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Benign prostatic hyperplasia (BPH) is driven by hormonal and inflammatory

mechanisms, yet emerging factors such as peroxiredoxin 3 (Prdx3), oxidative

stress (OS), pyroptosis, and autophagy remain understudied. This review

synthesizes their roles in BPH pathogenesis. We demonstrate that Prdx3

inhibits autophagy, exacerbates OS, and induces pyroptosis, ultimately

promoting prostate cell proliferation. Paradoxically, while Prdx3 mitigates OS,

its interaction with autophagy amplifies oxidative damage. These findings

challenge conventional antioxidant therapies, suggesting that enhancing

antioxidant capacity may inadvertently worsen BPH progression. Our analysis

provides novel insights into therapeutic strategies targeting these pathways.
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Introduction

Benign prostatic hyperplasia (BPH) is a prevalent age-related urological disorder affecting

men globally. Epidemiologically, the risk of developing histological BPH approaches 100% in

males surviving beyond age 80 (1). However, persistent ambiguity in BPH terminology

frequently results in clinical mismanagement, including overtreatment of subclinical cases or

undertreatment of symptomatic presentations mimicking BPH (2). Consequently,

establishing precise diagnostic criteria is essential for both research and clinical practice.

Histologically, BPH is defined as benign proliferation of stromal and glandular

epithelial cells within the prostatic transition zone, accompanied by hyperplasia of

smooth muscle and connective tissue—collectively forming a benign adenoma (3).
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Progressive enlargement (benign prostatic enlargement, BPE) may

cause bladder outlet obstruction (BOO) through mechanical

compression and increased glandular resistance, leading to lower

urinary tract symptoms (LUTS) (3). Notably, BOO and LUTS are

not pathognomonic for BPH (4), as their clinical significance

depends more on anatomical location than absolute prostate size

—a key factor contributing to therapeutic inaccuracy.

LUTS substantially impair quality of life through two symptom

domains: obstructive manifestations (hesitancy, weak stream,

straining, prolonged voiding) and irritative symptoms (frequency,

urgency, nocturia, incomplete emptying, dribbling, incontinence,

acute retention) (1, 5).

The clinical diagnosis of BPH therefore requires:(1)

Histologically confirmed benign adenoma;(2)Documentation of

LUTS attributable to prostatic pathology;(3)Exclusion of

alternative causes (6).

Diagnostic evaluation integrates symptom assessment (IPSS

questionnaire), digital rectal examination, urinalysis, post-void

residual volume measurement, transrectal ultrasonography

(measuring intravesical protrusion and prostate volume), serum

PSA, and renal function tests (7, 8). Standardized application of

these criteria is fundamental for accurate phenotyping in research

and targeted clinical management.The comprehensive diagnostic

criteria and symptom profiles are summarized in Table 1.
Pathogenesis of BPH

The current understanding of BPH pathogenesis attributes a

central role to hormones and inflammation. Emerging evidence also

implicates factors such as Peroxiredoxin 3 (Prdx3), autophagy,

oxidative stress(OS), and pyroptosis as potential contributors to

BPH onset.
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Hormones

The occurrence and progression of BPH are closely linked to

hormonal factors, predominantly sex hormones, thyroid hormones,

insulin-like growth factor 1 (IGF-1), and insulin (9).
Sex hormones

Sex hormones associated with BPH primarily involve

androgens and estrogens. Additionally, progestogens are relevant,

as progesterone receptor expression correlates positively with BPH

development (10).

Androgens constitute established risk factors for BPH. The

prostate, being hormone-sensitive, requires androgens and

androgen receptors (AR) for tissue growth and development.

Thus, discussion of BPH cannot disregard androgens and AR.

Dihydrotestosterone (DHT)—the active metabolite of

testosterone—is synthesized by 5a-reductase (11).
Two isoforms of 5a-reductase (type 1 and 2) exist; clinically,

finasteride (a type 2 inhibitor) blocks testosterone conversion to

DHT, thereby treating BPH. However, such drugs may increase

venous thromboembolism (VTE) risk (12).

DHT activates AR, driving prostate cell proliferation and

resultant hyperplasia.Studies by Jin-Wen Kang et al. demonstrated

that enhanced AR sensitivity via the Notch1 signaling pathway

promotes BPH development, indicating that androgen receptor

activation alone can drive prostate cell proliferation (13). Woo

Yong Park et al. reported that AR inhibition with ellagic acid

effectively treats BPH (14). Additional studies revealed that

downregulating the PlncRNA-AR/androgen axis through the PI3K/

AKT pathway delays prostatic hyperplasia (15).

In summary, androgens and AR-related factors significantly

contribute to BPH pathogenesis, with some scholars considering

them decisive factors in BPH development. However, evidence

suggests that BPH may not develop despite androgen excess and

can occur under androgen-deficient conditions (16).

A significant proportion of BPH cases are androgen-

independent, and BPH typically develops as serum testosterone

levels decline after the plateau period in men aged 20–30 years (9,

16, 17). Notably, intraprostatic DHT concentrations in BPH patients

often exceed those in age-matched healthy individuals. This may

stem from upregulated 17b-hydroxysteroid dehydrogenase (17b-
HSD) activity, which converts androstenedione to DHT (18).

Consequently, the exclusive attribution of BPH pathogenesis to

androgens is inconsistent with clinical evidence. The mechanisms

underlying androgen-independent BPH thus represent a current

research priority.

Estrogen-related pathways partially resolve this paradox. In specific

contexts, estrogens may exert more significant effects than androgens

on BPH progression. As noted, aging reduces systemic androgen levels

and alters the testosterone-to-estrogen ratio, elevating estrogenic

activity. This shift is mechanistically linked to BPH pathogenesis (19).
TABLE 1 Definition and diagnostic evaluation of BPH.

Category Definition/Diagnostic criteria

Histological
Definition

Benign proliferation of stromal and glandular epithelial cells
within the prostatic transition zone, forming a non-

malignant adenoma.

Clinical
Definition

Diagnosis requires all three criteria:
1. Histologically confirmed benign adenoma

2. Documented lower urinary tract symptoms (LUTS)
attributable to prostatic pathology
3. Exclusion of alternative etiologies

Symptom
Profile

Obstructive symptoms:1.Hesitancy 2.Weak urinary stream
3.Straining 4.Prolonged voiding

Irritative symptoms:1.Urinary frequency 2.Urgency 3.Nocturia
4.Incomplete bladder emptying 5.Post-void dribbling 6.Urge

incontinence 7.Acute urinary retention

Diagnostic
Workup

Combining symptoms, imaging examinations, digital rectal
examination, urinalysis, residual urine, bladder protrusion of the
prostate, prostate volume, Prostate-Specific Antigen, creatinine,
etc., for a comprehensive evaluation to answer the question.
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Some studies suggest that alterations in the androgen-to-

estrogen ratio are critical factors in BPH development (20). Yang

et al. reported elevated serum levels of estrone (E1) and estradiol

(E2) in BPH patients (21). The CYP17A gene may represent a

potential genetic target for BPH intervention (22).

