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ABSTRACT

Oxidative stress has emerged as a central pathogenic mechanism in prostatic remodeling, particularly in benign
prostatic hyperplasia (BPH) and other age-associated prostate disorders. Characterized by an imbalance between
reactive oxygen species generation and antioxidant defense capacity, oxidative stress contributes to chronic
inflammation, cellular senescence, extracellular matrix remodeling, and dysregulated epithelial-stromal
interactions within the prostate. Accumulating experimental and clinical evidence indicates that sustained redox
imbalance promotes prostatic enlargement through activation of redox-sensitive signaling pathways, including
nuclear factor kappa B, mitogen-activated protein kinases, and transforming growth factor beta signaling. These
pathways drive fibroblast-to-myofibroblast differentiation, smooth muscle hypercontractility, and excessive matrix
deposition, collectively leading to structural and functional alterations of prostatic tissue. Moreover, oxidative
stress intersects with metabolic dysfunction, hormonal imbalance, and immune dysregulation, amplifying disease
progression and symptom severity. This review synthesizes current knowledge on the sources of oxidative stress
in the prostate, delineates the molecular mechanisms linking redox imbalance to tissue remodeling, and evaluates
emerging therapeutic strategies targeting oxidative and inflammatory pathways. Understanding oxidative
stress—driven prostatic remodeling offers opportunities for novel interventions aimed at slowing disease
progression and improving clinical outcomes.
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INTRODUCTION
Prostatic remodeling is a dynamic process involving coordinated changes in epithelial proliferation, stromal
expansion, smooth muscle tone, and extracellular matrix organization[17]. While physiological remodeling is
essential for tissue maintenance, pathological remodeling underlies conditions such as benign prostatic hyperplasia
(BPH), which affects a majority of aging men[27]. Traditionally, androgenic stimulation and aging have been
viewed as the primary drivers of BPH; however, increasing evidence implicates oxidative stress as a critical
contributor to prostatic structural and functional alterations[87]. Oxidative stress refers to a sustained imbalance
between reactive oxygen species (ROS) production and antioxidant defense mechanisms. In the prostate, ROS are
generated from multiple sources, including mitochondrial respiration, inflammatory cell infiltration, metabolic
dysregulation, and enzymatic systems such as NADPH oxidases[47]. When inadequately neutralized, ROS induce
cellular damage, activate redox-sensitive signaling pathways, and promote chronic inflammation. These events
collectively create a microenvironment conducive to pathological tissue remodeling[57]. This review examines the
role of oxidative stress in driving prostatic remodeling, focusing on molecular pathways that link redox imbalance
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to cellular proliferation, fibrosis, and smooth muscle dysfunction. Additionally, potential therapeutic strategies
targeting oxidative stress and its downstream eftects are discussed.

Sources of Oxidative Stress in the Prostate

Mitochondrial Dysfunction

Mitochondria represent a primary endogenous source of reactive oxygen species through electron leakage from
the electron transport chain during oxidative phosphorylation[67]. Under physiological conditions, mitochondrial
antioxidant systems tightly regulate ROS production. However, aging, androgen imbalance, and metabolic
disturbances such as insulin resistance impair mitochondrial efficiency, leading to excessive superoxide
generation[ 7. In prostatic epithelial and stromal cells, mitochondrial dysfunction is associated with reduced ATP
production, altered metabolic reprogramming, and accumulation of oxidative damage[87]. These changes activate
stress-responsive signaling pathways, including mitogen-activated protein kinases and redox-sensitive
transcription factors, which favor cellular proliferation and resistance to apoptosis[97]. Progressive mitochondrial
DNA damage further amplifies ROS production, establishing a self-perpetuating cycle that promotes hyperplastic
growth and tissue remodeling within the prostate.

