impact of estrogen on the tumor

microenvironment
Estrogen-driven  changes in the tumor
microenvironment support prostate cancer

progression through multiple mechanisms, including
angiogenesis, immune modulation, and metabolic
reprogramming. ERo  activation  upregulates
VEGF expression, promoting neovascularization
and increased tumor perfusion [67]. Additionally,
estrogen enhances glucose metabolism in prostate
cancer cells by upregulating GLUTI and HK2,
leading to a glycolytic phenotype similar to the
Warburg effect observed in breast cancer [68]. This
metabolic shift supports rapid cell proliferation and
resistance to apoptosis. Furthermore, estrogen alters
the lipid composition of the tumor microenvironment
by stimulating SREBP1-mediated lipid biosynthesis,
creating a pro-survival lipid-rich environment that
facilitates cancer cell adaptation to hypoxic and
nutrient-deprived conditions [69].

Clinical and experimental evidence

Clinical and experimental research has
increasingly implicated estrogenic signaling in
prostate carcinogenesis, challenging the conventional
androgen-driven paradigm. Clinical studies have
investigated the correlation between circulating
estrogen levels and prostate cancer incidence,
revealing that men with elevated estrogen-to-
androgen ratios, particularly in aging populations,
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exhibit a higher predisposition to aggressive prostate
malignancies [70]. Large-scale epidemiological
analyses have demonstrated that increased estradiol
levels are associated with high-grade prostate tumors,
with a significant correlation between -elevated
intraprostatic estrogen concentrations and disease
progression [71]. Furthermore, studies on patients
undergoing androgen deprivation therapy indicate
that the subsequent rise in systemic estrogens
may paradoxically promote tumor adaptation and
resistance mechanisms [72].

The therapeutic implications of aromatase
inhibitors, which block the enzymatic conversion
of testosterone to estrogen, provide further clinical
insights into the role of estrogen in prostate cancer
[73]. Some retrospective analyses suggest that
aromatase inhibitor administration may reduce
prostate cancer incidence and slow disease
progression, particularly in cases exhibiting high
intratumoral aromatase expression [74]. However,
clinical trials investigating the efficacy of aromatase
inhibitors as a primary or adjunctive treatment remain
inconclusive, warranting further controlled studies to
delineate patient subgroups that may benefit from
estrogen-targeted interventions [75].

Experimental animal models have provided
compelling evidence for the oncogenic role of
estrogen in prostate carcinogenesis [76]. Rodent
models exposed to chronic estrogen stimulation,
particularly in combination with androgen
deprivation, exhibit hyperplastic and neoplastic
transformations in the prostate epithelium [76, 77].
Mechanistic studies reveal that estrogen exposure
induces genomic instability through oxidative DNA
damage, promotes inflammatory microenvironments
via cytokine dysregulation, and alters epithelial-
mesenchymal transition pathways, leading to
enhanced tumor invasiveness [78]. Additionally, the
differential activation of ERa and ERP in animal
models further supports the hypothesis that ERa
promotes pro-tumorigenic signaling, whereas ER[}
exerts protective effects [79, 80].

Therapeutic applications based
estrogen-driven prostate carcinogenesis

on

Emerging evidence highlights the significant role
of estrogenic signaling in prostate cancer progression,
necessitating therapeutic strategies that directly
target estrogen synthesis, receptor activation, and
associated metabolic stress. Based on the molecular
mechanisms underpinning estrogen-induced prostate
carcinogenesis, a combination of anastrozole
(aromatase inhibitor), raloxifene (selective estrogen
receptor modulator), and metformin (metabolic
stress modulator) presents a promising therapeutic

paradigm aimed at mitigating the oncogenic effects
of estrogen within the prostate microenvironment.

Aromatase inhibition via anastrozole

Anastrozole, a potent non-steroidal aromatase
inhibitor, blocks the enzymatic conversion
of testosterone to estradiol, thereby reducing
intraprostatic estrogen levels [81]. Studies have
demonstrated that prostate tumors exhibit aberrant
aromatase expression, particularly in obese patients
with elevated adipose-derived estrogen production
[82, 83]. Inhibition of aromatase activity effectively
suppresses estrogen-mediated activation of ERa and
ERP, preventing downstream oncogenic pathways
such as PI3K/AKT and MAPK signaling, both of
which are implicated in enhanced cell proliferation
and survival [84]. Experimental models show that
anastrozole treatment reduces tumor burden, induces
apoptosis, and attenuates epithelial-mesenchymal
transition, a critical step in metastatic progression
[85].