The estrogen hypothesis and DHT/5a-reductase pathway

constitute two distinct mechanisms of prostate growth, exhibiting

partial overlap. The estrogen pathway may offer a more effective

therapeutic approach for BPH in populations with reduced steroid

5a-reductase 2 (SRD5A2) expression (23). Studies demonstrate that

SRD5A2 deficiency induces significant changes in luminal epithelial

cells (LE), while estrogen receptor 1 expression in LE cells increases

inversely with SRD5A2 levels, suggesting an alternative mechanism

for BPH pathogenesis (24). Estrogen-activated aquaporin 5

promotes epithelial-mesenchymal transition (EMT), thereby

inducing BPH (25).

During prostate development, regulation may occur

independently of AR but through estrogen-mediated pathways. In

BPH progression, primary estrogen receptors include ERa, ERb,
and G protein-coupled estrogen receptor (GPER) (26).

Studies reveal that in normal prostate tissue, both ERa and ERb
are expressed in epithelial cells. In contrast, BPH tissue exhibits

discontinuous ERa expression in epithelia, while ERb shows

increased expression clustered within hyperplastic nodules,

indicating distinct pathogenic roles for these receptors (27).

ERa negatively correlates with androgen expression and

regulates branching morphogenesis, stromal cell/extracellular

matrix dynamics, and prostate stem cell activity, promoting

progenitor cell proliferation. ERb primarily mediates luminal

epithelial cell differentiation and modulates progenitor cell

proliferation (26). Agonists targeting ERb (e.g., selective estrogen

receptor modulators or ERb-selective ligands) suppress castration-
resistant BPH cell proliferation (28, 29) and inhibit AR

signaling (30).

While ERa and ERb represent classical research pathways in

prostatic hyperplasia, the role of GPER is equally significant.GPER

is highly expressed in prostate cells. Its activation inhibits

proliferation in BPH-1, RWPE-1, and WPMY-1 cell lines.

Mechanistically, GPER stimulation enhances yes-associated

protein 1 (YAP1) phosphorylation and degradation, thereby

suppressing prostatic hyperplasia (30).

Elevated 17b-estradiol (17b-E2) levels activate GPER via the

Hippo-YAP1 pathway, exacerbating BPH and associated symptoms

(31). Additionally, GPER/Gai signaling interacts with EGFR/ERK

and HIF-1a/TGF-b1 pathways to promote BPH progression (32).

Although GPER’s precise mechanism in BPH remains unclear, its

therapeutic potential is substantial, warranting further investigation.
Insulin-related factors

BPH is increasingly recognized as a metabolic disorder linked to

endocrine and metabolic dysregulation, with insulin-related

pathways being central to its pathogenesis. Hyperinsulinemia

heightens sympathetic nervous activity, increasing prostatic
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smooth muscle tone and exacerbating BPH symptoms. Both

hyperinsulinemia and its associated obesity and metabolic

syndrome are established risk factors for BPH (33).

Studies indicate that long-term use of anti-5a-reductase drugs

(e.g., finasteride), while inhibiting DHT synthesis and alleviating BPH

symptoms, may induce insulin resistance (IR) (34). Concurrently, IR

can trigger hyperinsulinemia, potentiating a pathological cycle that

worsens BPH. This mechanism may explain symptom progression in

some BPH patients despite pharmacotherapy.

Hyperinsulinemia further stimulates IGF production. Elevated

levels of IGF and IGF-binding protein (IGFBP) are risk factors for

BPH, and IGF-I promotes prostate epithelial cell proliferation via

specific target genes (35). Upon binding to IGF receptors, insulin

induces prostate cell proliferation (36). Activation of the MEK/ERK

pathway also enhances insulin-induced EMT, accelerating BPH

progression (37). Therefore, IGF represents a promising

therapeutic target for BPH, though further research is still needed

to elucidate its underlying mechanisms.
Thyroid-related hormones

Thyroid hormones (THs) regulate cellular growth, with

emerging studies highlighting their association with BPH. Miro

et al. demonstrated that THs modulate EMT and synergize with

androgens to promote prostate cell proliferation. Notably, thyroid

deiodinase enzymes may drive BPH progression toward prostate

cancer (38).

Lee et al. further established that free thyroxine (FT4) levels

significantly correlate with total prostate volume at specific

testosterone thresholds (39). Heo et al. proposed thyroid-

stimulating hormone (TSH) as a potential therapeutic target for

BPH (40).

Collectively, these studies indicate that thyroid-related

hormones substantially influence BPH initiation and progression,

though mechanistic clarity remains limited. Proposed pathways

include PI3K/AKT axis activation and ERK1/2 signaling (39),

providing a rationale for targeted BPH therapies. Thus, further

research is imperative to elucidate these mechanisms and refine

therapeutic strategies. The interplay of hormonal pathways in BPH

pathogenesis is illustrated in Figure 1.

Additionally, deficiencies in luteinizing hormone (LH), follicle-

stimulating hormone (FSH) (38), and prolactin (41) may constitute

risk factors for BPH, warranting further investigation.
Inflammation

While sex hormones critically regulate BPH, inflammation not

only exacerbates hormone-dependent pathways but also emerges as a

pivotal mechanism in hormone-independent BPH development (42).

Inflammation represents the body’s immune response to diverse

stimuli (43), Chronic inflammation frequently accompanies

histologically confirmed BPH. Clinical studies demonstrate that

patients with inflammatory signatures exhibit a sevenfold higher
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risk of symptomatic progression compared to those without

inflammation, with inflammatory severity correlating positively

with prostate volume enlargement (44). During tissue repair

processes, chronic inflammation induces microenvironmental

alterations that activate pro-proliferative pathways. These include:

(1) Epithelial barrier disruption, facilitating paracrine signaling; (2)

DNA damage from OS and cytokine release; (3) Sustained cell

proliferation mediated by growth factors (45).

Furthermore, inflammatory stimuli promote YAP1 activation

via the RhoA/ROCK1 pathway, accelerating BPH progression and

prostatic fibrosis (46, 47). Intriguingly, emerging evidence suggests

that chronic inflammation—rather than androgen signaling—may

initiate BPH pathogenesis. As proposed by Devlin et al., androgen-

related factors are not primary etiological drivers, but inflammation

triggers the disease cascade (48).

Inflammatory cytokines such as interleukin-1 (IL-1) have been

found to promote BPH by affecting AR receptors (49). In addition

to IL-1, many other related cytokines (50–54) also play important

roles, including interleukin-8 (IL-8), tumor necrosis factor (TNF),

receptor-associated factor 6 (TRAF6), interferon-g (IFN-g),
interleukin-17(IL-17), transforming growth factor-b (TGF-b),
Frontiers in Oncology 04
interleukin-8(IL-8), Interferon-g-inducible protein 10(CXCL10),

interleukin-6(IL-6), interleukin-15(IL-15), and others.