Inflammation-Associated ROS Production

Chronic inflammation is a defining feature of many prostatic disorders and constitutes a major extrinsic source of
oxidative stress[107. Infiltrating immune cells such as macrophages, neutrophils, and lymphocytes, generate large
amounts of ROS as part of their antimicrobial defense mechanisms[(117. In the prostate, persistent inflammatory
infiltrates maintain sustained ROS production even in the absence of overt infection[127]. This prolonged
oxidative burden damages surrounding epithelial and stromal cells, stimulates cytokine and chemokine release,
and perpetuates immune cell recruitment[137]. The resulting inflammatory—oxidative microenvironment
reinforces tissue injury and drives aberrant wound-healing responses that favor stromal expansion and fibrosis.
Enzymatic Sources of ROS

Several enzyme systems contribute directly to ROS generation in prostatic tissue. NADPH oxidases are
particularly important, as they produce superoxide in a regulated but inducible manner[147]. Upregulation of
specific NADPH oxidase isoforms has been documented in hyperplastic prostate tissue, linking these enzymes to
redox-driven proliferation and fibrotic remodeling[157]. Additional contributors include xanthine oxidase and
uncoupled nitric oxide synthase, both of which enhance oxidative stress under pathological conditions[167].
Ozxidative Stress and Cellular Damage

Oxidative stress exerts its pathological effects largely through damage to lipids, proteins, and nucleic acids[177].
ROS readily initiate lipid peroxidation by attacking polyunsaturated fatty acids within cellular membranes,
generating reactive aldehydes such as malondialdehyde and 4-hydroxynonenal[187. These secondary products
further propagate oxidative injury and modulate signaling pathways that regulate cell growth, inflammation, and
apoptosis[197]. Elevated lipid peroxidation markers have been consistently detected in hyperplastic prostatic
tissues and correlate with disease severity.

In parallel, oxidative stress induces DNA strand breaks, base modifications, and protein oxidation, leading to
genomic instability and altered cellular function. In prostatic cells, oxidative DNA damage often activates repair
and survival pathways rather than apoptosis, paradoxically promoting cellular persistence and proliferation[ 207.
This imbalance between damage and appropriate cell elimination contributes to progressive hyperplasia and
pathological prostatic remodeling.

Redox-Sensitive Signaling Pathways in Prostatic Remodeling

Nuclear Factor Kappa B Signaling

Nuclear factor kappa B is a key transcription factor activated by oxidative stress. ROS-mediated activation of this
pathway promotes expression of pro-inflammatory cytokines, chemokines, and growth factors within the
prostate[217]. Sustained nuclear factor kappa B signaling fosters chronic inflammation, enhances stromal cell
proliferation, and inhibits apoptotic pathways, thereby driving tissue remodeling.

Mitogen-Activated Protein Kinase Pathways

Mitogen-activatare activated by oxidative stimulied protein kinase cascades, including extracellular
signal-regulated kinase, c-Jun N-terminal kinase, and p38 pathways[227]. These pathways regulate cell
proliferation, differentiation, and stress responses. In prostatic stromal and epithelial cells, oxidative
stress—induced mitogen-activated protein kinase activation promotes hyperplastic growth and resistance to
apoptotic signals.

Transforming Growth Factor Beta Signaling

Transforming growth factor beta plays a dual role in tissue homeostasis and fibrosis. Oxidative stress enhances
transforming growth factor beta signaling, leading to fibroblast activation and myofibroblast differentiation[237].
These cells produce excessive extracellular matrix components, resulting in stromal fibrosis and increased tissue
stiffness characteristic of prostatic remodeling.