Estrogen receptor modulation via raloxifene

Beyond estrogen synthesis inhibition, direct
modulation of ER activity is crucial for effectively
neutralizing estrogen-driven oncogenesis.
Raloxifene, a selective estrogen receptor modulator,
exerts antagonistic effects on ERa, the receptor
subtype predominantly implicated in prostate cancer
proliferation [86]. Unlike classical anti-androgen
therapies, which indirectly influence estrogenic
activity, raloxifene directly blocks estrogen-induced
transcriptional activation of oncogenic targets such as
cyclin D1 and Bcl-2, reducing cellular proliferation
and enhancing apoptotic responses. Moreover,
preclinical studies indicate that raloxifene promotes
tumor regression in ER-positive prostate cancer
models, highlighting its potential as a precision
therapy in molecularly stratified patient cohorts [87].

Metformin as a metabolic and redox
regulator

Estrogen-driven carcinogenesis is closely linked
to oxidative stress and metabolic dysregulation, as
evidenced by the increased generation of ROS in
estrogen-exposed prostate cells. Metformin, an AMP-
activated protein kinase activator, mitigates ROS-
induced DNA damage, thereby reducing mutational
burden and preventing malignant transformation.
Additionally, metformin downregulates mTOR
signaling, a pathway frequently activated by
estrogenic stimulation, leading to a marked reduction
in glycolytic flux and ATP production, effectively
starving tumor cells of essential metabolic substrates
[88]. Clinical and epidemiological data further
support the anticancer effects of metformin, showing
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that diabetic patients on metformin therapy exhibit
a significantly lower incidence of aggressive
prostate cancer, reinforcing its role as a metabolic
adjuvant in estrogen-targeted therapy [89]. The
tripartite combination of anastrozole, raloxifene,
and metformin offers a multifaceted approach to
disrupting estrogen-driven prostate tumorigenesis.
Anastrozole curtails estrogen biosynthesis at its
source, raloxifene blocks estrogenic activation at the
receptor level, and metformin counteracts estrogen-
induced metabolic and oxidative stress, collectively
exerting synergistic anti-tumor effects. This strategy
is particularly advantageous in patient subgroups
with high intraprostatic estrogen levels, including
elderly men and those with metabolic syndrome,
where traditional androgen-centric therapies may be
suboptimal.

Discussion

Prostate cancer has traditionally been classified as
an androgen-driven malignancy; however, emerging
evidence challenges this paradigm by demonstrating
a significant role for estrogenic signaling in
its pathogenesis, progression, and therapeutic
resistance. This manuscript establishes that prostate
cancer exhibits a fundamental dependency on
estrogen through intratumoral aromatization, a
process by which androgens are converted into
estrogens via the enzyme aromatase. This finding
positions prostate cancer within the broader
spectrum of hormonally regulated malignancies,
drawing parallels with estrogen-driven cancers such
as breast and endometrial carcinomas. The ability of
prostate tumors to synthesize and respond to estrogen
suggests a need for reclassification, acknowledging
its dependency on a hormone traditionally associated
with female malignancies. This shift in perspective
not only refines our understanding of prostate
cancer biology but also exposes novel therapeutic
vulnerabilities that have remained largely unexplored
due to the prevailing androgen-centric view.

Estrogen exerts its oncogenic influence in prostate
cancer through both genomic and non-genomic
mechanisms, activating key signaling pathways that
drive tumor survival, proliferation, and metabolic
adaptation. At the genomic level, ERa activation
promotes transcriptional programs favoring cell cycle
progression, anti-apoptotic signaling, and metabolic
reprogramming. Conversely, ERP exhibits context-
dependent effects, with some studies suggesting
tumor-suppressive functions, while others indicate
oncogenic roles under specific microenvironmental
conditions. The non-genomic actions of estrogen,
mediated through PI3K/AKT and MAPK signaling,
further reinforce its role in sustaining prostate tumor

viability, particularly in CRPC, where androgen
signaling is no longer the dominant driver.

A critical but often overlooked consequence
of estrogenic activation in prostate cancer is its
profound effect on cellular metabolism. This
manuscript integrates these molecular insights with
the glucolipotoxicity hypothesis, establishing a
mechanistic link between estrogen signaling and
the metabolic shifts that underpin tumor progression
and therapeutic resistance. The metabolic landscape
of prostate cancer is characterized by an enhanced
reliance on both lipid oxidation and glucose
metabolism, a hallmark of tumors that have evolved
mechanisms to sustain energy production under
conditions of androgen deprivation.