The antagonism of TNF can reduce macrophage-mediated

inflammation, TRAF6 can affect the proliferation of prostate cells

through the Akt/mTOR signaling pathway, CXCL10 is

overexpressed in the prostate, IL-8 induces autocrine or paracrine

proliferation of BPH cells, IL-6 and IL-17 promote fibromuscular

growth by inducing COX-2 expression, IL-17 can regulate the

mPGES-1/PPAR-g pathway in monocytes and macrophages, IL-

15 can induce the proliferation of T lymphocytes, IFN-g promotes

the production of IL-15, and TGF-b promotes the mesenchymal-

epithelial cell axis response, among others.

However, this perspective requires refinement, as chronic

inflammation is not universally observed in BPH patients.

Notably, anti-inflammatory therapies may exacerbate LUTS in

some cases (55). Studies indicate that imbalances in steroid

hormones (e.g., testosterone and estradiol) upregulate pro-

inflammatory genes Spp1 (encoding osteopontin) and Saa1.

Elevated osteopontin exacerbates prostate cell proliferation (56),

suggesting that hormone-related factors may occur before

inflammation, and that the stimulatory effects of growth factors
FIGURE 1

Schematic diagram of cellular and molecular mechanisms of hormones in BPH. 1Hormonal Pathways in Benign Prostatic Hyperplasia (BPH).
Androgens, insulin, estrogens, and thyroid hormones constitute key regulators of BPH. Among these, androgens are the primary mediators of
prostate pathogenesis, acting via androgen receptor (AR) activation by dihydrotestosterone (DHT). DHT is synthesized from testosterone through
5a-reductase catalysis or from 5a-androstanediol via 17b-hydroxysteroid dehydrogenase (17b-HSD) . AR signaling can also be activated
independently of androgens through the Notch1 pathway and PI3K/AKT axis, further promoting prostate cell proliferation. Consequently, 5a-
reductase inhibitors (e.g., finasteride) are widely used to suppress DHT production in BPH treatment. However, these drugs may induce adverse
effects such as venous thromboembolism (VTE) or insulin resistance (IR) , leading to compensatory hyperinsulinemia and elevated insulin-like growth
factor (IGF)/IGF-binding protein (IGFBP) levels. Insulin, IGF, and IGFBP collectively activate IGF receptors, driving BPH progression. Insulin additionally
exacerbates BPH by inducing epithelial-mesenchymal transition (EMT) through MEK/ERK signaling. Estrogens, primarily 17b-estradiol (E2), exert dual
effects via estrogen receptor subtypes: ERa, ERb, and G protein-coupled estrogen receptor (GPER). ERa activation promotes stromal cell
proliferation, whereas ERb suppresses luminal epithelial cell growth . Elevated E2 activates GPER through the Hippo-YAP1 pathway and directly
stimulates prostate proliferation via GPER/Gai signaling, HIF-1a/TGF-b cascade, and EGFR/ERK axis. Thyroid hormones (THs) synergize with
testosterone or modulate deiodinase enzymes to potentiate prostate cell hyperplasia.
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on prostate cells are initially observable (48), highlighting their dual

roles in early BPH pathogenesis.

The interplay between sex hormones and inflammation is

bidirectional: (1) Sex hormones modulate inflammation:

Androgens suppress cytokine production, whereas estrogens

influence immune cell recruitment. (2) Inflammation alters

hormonal signaling: Inflammatory cytokines (e.g., TNF-a) inhibit

AR activity and downregulate AR target genes (57). COX-2-derived

PGE2 activates ADAM17, catalyzing testosterone shedding and

activating ERK1/2 in BPH (58). Thus, inflammation synergizes

with—rather than dominates—hormonal pathways in BPH etiology.

Additional inflammation-related mechanisms include: (1)

Immunoregulatory receptors: Sialic acid-binding Ig-like lectin-1

(Siglec-1) modulates leukocyte adhesion (59). (2) Natural

compound targets: Tanshinone IIA (Tan IIA) and baicalin

regulate ERK1/2 signaling (60). (3) Key signaling pathways: NF-

kB/MAPK, JAK-STAT, PI3K-Akt, and AMPK cascades (61). (4)

Tight junction disruption: Downregulation of Claudin-1

compromises epithelial barrier function (62).

Conclusion: Inflammation independently influences BPH

through cytokines and interacts with hormonal axes, growth

factors, and signaling pathways. While anti-inflammatory

strategies hold promise, their clinical application requires caution

due to potential adverse effects on LUTS. Future research should

prioritize dual-target therapies that concurrently modulate

hormonal and inflammatory drivers. Key inflammatory

mechanisms and their interactions are detailed in Table 2.
Other relevant mechanisms and factors

Microbiota dysbiosis significantly contributes to BPH

pathogenesis through intertwined inflammatory and hormonal

axes. Specific bacterial populations—including Lactobacillus,

acetylated bacteria (Acinetobacter), Flavobacterium, Oscillibacter,
Frontiers in Oncology 05
Pseudoflavonifractor, Enterococcus, and butyrate-producing

bacteria—exhibit close correlations with BPH progression (63).

Prostate-specific flora dysbiosis (e.g., Pseudomonas dominance)

activates NF-kB signaling, inducing EMT and suppressing

apoptosis. This cascade promotes prostatic cell proliferation and

stromal remodeling (64). Concurrently, gut microbiota dysbiosis

exacerbates intraprostatic inflammation, with Escherichia coli being

a primary driver. E. coli lipopolysaccharides activate NF-kB in

prostate epithelial cells, amplifying cytokine release and leukocyte

infiltration (65).

Metabolomic imbalances further potentiate BPH pathogenesis:

(1) Short-chain fatty acid (SCFA) depletion compromises intestinal

barrier integrity, enabling microbial-associated molecular patterns

(MAMPs) to trigger systemic inflammation (66); (2) Hormonal axis

disruption occurs via GPER dysregulation, linking microbiota-

derived signals to estrogenic pathways in prostatic stroma (67).

Beyond gut microbiota, the urinary tract microbiota

significantly contributes to BPH pathogenesis. Specific urethral

microbes—including Ureaplasma urealyticum, Haemophilus,

Staphylococcus, Granulicatella, and Listeria—demonstrate strong

correlations with BPH severity (68). Although microbiota-related

mechanisms interact with inflammatory and hormonal pathways,

interventions targeting the intestinal microenvironment alone can

ameliorate BPH progression, underscoring its independent role in

disease modulation (69).

Apoptosis, growth factors and cellular fibrosis are closely related

to BPH. The equilibrium between prostate tissue proliferation and

apoptosis impacts BPH development. Once this balance is

disrupted, it can trigger a series of pathological changes in

prostate cells (70). When apoptosis is resistant, BPH may even

transform into prostate cancer (71). Anti - apoptotic protein Bcl - 2

and pro - apoptotic protein BAXS are two proteins directly linked to

BPH. CASP3 is also crucial for regulating mitochondrial - mediated

apoptosis. Bcl - 2 and BAX, as upstream regulators of CASP3, can

affect its activity and also serve as CASP3 substrates to impact
TABLE 2 Mechanisms associated with BPH inflammation.