Stromal-Epithelial Interactions and Fibrosis
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Prostatic remodeling is driven not only by epithelial proliferation but also by stromal expansion and fibrosis[24].
Oxidative stress disrupts stromal—epithelial crosstalk by altering paracrine signaling mechanisms. Stromal cells
exposed to oxidative stress secrete growth factors and cytokines that stimulate epithelial proliferation, while
epithelial cells contribute to stromal activation through redox-sensitive mediators[25]. Fibrosis, characterized by
excessive collagen deposition and altered matrix composition, increases prostatic volume and impairs tissue
compliance[[267]. Oxidative stress promotes fibrotic remodeling by activating profibrotic signaling pathways and
suppressing matrix degradation enzymes, leading to progressive structural alteration of the prostate.
Ozxidative Stress, Smooth Muscle Tone, and Functional Remodeling
In addition to driving structural alterations, oxidative stress plays a critical role in the functional remodeling of
the prostate, particularly through its effects on smooth muscle tone[277]. Reactive oxygen species influence
smooth muscle contractility by disrupting intracellular calcium homeostasis and impairing nitric oxide—mediated
relaxation pathways[287]. Under physiological conditions, nitric oxide promotes smooth muscle relaxation by
activating cyclic guanosine monophosphate signaling. However, elevated oxidative stress reduces nitric oxide
bioavailability through direct scavenging and by promoting endothelial nitric oxide synthase uncoupling, resulting
in diminished relaxant capacity[297]. Concurrently, oxidative stress enhances calcium sensitization and activates
pro-contractile signaling pathways, leading to increased smooth muscle tone. This heightened contractility
contributes directly to bladder outlet obstruction and exacerbation of lower urinary tract symptoms, even in the
absence of marked prostate enlargement. Consequently, oxidative stress serves as a mechanistic bridge linking
structural remodeling with functional obstruction in prostatic disease.
Interaction with Aging and Metabolic Dysfunction
Aging is accompanied by a progressive decline in endogenous antioxidant defenses and increased production of
reactive oxygen species, rendering the prostate particularly vulnerable to oxidative injury[807]. Mitochondrial
inefficiency, cellular senescence, and chronic low-grade inflammation further amplify redox imbalance with
advancing age[317]. Metabolic disorders such as obesity, insulin resistance, and diabetes intensify oxidative stress
through persistent hyperglycemia, abnormal lipid metabolism, and systemic inflammation[327. These metabolic
disturbances promote excessive ROS generation and impair antioxidant systems, accelerating both structural and
functional prostatic remodeling. The convergence of aging and metabolic dysfunction creates a sustained
pro-oxidant environment that drives disease progression and worsens symptom severity, underscoring oxidative
stress as a unifying pathogenic mechanism.
Therapeutic Targets in Ozxidative Stress—Driven Prostatic Remodeling
Targeting oxidative stress offers promising opportunities for therapeutic intervention in prostatic
remodeling[[337. Antioxidant-based strategies, including dietary polyphenols, vitamins, and agents that enhance
endogenous antioxidant systems, have shown potential to reduce ROS burden and suppress redox-sensitive
signaling. However, inconsistent clinical outcomes highlight the importance of appropriate patient selection and
dosing strategies. Anti-inflammatory interventions represent an additional approach, as reducing inflammatory
cytokine production can indirectly attenuate oxidative damage and fibrotic progression[847]. More recently,
attention has focused on selectively targeting redox-sensitive signaling pathways, such as nuclear factor kappa B
and transforming growth factor beta pathways, which regulate inflammation, fibrosis, and cellular
proliferation[357]. Modulating these pathways may provide more precise control of pathological remodeling while
preserving essential physiological functions.
Enhancing Endogenous Antioxidant Defenses
Activation of endogenous antioxidant systems, such as those regulated by nuclear factor erythroid 2—related factor
2, represents a novel approach to restoring redox balance[367]. Enhancing intrinsic defense mechanisms may
provide sustained protection against oxidative stress—induced tissue remodeling.
Future Perspectives
Advancing understanding of oxidative stress—driven prostatic remodeling requires integrative research
approaches combining molecular biology, clinical studies, and translational models[377]. Identification of reliable
oxidative stress biomarkers may enable early detection of disease progression and therapeutic response.
Furthermore, personalized strategies targeting redox imbalance in high-risk populations may improve long-term
management of prostatic disorders.

CONCLUSION
Oxidative stress is a central driver of pathological prostatic remodeling, linking aging, inflammation, and
metabolic dysfunction to structural and functional changes in prostatic tissue. Through activation of
redox-sensitive signaling pathways, oxidative stress promotes epithelial proliferation, stromal fibrosis, and smooth
muscle dysfunction, contributing to disease progression and symptom burden. Targeting oxidative stress and its
downstream effects offers a promising framework for novel therapeutic interventions. Continued exploration of
redox biology in the prostate is essential for developing effective, mechanism-based strategies to prevent and treat
prostatic remodeling disorders.
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