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ABSTRACT 
Benign prostatic hyperplasia (BPH) is a highly prevalent condition in aging men and a major contributor to lower 
urinary tract symptoms (LUTS). Increasing evidence implicates chronic inflammation and oxidative stress as 
central drivers of prostate tissue remodeling, stromal–epithelial interactions, and symptomatic progression. This 
review synthesizes current understandings of the inflammatory and redox biology underpinning BPH, examines 
key cellular and molecular mechanisms, evaluates candidate biomarkers, and explores therapeutic implications. We 
highlight how innate and adaptive immune activation, senescence-associated secretory phenotypes (SASP), and 
reactive oxygen species (ROS)-mediated signaling converge to promote proliferative and fibrotic pathways in the 
prostate. Novel and emerging areas-including the role of the prostate microbiome, mitochondrial dysfunction, 
impaired antioxidant responses (e.g., Nrf2 signaling), and immunometabolic reprogramming-offer fresh 
mechanistic insight and potential therapeutic targets. Finally, we identify gaps in translational evidence and 
propose priorities for future research, emphasizing the need for longitudinal, mechanism-focused clinical studies 
and biomarker-guided interventional trials. 
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INTRODUCTION 

Benign prostatic hyperplasia (BPH) affects a large proportion of men over the age of 50 and remains one of the 
most significant contributors to lower urinary tract symptoms (LUTS), urinary obstruction, and age-related 
morbidity. Its clinical impact extends beyond urinary difficulties, influencing sleep quality, mental health, and 
overall well-being [1-6]. Traditionally, BPH was viewed primarily as the consequence of age-related hormonal 
changes-particularly the actions of androgens and dihydrotestosterone-leading to gradual proliferation of both 
stromal and epithelial elements of the transition zone of the prostate [7-11]. While hormonal regulation remains 
central, contemporary research has shifted the paradigm toward a more complex model in which chronic 
inflammation, oxidative stress, and immune–stromal interactions play equally crucial roles [12-18]. These 
processes shape the prostate’s microenvironment, driving hyperplasia, fibrosis, and tissue remodeling. Chronic 
inflammation generates a persistent milieu of cytokines, chemokines, and immune cells that alter cellular behavior 
and promote proliferative and fibrotic responses [19-25]. Simultaneously, increased production of reactive oxygen 
species (ROS) and impaired antioxidant defenses create oxidative stress, which further amplifies inflammatory 
signaling, damages cellular components, and contributes to genomic instability [26-30]. Together, these 
interconnected pathways form a self-perpetuating cycle capable of accelerating disease progression [31-38]. 
Understanding how inflammatory signals and redox imbalance shape prostate biology is essential for developing 
disease-modifying therapies that extend beyond symptomatic relief and address the underlying drivers of 
hyperplasia. 
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Epidemiologic and clinical associations 
Epidemiologic research strongly supports the relevance of inflammation and oxidative stress in the natural history 
of BPH [39-42]. Histologic studies reveal that a significant proportion-often more than 70%-of prostate 
specimens from men with BPH show inflammatory infiltrates, including lymphocytes, macrophages, and plasma 
cells [43-48]. The degree of inflammation frequently correlates with prostate enlargement, International Prostate 
Symptom Score (IPSS) severity, and risk of acute urinary retention. Molecular analyses further demonstrate 
upregulation of inflammatory genes and oxidative stress markers in hyperplastic tissue [49-53]. Beyond 
histology, clinical observations reinforce the link between systemic inflammatory burden and prostate disease. 
Men with metabolic comorbidities such as obesity, insulin resistance, type 2 diabetes, and metabolic syndrome 
exhibit a disproportionately higher risk of developing BPH and experiencing more rapid symptom progression 
[54-58]. These conditions are characterized by chronic low-grade inflammation, increased circulating cytokines, 
elevated ROS generation, and impaired antioxidant capacity [59-60]. Adipose tissue dysfunction, endotoxemia, 
and metabolic dysregulation may contribute to a systemic pro-inflammatory state with downstream effects on the 
prostate [61-68]. Although causality is not fully established, these robust associations provide a compelling 
epidemiologic rationale to further explore inflammatory and oxidative pathways as potential therapeutic targets 
for BPH prevention and management. 
Cellular players and inflammatory pathways 
Innate immunity and macrophages 
Macrophages are among the most abundant immune cells infiltrating hyperplastic prostate tissue, and they play a 
pivotal role in orchestrating inflammation-driven prostate remodeling [13]. Activated macrophages secrete a 