Inflammation
related factors

Non-inflammatory
factor-related

Inflammatory factor related

RhoA/ROCK1 pathway → YAP1 activation
→ BPH deterioration

IL-1→AR→BPH

ITLN-1 TNF→macrophages→BPH inflammation worsening

TanIA and Ba regulate ERK1/2 signaling TNEF-a→repression of AR and AR target genes

NF-kB/MAPK/JAK-STAT/PI3K-Akt and
AMPK pathways

TRAF6 → Akt/Mtor → prostate cell proliferation

Down-regulation of the connexin Claudin-1 CXCL10 overexpression → autocrine or paracrine proliferation of BPH cells

Apoptosis IL-6 →COX-2 → Fibromuscular growth/PGE2-ADAM-17 → testosterone level effects/
TGF-a shedding → ERK1/2 pathway activation

,growth factors IL-17→COX-2 →Fibromuscular growth/Mpges-1/PPAR-1 pathway

cellular fibrosis IL-15→Growth of T-lymphocytes

IFN-g→ prompts L-15 generation

TGF-b→ mesenchymal-epithelial cell axis response
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downstream processes (72). Studies on canine models have found

that in castrated prostates, the only observed cell death was

apoptosis and tumorous forms (73).

Androgens, cytokines, and growth factors are all associated with

an imbalanced cell proliferation/apoptosis ratio in prostate cells. As

previously mentioned, hormone - related growth factors like IGF

and EGF can promote BPH development through hormone -

related signaling pathways (32, 35). In addition to these factors,

basic fibroblast growth factor (bFGF), vascular endothelial growth

factor (VEGF), nerve growth factor (NGF), and platelet - derived

growth factor (PDGF) also help maintain and promote prostate cell

proliferation (74). The inflammatory process is thought to be an

initial link between growth - factor - induced proliferation and

glandular remodeling in BPH (48).

Cellular fibrosis is a key pathological mechanism in BPH clinical

progression and can cause mainstream drug treatment failure. It is

influenced by genetic factors, microbial invasion, inflammation,

lifestyle, external stimuli, and aging. Microorganisms contribute to

BPH progression by chronic inflammation, which promotes prostate

fibrosis and hyperplasia through ECM deposition. This is associated

with inflammation - induced EMT, myofibroblast differentiation,

ECM accumulation, and increased tissue stiffness (75). Cellular

fibrosis is still influenced by hormone - related signaling pathways.

Estrogen - related signaling pathways can increase the proliferation of

prostate stromal cells and stromal fibrosis (32).

Notably, these mechanisms remain less extensively studied than

hormonal and inflammatory pathways. Emerging evidence

implicates OS (e.g., Prdx3 dysregulation), autophagy impairment,

and pyroptosis in BPH pathogenesis, though their interactions with

canonical drivers (e.g., androgen signaling, NF-kB activation)

require further elucidation. A comprehensive understanding of

BPH must integrate these multifactorial interactions to develop

targeted therapeutic strategies.
Autophagy’s mechanism of action in
BPH

Autophagy plays a crucial role in maintaining cellular

homeostasis and contributes to cell death pathways. Depending

on the mechanisms mediating cargo delivery to lysosomes,

autophagy is classified into three main types: macroautophagy,

chaperone-mediated autophagy (CMA), and microautophagy.

The regulatory mechanisms governing autophagy are complex,

involving upstream signaling pathways primarily consisting of

mTOR-dependent and mTOR-independent axes (76).

Macroautophagy (frequently termed simply as autophagy) involves

the coordinated action of autophagy-related (ATG) proteins to

sequester cargo within double-membrane vesicles termed

autophagosomes (77). Subsequent fusion of autophagosomes with

lysosomes forms autolysosomes, where cargo is degraded by

lysosomal hydrolases. In contrast, both CMA and microautophagy

occur independently of core ATG proteins for their initiation and

execution. Cargos targeted by autophagy are diverse and include
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damaged organelles such as the endoplasmic reticulum (ER) and

mitochondria, as well as cytoplasmic components, protein aggregates,

and invading pathogens (78). Originating from various sources like the

ER, plasma membrane, recycling endosomes, mitochondria, ATG9

vesicles, COPII vesicles, and ER-Golgi intermediate compartment,

isolation membranes form autophagosomes. Autophagy also

mediates selective clearance of specific organelles, with mitophagy

(mitochondria) and ER-phagy being notable examples in the context

of BPH (79).

In CMA, individual cytosolic proteins carrying a KFERQ-like

motif are recognized by the cytosolic chaperone HSPA8/HSC70 and

delivered to the lysosomal membrane. There, they bind specifically

to monomeric lysosome-associated membrane protein type 2A

(LAMP2A), triggering LAMP2A multimerization to form a

translocation complex. The substrate protein is then unfolded and

gains access to the lysosomal lumen for degradation (80).

Microautophagy involves the direct uptake of cytoplasmic material

through invagination or involution of the lysosomal membrane itself,

categorized into ESCRT-dependent and ESCRT-independent modes,

which are beyond the scope of this discussion (80).

Autophagic flux, measuring the complete degradation process,

is a critical indicator of autophagic activity. Observations indicate a

reduction in autophagic flux in BPH patients (81). Studies

demonstrate that inhibiting the LLGL2 gene enhances autophagy,

subsequently suppressing prostate cell proliferation (82).Moreover,

knockdown of FOXK1 promoted autophagy and attenuated TGF-

b-induced EMT and epithelial cell proliferation (83).

Paradoxically, other studies suggest that inhibiting autophagy

can promote prostate cell apoptosis. For instance, inhibiting Beclin-

1 suppressed autophagy and initiated cell apoptosis, effectively

inhibiting prostate cell proliferation (84). Some studies also report

that autophagy supports the growth of prostate stromal

fibroblasts (85).

Collectively, these findings indicate that autophagy exerts

divergent effects on BPH progression depending on the specific

cellular context and experimental conditions.

The prevailing interpretation is that autophagy primarily serves

a protective function under stress, degrading cellular components to

recycle biomolecules, potentially reducing metabolic burden and

creating space for cell survival—an effect potentially advantageous

in the hypercellular environment of BPH.

Supporting this, one study observed prostate cells undergoing

androgen deprivation (AD). In the early stages of AD, autophagy

exhibited a compensatory cytoprotective function. Throughout the

process, autophagy antagonized apoptosis, playing a survival role.

Critically, inhibiting autophagy suppressed cell growth under these

conditions (86).

However, the selective degradation of essential organelles

through mechanisms like mitophagy and ER-phagy carries risks.

Excessive removal of mitochondria, vital for energy production,

could compromise cellular metabolism and potentially accelerate

apoptosis pathways.The precise regulatory mechanisms

determining when selective autophagy is protective versus

detrimental in BPH remain incompletely elucidated. Elucidating
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these mechanisms may resolve apparent contradictions regarding

autophagy’s effects in similar or different contexts.

Numerous factors concurrently influence biological processes in

vivo. In other proliferative disorders, autophagy similarly exhibits

context-dependent effects, acting either as a promoter or

suppressor, and is not unique to BPH. Consequently, research

focuses on harnessing autophagy pathways for therapeutic benefit

against various tumors (87). Regarding BPH pathogenesis, studies

report downregulation of autophagy in patients correlates with

increased expression of ERa (88).