This metabolic plasticity allows prostate cancer
cells to circumvent the energetic constraints imposed
by androgen-targeted therapies, ensuring continued
proliferation and survival [90]. Recent genomic
and metabolic profiling studies support this notion
by demonstrating that advanced prostate cancer
exhibits a preferential reliance on lipid metabolism
over androgen-driven pathways. Notably, androgen-
resistant prostate tumors have been shown to
upregulate key enzymes involved in fatty acid
oxidation, including CPT1, the rate-limiting enzyme
responsible for shuttling long-chain fatty acids into
mitochondria for beta-oxidation. The overexpression
of CPT1 in castration-resistant tumors highlights
the metabolic shift that enables these cells to utilize
lipids as a primary energy source, compensating
for the loss of androgenic stimulation. Estrogen
signaling further amplifies this metabolic adaptation
by enhancing CPT1 expression via PI3K/AKT
activation, reinforcing fatty acid oxidation as a
central metabolic pathway in aggressive prostate

cancer phenotypes.
In parallel, estrogen upregulates GLUT]I,
facilitating  increased  glucose uptake and

utilization. This metabolic rewiring aligns with
the glucolipotoxicity hypothesis, wherein chronic
exposure to excessive lipids and glucose leads to
cellular stress, mitochondrial dysfunction, and an
inflammatory microenvironment that drives tumor
aggressiveness. The simultaneous elevation of lipid
oxidation and glycolysis generates a metabolic
storm, characterized by heightened ROS production,
lipid peroxidation, and endoplasmic reticulum stress.
These stressors not only fuel tumor progression but
also contribute to the development of resistance to
standard therapies, including AR-targeted agents.
Moreover, the failure of androgen deprivation
therapy in a subset of prostate cancers further supports
thenotionthatestrogenicandmetabolicpathwaysserve
as adaptive escape mechanisms, allowing tumor cells
to bypass androgen dependency. The upregulation of
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intratumoral aromatase in androgen-deprived tumors
facilitates local estrogen biosynthesis, perpetuating
ERa-driven oncogenesis even in the absence of
androgens. This adaptive resistance mirrors the
metabolic dysfunction observed in type 2 diabetes,
where chronic glucolipotoxicity disrupts cellular
homeostasis, precipitating oxidative stress and
impairing metabolic regulation. In prostate cancer,
estrogen exacerbates this metabolic dysfunction by
intensifying lipid peroxidation and ROS production,
thereby fostering an environment conducive to tumor
progression. Given the intricate interplay between
estrogen signaling, metabolic dysregulation, and
therapeutic resistance, a reclassification of prostate
cancer based on estrogenic and metabolic signatures
is warranted. Current evidence suggests that targeting
estrogen-driven metabolic reprogramming could
provide a novel therapeutic avenue, particularly in
CRPC and treatment-resistant cases.

A multi-pronged approach combining aromatase
inhibition, estrogen receptor modulation, and
metabolic intervention represents a rational
therapeutic strategy: aromatase inhibitors (e.g.,
anastrozole) — by suppressing intratumoral estrogen
synthesis, these agents prevent ERa-mediated
oncogenesis, disrupting a key driver of tumor
progression; selective estrogen receptor modulators
(e.g., raloxifene) — by antagonizing ERa signaling,
these compounds block downstream proliferative
and survival pathways, effectively inhibiting
estrogen-driven oncogenic programs; metabolic
stress regulators (e.g., metformin) — by mitigating
glucolipotoxic stress, metformin modulates AMP-
activated protein kinase activity, suppresses mTOR
signaling, and reduces ROS production, thereby
restoring metabolic homeostasis and enhancing
therapeutic efficacy. By simultaneously targeting
estrogen synthesis, receptor activation, and metabolic
adaptation, this approach addresses the root cause
of therapy resistance, offering a paradigm shift in
prostate cancer management. The recognition of
prostate cancer as a metabolically adaptive, estrogen-
influenced malignancy necessitates a revision
of current therapeutic frameworks, emphasizing
estrogen blockade and metabolic intervention as
critical components of precision oncology.

Conclusion

Prostate cancer should no longer be viewed solely
through an androgen-centric lens but rather as an
estrogen-driven malignancy with a metabolic survival
advantage. The convergence of estrogen signaling
and metabolic dysregulation, as demonstrated in this
study, necessitates a fundamental reclassification of
prostate cancer based on estrogenic dependency and

metabolic phenotype. By targeting this oncogenic
axis, a paradigm shift in prostate cancer therapy
can be realized one that moves beyond androgen
deprivation toward a more precise and effective
treatment strategy that directly disrupts the tumor’s
survival mechanisms.
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