diverse array of cytokines, including IL-1β, TNF-α, and IL-6, which stimulate stromal cell proliferation, enhance 
angiogenesis, and modulate the extracellular matrix (ECM). These mediators activate fibroblasts and promote the 
transition of stromal cells into myofibroblasts, contributing to increased tissue stiffness and fibrosis-key 
contributors to urinary obstruction[14]. Macrophage polarization across the M1/M2 continuum adds further 
complexity. M1-like macrophages produce pro-inflammatory cytokines and ROS, perpetuating tissue injury and 
immune activation. M2-like macrophages, while associated with tissue repair, can paradoxically promote fibrosis 
and stromal proliferation[15]. In BPH, macrophages often exhibit hybrid or mixed polarization states, 
simultaneously driving inflammation and wound-healing programs that facilitate hyperplastic growth[16]. 
Pattern-recognition receptor activation-including Toll-like receptors (TLRs) and NOD-like receptors (NLRs)-is a 
major initiating factor for macrophage activation within the prostate. Endogenous danger-associated molecular 
patterns (DAMPs), released from stressed or senescent prostate cells, and exogenous microbial products can 
trigger these receptors[17]. Such activation leads to inflammasome assembly, enhanced cytokine secretion, and 
ROS production. Repeated or unresolved activation of these pathways contributes to a chronic inflammatory cycle 
that sustains macrophage recruitment and activity, thereby reinforcing the pathophysiologic environment that 
drives BPH progression. 
Adaptive immunity and T cells 
T-cell infiltration represents a consistent and biologically significant feature of hyperplastic prostate tissue [18]. 

Among these populations, CD4⁺ T cells are particularly prominent, and several studies suggest that their 
phenotype and activation status shape the trajectory of inflammatory and proliferative responses within the gland. 

Th1 cells release IFN-γ and TNF-α, sustaining chronic inflammatory signaling and enhancing macrophage 
recruitment and activation [19]. Th17 cells, characterized by secretion of IL-17 and IL-22, play an especially 
important role in chronic tissue irritation by stimulating stromal cells to produce IL-6, chemokines, and additional 
pro-inflammatory mediators that propagate leukocyte influx[20]. Increased Th17 activity has been associated 
with more extensive stromal proliferation and fibrotic remodeling in BPH. Conversely, regulatory T cells (Tregs), 
which normally restrain excessive immune activation, are often reduced or functionally impaired in BPH 
tissue[21]. This imbalance between pro-inflammatory Th17 cells and immunosuppressive Tregs creates a 
microenvironment skewed toward persistent inflammation and tissue remodeling. T-cell–derived cytokines also 
have direct effects on resident prostate cells[22]. IL-4, IL-17, and IL-22 can stimulate stromal fibroblasts to 
proliferate and differentiate, while IL-2 and IL-15 may support epithelial cell survival, making them less 
responsive to apoptotic cues. This cross-communication ultimately reinforces the hyperplastic phenotype by 
sustaining an environment in which both stromal and epithelial elements receive continuous proliferative and 
survival signals. 
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Stromal-epithelial crosstalk 
Stromal-epithelial interaction is a central, dynamic driver of BPH progression [23]. Under inflammatory 
stimulation, stromal fibroblasts and myofibroblasts release a broad array of mediators-including fibroblast growth 

factors (FGFs), transforming growth factor-β (TGF-β), vascular endothelial growth factor (VEGF), and various 
chemokines-that shape epithelial behavior and promote glandular expansion [24]. Growth factors enhance 

epithelial cell proliferation and induce structural alterations in glandular architecture, while TGF-β fosters 
differentiation of fibroblasts into contractile myofibroblasts[25]. Myofibroblasts contribute substantially to 
extracellular matrix (ECM) deposition through overproduction of collagen, fibronectin, and proteoglycans, 
coupled with altered expression of matrix metalloproteinases (MMPs) and their inhibitors (TIMPs)[26]. 
Inflammatory signals also stimulate stromal cells to generate reactive oxygen species (ROS), amplifying redox 
stress within the tissue microenvironment[27]. The increased ECM deposition and altered stromal composition 
lead to tissue stiffness and fibrosis-processes that aggravate urinary obstruction even when prostate size is only 
moderately increased[28]. As this paracrine loop persists, stromal cells remain activated, epithelial cells continue 
to proliferate, and mechanical distortion of the urethra worsens lower urinary tract symptoms. 
Oxidative stress: sources and molecular consequences 
ROS generation and mitochondrial dysfunction 
Oxidative stress arises when ROS production exceeds the capacity of cellular antioxidant defenses [29]. In BPH, 
ROS originate from multiple sources: dysfunctional mitochondria in aging prostate cells, NADPH oxidase activity 
in both stromal and immune cells, and respiratory bursts from infiltrating leukocytes. Age-related mitochondrial 
decline, often compounded by metabolic comorbidities such as diabetes and obesity, leads to inefficient oxidative 
phosphorylation and electron leakage, intensifying ROS output [30]. These reactive species damage DNA, lipids, 
and proteins, disrupting cellular homeostasis and activating redox-sensitive signaling pathways such as MAPKs, 