Rodent experiments using 5a-reductase inhibitors revealed that

enhanced autophagy was accompanied by suppression of AR

signaling (89).Furthermore, autophagy can counteract

inflammatory mediators and suppress detrimental inflammatory

pathways (89).

As previously discussed, ERa, AR, and inflammatory factors are

all established risk factors in BPH, and autophagy demonstrably

suppresses both pathways. Collectively, these findings support the

contention that maintaining a baseline level of autophagy

contributes positively to BPH stability. Nevertheless, the

underlying molecular mechanisms remain largely unexplored, and

in vivo evidence is still scarce—representing critical areas for future

investigation and methodological refinement.The dual roles of

autophagy in BPH progression are schematically depicted

in Figure 2.
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The mechanism of action of OS on
BPH

BPH is an age-progressive disease, and OS significantly

contributes to age-related pathologies (90). This suggests a

potential mechanistic link between BPH and OS. Notably, OS

levels are markedly elevated in BPH patients compared to age-

matched healthy individuals. Epidemiological studies indicate that

heightened OS—even when secondary to cardiovascular disease—

correlates with increased risk of prostate pathologies (91).

OS pathogenesis involves excessive production of reactive

oxygen species (ROS) and reactive nitrogen species (RNS),

dysregulated antioxidant enzyme activity, lipid peroxidation, and

protein carbonylation. Accumulated ROS disrupt the cellular

antioxidant defense system, depleting key enzymes, oxidizing

proteins, and reducing critical cytokines. This shifts tissues from

redox balance to an oxidized state, inducing cellular and tissue

damage. Concurrent RNS accumulation activates apoptosis via

multiple pathways, including NF-kB, MAPK, Nrf-2/Keap-1/ARE,

and PI3K/Akt (92).OS exerts dual pathological mechanisms (93):

(1) Direct macromolecular damage by reactive radicals (e.g., OH·,

ONOO-, HOCl), causing cellular dysfunction or death through

oxidation of lipids, proteins, and DNA; (2) Dysregulated redox

signaling mediated by molecules like H2O2, which disrupt kinase/

phosphatase activity and gene expression.
FIGURE 2

Schematic diagram of autophagy-related molecular mechanisms in BPH. 2Inhibition of the LLGL2 gene combined with FOXK1 knockdown enhances
autophagy in prostate tissue. This augmentation attenuates the inflammatory response, suppresses epithelial-mesenchymal transition (EMT), and
reduces epithelial cell proliferation, while paradoxically promoting the growth of prostate fibroblasts. Conversely, suppression of the Beclin-1 gene
or pharmacological inhibition of autophagy induces endoplasmic reticulum (ER) stress, elevates ERa expression, and ultimately drives cell
proliferation.
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Both mechanisms can coexist in disease contexts like BPH.

Theoretically, OS could suppress proliferation by inducing cell

death. In BPH, this might promote apoptosis over proliferation,

suggesting a protective role. Paradoxically, OS also acts as a key risk

factor through alternative mechanisms: (1) OS directly stimulates

prostate cell proliferation by activating MAP kinases and PI3K/

AKT signaling (94). (2) Experimental models demonstrate that OS-

induced prostate damage increases prostate weight, epithelial

hyperplasia, stromal thickening, and fibrosis (95).

Supporting the therapeutic targeting of OS: Studies have

demonstrated that activation of the Nrf2/ARE pathway alleviates

prostatic hyperplasia in BPH rat models by suppressing OS (96).

Nuclear factor erythroid 2-related factor 2 (Nrf2) further

modulates BPH progression by enhancing antioxidant responses,

promoting apoptosis, and inhibiting macrophage-mediated

inflammation (96). Additionally, Wang et al. revealed that BPH-

induced testicular damage involves OS-driven m6A modification

dysregulation and autophagic flux impairment (97). Collectively,

these studies underscore OS inhibition as a promising therapeutic

strategy for BPH.

However, the molecular mechanisms underlying the correlation

between OS and BPH remain incompletely elucidated. Beyond the

aforementioned pathways, other molecular mechanisms contribute

to OS-BPH interactions: Enhanced expression of prostate-

associated gene 4 (PAGE4) under OS conditions activates

phosphorylated ERK1/2 (p-ERK1/2) while suppressing

phosphorylated JNK1/2 (p-JNK1/2), thereby inhibiting apoptosis

(98); the IGF-1/PI3K/AKT/FOXO axis attenuates prostate cell

proliferation by modulating OS responses and apoptotic signaling

(99); and xanthine oxidase (XO)/JAK/STAT signaling promotes OS

pathogenesis via ROS generation (100).

In BPH pathogenesis, inflammation induces cellular and

genomic damage yet paradoxically triggers compensatory

proliferation and enhanced replication. This dual role arises from

bidirectional crosstalk between inflammation and OS:

Inflammatory cells (e.g., macrophages, T-cells) release excessive

ROS, driving OS accumulation (101); conversely, OS-derived

metabolic byproducts (e.g., lipid peroxides) activate pro-

inflammatory factors including NF-kB, AP-1, and TNF-a,
perpetuating chronic inflammation (102). Consequently, OS is a

pivotal driver of inflammatory BPH progression.

Hormonal pathways further integrate with OS signaling: OS

disrupts thyroid hormone synthesis and testosterone metabolism,

while estrogen counteracts OS through antioxidant activity (103).

Pharmacological inhibition of NADPH oxidase (NOX) by apocynin

(Apo) reduces OS and concurrently suppresses AR signaling,

ameliorating BPH via the AR/TGF-b/NOX4 axis (104). Notably,

in transgenic mice with prolactin-mediated androgen signaling

deficiency, antioxidant therapy remained effective, highlighting

OS inhibition as a viable strategy for androgen-independent

BPH (105).

Several OS-targeting drugs demonstrate therapeutic efficacy in

BPH: Berberine (BBR; reduces serum testosterone/DHT and

inhibits OS) (106); palmitoylethanolamide (um-PEA) and

baicalein (Baic; modulate AR signaling and attenuate OS) (107).
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Despite these benefits, OS exerts context-dependent effects on

BPH—potentially suppressing proliferation through cell death

induction while exacerbating disease via inflammation and

hormonal dysregulation. The dual regulatory effects of OS and its

crosstalk with inflammation are shown in Figure 3.

However, Savas et al. reported no direct correlation between

plasma antioxidant status and BPH in untreated patients (108). This

discrepancy underscores the need for multifactorial analyses to

delineate OS’s contextual impacts and guide therapeutic development.

Multiple strategies exist to inhibit OS, most of which suppress

prostate cell proliferation. For example, administration of

diphenyliodonium (DPI) or modulation of the Nrf2/ARE

pathway exerts antiproliferative effects by scavenging ROS and

enhancing antioxidant responses; Nrf2 activation additionally

suppresses macrophage-mediated inflammation. Furthermore,

pharmacological inhibition of OS via the NOX inhibitor apocynin

(Apo) downregulates AR expression, thereby ameliorating BPH

through the AR/TGF-b/NOX4 signaling axis.
The role of pyroptosis in prostate
hyperplasia

Pyroptosis is a gasdermin-mediated programmed cell death

characterized by lytic rupture and inflammatory activation. Under

physiological conditions, it functions as a host defense mechanism

against pathogens; conversely, under pathological conditions, it

drives chronic inflammation, tissue damage, and cytokine

storms (109).

This lytic cell death is defined by gasdermin-dependent pore

formation in the plasma membrane, which facilitates the release of

pro-inflammatory cytokines (e.g., IL-1b, IL-18, IL-33) and

intracellular components such as lactate dehydrogenase (LDH),

ultimately leading to cell lysis (110).

Pyroptosis is primarily induced through four distinct pathways:

(1) Canonical inflammasome pathway; (2) Non-canonical

inflammasome pathway; (3) Apoptotic caspase-mediated pathway;

(4) Granzyme-triggered pathway (111).

Key molecular executors include: (1) Inflammatory caspases

(caspase-1, -4, -5, -11) activated by inflammasomes; (2) Apoptotic

caspases (caspase-3, -6, -8) that cleave gasdermins under specific

stimuli; (3) Granzymes (granzyme A/GZMA, granzyme B/GZMB)

secreted by cytotoxic lymphocytes (112).

Both canonical and non-canonical pathways converge on

gasdermin D (GSDMD) cleavage by inflammasomes, initiating

pyroptosis. Major inflammasomes include NLRP3, NLRC4,

AIM2, and Pyrin, which are cytoplasmic pattern recognition

receptors activated by pathogen-associated molecular patterns

(PAMPs) or damage-associated molecular patterns (DAMPs)

(113). Caspases exist as inactive zymogens and require specific

triggers for activation: inflammatory caspases respond to infection

or danger signals (114), while apoptotic caspases are engaged in cell

death programs.

Inflammasomes are cytoplasmic pattern recognition receptors

(PRRs). Their activation is associated with PAMPs and DAMPs.
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Once inflammasomes recognize these molecular patterns, they

become activated and trigger an inflammatory response. The

recognition of PAMPs can activate inflammasomes through both

canonical and non - canonical pathways (115).

In the canonical pathway, inflammasomes are activated by

NOD - like receptors (NLRs) or PYHIN proteins.In the canonical

pathway, inflammasome formation is initiated by NLRs or PYHIN

proteins. This activation leads to caspase-1 activation, which

promotes the maturation of IL-1b and IL-18 (116). GSDMD,

cleaved by caspase-1, generates an N-terminal fragment

(GSDMD-NT, ~30 kDa). Upon oligomerization, GSDMD-NT

inserts into the plasma membrane to form pores, resulting in

pyroptotic cell rupture and the release of inflammatory cytokines

and other cellular molecules (117).

In the non-canonical pathway, caspase-4/5 in humans (and its

functional homolog caspase-11 in mice) catalyze the maturation of

pro-IL-18 to IL-18 (118). Murine caspase-11 and caspase-5 (which

shares structural similarity with human caspase-5) are also

implicated in the secretion and release of IL-1b (119).

Importantly, the maturation and release of both IL-1b and IL-18

via the non-canonical pathway still depend on the NLRP3

inflammasome and caspase-1. Their activation is triggered by K+

efflux through GSDMD-NT pores formed during pyroptosis (120).

Caspase-4 is a functional homolog of caspase-11, while caspase-

11 and caspase-5 exhibit structural similarity. Upon infection with

Gram-negative bacteria, intracellular LPS levels increase. Both
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caspase-11 and caspase-4 can be directly activated by LPS. In

contrast, caspase-5 is activated by LPS and IFN-g (121, 122).
Apoptotic caspases indirectly induce pyroptosis: (1) Caspase-3

cleaves GSDMD or GSDME during chemotherapy, but mannitol

metabolite GlcNAc-6P blocks this process via AMPK-mediated

GSDME phosphorylation (123); (2) Caspase-8 activation by

Yersinia effector YopJ triggers NLRP3-dependent pyroptosis

(124); (3) Caspase-6 potentiates NLRP3/caspase-1-mediated

pyroptosis (125).

Granzyme-mediated pyroptosis predominantly involves

GZMB, which activates caspase-3 to cleave GSDME, inducing

pore formation (126). This mechanism underlies chimeric antigen

receptor T cell (CAR-T) cytotoxicity (127).

Although pyroptosis research in BPH remains limited,

accumulating evidence implicates its role: (1) Elevated IL-1b and

IL-18 levels in BPH tissues (128); (2) High caspase-1 expression

(71.4%) in BPH patients (129); (3) NLRP3 inflammasome

activation in proliferating prostate cells (130). Proposed

mechanisms include the P2X7R-NEK7-NLRP3 axis driving

GSDMD-NT-mediated prostate epithelial pyroptosis (131) and

enhanced caspase-3 activity in BPH tissues (132). Linghe Zang

et al. (133) found that Qianliexin capsule can inhibit the activation

of related inflammasomes.

In summary, pyroptosis contributes to BPH pathogenesis

through inflammasome-mediated cell death and chronic

inflammation, warranting further mechanistic exploration.
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FIGURE 3

Schematic diagram of oxidative stress-related mechanisms in BPH. 3Oxidative stress (OS) primarily arises from excessive production of reactive
oxygen species (ROS) and reactive nitrogen species (RNS), dysregulated antioxidant enzyme activity, lipid peroxidation, and protein carbonylation.
The xanthine oxidase (XO)/JAK/STAT signaling axis further contributes to OS pathogenesis. A bidirectional relationship exists between OS and
inflammation: Inflammatory cells release excessive ROS, driving OS accumulation; conversely, OS-derived metabolites activate pro-inflammatory
factors such as NF-kB, AP-1, and TNF-a, perpetuating chronic inflammation. In benign prostatic hyperplasia (BPH), OS exhibits dual regulatory
effects:Pro-apoptotic mechanisms: OS induces apoptosis through NF-kB, MAPK, Nrf-2/Keap-1/ARE, and PI3K/Akt signaling pathways, thereby
suppressing prostate cell proliferation. Pro-proliferative mechanisms: OS directly stimulates prostate cell growth by activating MAPK and PI3K/AKT
signaling. Under OS conditions, upregulation of prostate-associated gene 4 (PAGE4) activates phosphorylated ERK1/2 (p-ERK1/2) while inhibiting
phosphorylated JNK1/2 (p-JNK1/2), thereby reducing apoptotic cell death and promoting cellular survival.
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Molecular pathways of pyroptosis activation in BPH are

summarized in Figure 4.
The role of Prdx3 in prostate
hyperplasia

Peroxiredoxins (PRDXs) are a family of antioxidant enzymes

that catalyze hydrogen peroxide (H2O2) reduction to suppress OS.

Six mammalian isoforms exist (PRDX1-PRDX6), among which

Prdx3 is uniquely localized to mitochondria and exhibits high

abundance in human tissues (134). Mitochondria represent the

primary source of ROS, including superoxide anion (O2
-), H2O2,

and hydroxyl radical (•OH). Prdx3 protects against ROS-induced

cellular damage by scavenging mitochondrial H2O2 via its

peroxidase activity (135).