JNK, p38, and NF-κB-key regulators of inflammation, proliferation, and stress responses. 
Redox-sensitive transcription factors and antioxidant defenses 

ROS act as potent second messengers that activate transcription factors including NF-κB and AP-1, which drive 
the expression of cytokines, chemokines, and adhesion molecules involved in immune cell recruitment and 
inflammatory persistence [31]. In contrast, the Nrf2 pathway normally provides a counterbalancing mechanism 
by inducing antioxidant enzymes such as heme oxygenase-1, glutathione peroxidase, and superoxide dismutase. In 
BPH, impaired Nrf2 activation or downregulation of its downstream effectors reduces the cell’s ability to 
neutralize ROS, perpetuating oxidative injury[32]. The resulting imbalance between pro-oxidant and antioxidant 
forces creates a biochemical environment that favors hyperplasia, fibrosis, and chronic inflammation. 
Oxidative DNA damage and genomic instability 
Persistent oxidative stress inflicts cumulative damage on nuclear and mitochondrial DNA, producing lesions such 
as 8-oxo-deoxyguanosine and double-strand breaks. These injuries activate DNA damage response pathways that 
can push cells toward senescence when repair capacity is exhausted [33]. Senescent prostate epithelial and stromal 
cells develop a senescence-associated secretory phenotype (SASP), releasing IL-6, IL-8, MMPs, and other 
mediators that reinforce inflammation and matrix remodeling [34]. Alternatively, sublethal DNA damage may 
promote genomic instability and dysregulated proliferation, further contributing to the hyperplastic process. 
The inflammation–oxidative stress nexus 
Inflammation and oxidative stress are tightly intertwined in BPH pathogenesis, forming a self-reinforcing loop 
that drives chronic tissue remodeling. Inflammatory cells such as macrophages and T cells generate ROS during 

activation; these reactive molecules activate NF-κB and other transcriptional programs that further enhance 

cytokine production and immune recruitment. ROS also synergize with TGF-β signaling to promote fibrosis and 
myofibroblast differentiation, thereby exacerbating structural changes in the prostate[35]. Redox-regulated 
checkpoints influence whether prostate cells undergo apoptosis, senescence, or proliferation, determining the 
balance between tissue expansion and regression. Collectively, these mechanisms explain how chronic 
inflammation and oxidative stress jointly fuel the proliferation, ECM remodeling, angiogenesis, and fibrosis 
characteristic of BPH progression[36]. 
Therapeutic implications 
Anti-inflammatory strategies 
Nonsteroidal anti-inflammatory drugs (NSAIDs), selective COX-2 inhibitors, and other anti-inflammatory 
approaches have shown mixed effects on BPH progression in observational studies. Targeted modulation of 
cytokines or immune cell function remains exploratory but conceptually attractive [37]. Importantly, broad 
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immunosuppression is not desirable in this typically benign disorder; precision approaches that dampen pathogenic 
inflammation without compromising host defense are needed. 
Antioxidant approaches and redox modulators 
Dietary antioxidants and nutraceuticals (e.g., lycopene, green tea polyphenols, vitamin E) have been studied with 
variable results. Pharmacologic activation of endogenous antioxidant defenses-most notably via Nrf2 agonism-or 
inhibition of ROS-producing enzymes (NADPH oxidase inhibitors) represent mechanistic strategies currently 
under investigation [38]. Restoring mitochondrial health through metabolic or mitophagy-enhancing 
interventions could reduce ROS at the source. 

CONCLUSION 
Inflammation and oxidative stress are central, interacting contributors to the pathobiology of BPH. Through a 
complex network involving immune cells, senescent phenotypes, redox-sensitive signaling, and stromal-epithelial 
cross-talk, these processes drive proliferation, fibrosis, and symptomatic progression. Emerging areas-microbiome 
influences, immunometabolic regulation, Nrf2 and mitochondrial therapeutics, and senescence-targeted 
approaches-offer promising avenues for disease-modifying interventions. Realizing this potential requires targeted 
translational research, validated biomarkers, and carefully designed clinical trials to move from descriptive 
associations to precision therapeutics that slow or reverse BPH progression. 
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