Early studies demonstrated elevated Prdx3 expression in prostate

cancer, where low Prdx3 levels correlate with significantly improved

patient survival. Functionally, Prdx3 maintains mitochondrial

integrity to protect against hypoxic damage (136) and directly

regulates prostate cell proliferation in vitro (137). Prdx3

overexpression is further associated with aggressive phenotypes in

breast, colorectal, gastric, and lung cancers (138).

Although benign tumors generally pose lower risks, BPH —

despite its benign classification— imposes significant clinical burdens

due to high prevalence and anatomical sensitivity. Consequently,

investigating Prdx3 in BPH pathogenesis is warranted. Existing

evidence confirms marked Prdx3 upregulation in BPH prostate

tissues (139), supporting its role as a pro-proliferative driver in

benign hyperplastic disorders.
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Critically, Prdx3 intersects with OS, pyroptosis, and autophagy

pathways in BPH: (1) Prdx3 suppresses autophagy by reducing

mitochondrial ROS, thereby preventing autophagic clearance of

damaged organelles; (2) Autophagy deficiency activates NLRP3

inflammasomes and caspase-1, inducing pyroptosis; (3)

Pyroptotic cell death releases inflammatory cytokines (e.g., IL-1b,
IL-18) that stimulate compensatory prostate cell proliferation.

Thus, Prdx3 represents a pivotal molecular nexus in BPH

pathogenesis, integrating OS defense with inflammatory cell death

and proliferative signaling.
The impact of the interaction between
Prdx3, autophagy, OS, and cell
pyroptosis on prostate hyperplasia

The concluding hypothesis posits that Prdx3 inhibits

autophagy, leading to relative enhancement of OS, which

subsequently induces pyroptosis and promotes BPH pathogenesis.

Figure 5 illustrates the key mechanisms of Prdx3 in BPH: Prdx3

indirectly amplifies OS by suppressing autophagy, triggering

pyroptosis and driving prostate cell proliferation. However, under

certain conditions, Prdx3’s antioxidant capacity may be

overwhelmed by OS from other mechanisms.

The interplay between autophagy and OS operates bidirectionally:

(1) OS induces autophagy: Excessive ROS activate upstream autophagy

regulators (AMPK, mTOR, MAPK, PI3K) and modify autophagy-

related proteins, triggering unregulated autophagic flux that may

culminate in cell death (140, 141); (2) Autophagy suppresses OS: By

eliminating redundant organelles (particularly via mitophagy) and
FIGURE 4

Schematic diagram of cellular and molecular mechanisms of pyroptosis in BPH. 4Accumulating evidence reveals upregulated expression of
pyroptosis-associated molecules – including IL-1b, IL-18, NLRP3 inflammasome components, caspase-1, and caspase-3 – in benign prostatic
hyperplasia (BPH) tissues. Current consensus posits that the canonical pyroptosis pathway is predominant in BPH, involving NLRP3 inflammasome
activation which then triggers caspase-1-mediated cleavage of gasdermin D (GSDMD). This process induces pore formation and the release of
inflammatory cytokines. Notably, pharmacological agents targeting GSDMD can lead to caspase-3 activation, thereby initiating caspase-3-mediated
pyroptosis through cleavage of GSDME. Furthermore, granzyme B (GZMB), secreted by cytotoxic lymphocytes, activates caspase-3 to generate the
N-terminal fragment of GSDME (GSDME-NT), which ultimately drives pyroptosis and amplifies the inflammatory cascade in BPH pathogenesis.
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reducing mitochondrial DNA-mediated ROS production, autophagy

maintains redox homeostasis. Defective autophagy exacerbates OS and

inflammasome activation (142, 143).

In BPH, both processes exhibit “double-edged sword” effects on

cellular proliferation: OS promotes apoptosis yet concurrently

stimulates inflammatory cascades, while autophagy attenuates OS but

may be incomplete in hyperplastic tissues. Theoretically, maintaining

balanced autophagic flux could mitigate BPH progression.

Despite OS being objectively elevated in BPH tissues, prostatic

cell proliferation predominates, indicating that compensatory

mechanisms override OS-mediated growth suppression. Although

exacerbating OS could theoretically inhibit proliferation, this

approach is clinically impractical due to unpredictable systemic

damage. Critically, incomplete autophagy in BPH perpetuates OS

and pyroptotic signaling. Thus, sustaining competent autophagy is

essential to stabilize OS and prevent pathological hyperplasia.

Prdx3 critically underpins autophagy-OS dysregulation in BPH:

(1) Prdx3 upregulation inhibits mitophagy and suppresses ROS

scavenging, paradoxically elevating mitochondrial OS despite its

antioxidant role (144); (2) Prdx3 knockdown increases

mitochondrial ROS but activates protective mitophagy and
Frontiers in Oncology 11
inhibits NLRP3 inflammasomes, reducing pyroptosis (144, 145);

(3) In prostatic neoplasia, Prdx3 promotes cell survival by reducing

OS, highlighting its context-dependent functions (146).

Mechanistically, Prdx3-driven autophagy impairment enhances

OS, activating caspase-1 via NLRP3 inflammasomes and

upregulating IL-1b/IL-18, thereby inducing pyroptosis (147).

Concurrently, pyroptosis-released cytokines stimulate compensatory

prostate cell proliferation (148). Therefore, in this process, Prdx3,

autophagy, OS, and cell pyroptosis act synergistically in the

pathogenesis of BPH. The upregulation of Prdx3 inhibits autophagy,

leading to a relative enhancement of OS and the occurrence of cell

pyroptosis, ultimately promoting the proliferation of prostate cells.The

crosstalk between Prdx3, autophagy, OS, and pyroptosis is illustrated

in Figure 5.
Conclusion

The hallmark of BPH is the acceleration of cell proliferation

over cell death. Under normal physiological conditions, the growth

of organs and tissues depends on the dynamic balance between cell
FIGURE 5

Schematic diagram of crosstalk mechanisms between Prdx3, oxidative stress, autophagy, and pyroptosis. 5Upon Prdx3 upregulation, autophagy
inhibition occurs alongside increased expression of interleukin-18 (IL-18), caspase-1, and interleukin-1b (IL-1b), thereby inducing caspase-1-
dependent pyroptosis. Although Prdx3 suppresses oxidative stress (OS) under physiological conditions, its inhibition of autophagy indirectly
enhances OS accumulation in benign prostatic hyperplasia (BPH) . When OS intensity exceeds a threshold, reactive oxygen species (ROS) generation
simultaneously triggers compensatory autophagy and activates the NLRP3 inflammasome. Enhanced autophagy counteracts OS through clearance
of damaged organelles (e.g., via mitophagy), whereas sustained ROS elevation promotes caspase-1 activation via NLRP3, initiating pyroptosis.
Conversely, Prdx3 downregulation enhances autophagic flux and suppresses NLRP3 inflammasome assembly. In this context, augmented autophagy
mitigates OS, while reduced NLRP3 activation attenuates pyroptosis, ultimately suppressing inflammatory-driven prostate hyperplasia.
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death and cell proliferation. When the intraprostatic

microenvironment changes, disrupting this balance can lead to

BPH. Such microenvironmental changes involve imbalances in

inflammation, hormones, and other factors. To further explore

the pathogenesis of BPH, it is crucial to understand the factors

driving inflammation and hormonal alterations. Prdx3, OS, cell

pyroptosis, and autophagy can all directly or indirectly influence the

levels of hormones or inflammation.

However, Prdx3, OS, cell pyroptosis, and autophagy exhibit

bidirectional regulatory effects in BPH, resulting in paradoxical

outcomes. Regarding OS, numerous studies propose controlling

BPH by inhibiting OS (149). This approach is based on the rationale

that OS inhibition can reduce inflammatory factors, thereby

suppressing prostatic hyperplasia. Consequently, enhancing

antioxidant capacity and reducing inflammation appear to be

promising strategies for managing this disease.

Theoretically, high levels of OS are detrimental in BPH, and

administration of antioxidants should alleviate the disease.

However, randomized clinical trials have frequently shown no

significant benefit (150). Does this discrepancy arise from a flaw

in the theoretical premise, or is it that antioxidant administration or

enhancement of antioxidant capacity does not necessarily

reduce OS?

Returning to the pathogenesis of BPH, prostatic tissues

commonly exhibit elevated ROS levels and abundant

inflammatory factors. Paradoxically, compensatory upregulation

of antioxidants, such as Prdx3, is also frequently observed. The

presence of substantial amounts of antioxidants indicates a robust

compensatory antioxidant capacity in the prostate. Yet, OS signs

persist, representing a key paradox.

OS induces autophagy. Autophagy, in response to stress,

reduces and degrades organelles, a degradation process that

promotes cellular adaptation to an inflammatory environment

and enhances cell survival. This pro-survival effect represents a

risk factor for BPH progression. However, in certain contexts,

autophagy can also promote apoptosis. Prdx3 inhibits autophagy,

and defective autophagy can lead to increased OS and

inflammation. Paradoxically, although Prdx3 functions as an

antioxidant to counteract excessive ROS, its inhibition of

autophagy ultimately leads to a net increase in OS levels, which is

followed by cell pyroptosis that results in enhanced inflammation.

Following BPH onset, the rate of cell death is lower than the rate

of cell proliferation. Within this context, overexpressed Prdx3

enhances antioxidant capacity, but by inhibiting autophagy, it

paradoxically contributes to increased OS, activates cell

pyroptosis, and ultimately exacerbates BPH. This indicates that

the enhancement in antioxidant capacity is insufficient to

counterbalance the OS increase induced by other mechanisms.

The aforementioned paradoxes - the coexistence of robust

antioxidant expression and persistent OS - can be reconciled

through the interplay of Prdx3, OS, autophagy, and pyroptosis.
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Downregulating antioxidant production, such as Prdx3, can

lead to ROS accumulation, which, paradoxically, may promote

apoptosis under specific conditions (151). However, this ROS

accumulation may not be sustained; Prdx3 downregulation can

also increase mitophagy (a selective form of autophagy for

mitochondria). Theoretically, ROS levels would subsequently

decline due to mitophagy. However, supporting experimental

evidence from subsequent studies is lacking and warrants

further investigation.

Extrapolating this concept, systemically enhancing the body’s

antioxidant capacity to reduce OS may inadvertently exacerbate OS.

This mechanism is likely the reason why the aforementioned

clinical trials failed. Indeed, reducing OS is crucial, but not all

strategies targeting OS are effective.

This phenomenon aligns with findings from other research.

Exercise, a strategy to enhance antioxidant capacity, increases Prdx3

expression post-exercise (152), but reduced antioxidant capacity has

been observed in rats following exercise training (152). Similarly,

niacin, an antioxidant-enhancing agent, was retrospectively

identified as a risk factor for BPH using the NHANES database

from 2003 to 2008 (153).

Therefore, within this complex network of mechanisms, it

becomes evident that inhibiting Prdx3 represents a potential

strategy to prevent further prostatic hyperplasia. Prdx3 inhibition

maintains autophagy while reducing OS levels and suppressing cell

pyroptosis. Consequently, inflammatory stimulation is mitigated or

prevented, and apoptosis becomes more probable. Ultimately, by

maintaining a balanced interplay between autophagy, OS, and

pyroptosis, prostate hyperplasia progression can be controlled.
Limitations and future perspectives

In this review, we delve into BPH pathogenesis and the roles of

Prdx3, OS, pyroptosis, and autophagy. Existing research has flaws,

like overusing preclinical models that can’t fully capture human

BPH complexity. Human data on Prdx3-pyroptosis interaction is

lacking, and antioxidant trials haven’t stratified patients, which

hampers clinical translation.

Future research should focus on Prdx3-targeted therapy to

disrupt this pathological axis. Potential strategies include: (1)

Innovative Prdx3-targeted drugs like conoidin A, a potent PRDXs

inhibitor (154); (2) Combining autophagy inducers (e.g.,

Rapamycin) with pyroptosis inhibitors (e.g., Disulfiram) (155,

156); (3) Novel approaches using selective ROS inducers to

trigger apoptosis in hyperplastic cells via mitochondrial ROS

production. Moreover, multi-omics integration can define BPH

subtypes, and developing aged immune-dysregulation models is

essential for translational validation. Despite these limitations,

gaining an in - depth understanding of the complex interplay

among Prdx3, OS, pyroptosis, and autophagy in BPH paves the
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way for developing precise treatment strategies. Future research

should focus on translating these mechanistic insights into clinical

applications. For instance, patient stratification analysis can be

conducted to tailor personalized treatment plans based on

inflammation and OS levels. This approach aims to enhance

therapeutic effects and minimize side effects.
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19. Csikós E, Horváth A, Ács K, Papp N, Balázs VL, Dolenc MS, et al. Treatment of
benign prostatic hyperplasia by natural drugs. Molecules. (2021) 26:7813. doi: 10.3390/
molecules26237141

20. FarnsworthWE. Estrogen in the etiopathogenesis of BPH. Prostate. (1999) 41:263–
74. doi: 10.1002/(SICI)1097-0045(19991201)41:4<263::AID-PROS7>3.0.CO;2-0

21. Yang T, Huang Y, Zhou Y, Chen S, Wang H, Hu Y, et al. Simultaneous
quantification of oestrogens and androgens in the serum of patients with benign
prostatic hyperplasia by liquid chromatography-Tandem mass spectrometry.
Andrologia. (2020) 52:e13611. doi: 10.1111/and.13611

22. Chen C, Pan N, Chen Z, Gou C, He X, Wang M, et al. The GG genotype of
rs743572 in CYP17A1 gene regulating the decrease of T/E ratio can be an independent
risk factor for MetS-BPH: a retrospective cohort study. World J Urol. (2024) 42:439.
doi: 10.1007/s00345-024-05138-3

23. Xue B, Wu S, Sharkey C, Tabatabaei S, Wu CL, Tao Z, et al. Obesity-associated
inflammation induces androgenic to estrogenic switch in the prostate gland. Prostate
Cancer Prostatic Dis. (2020) 23:465–74. doi: 10.1038/s41391-020-0208-4

24. Sharkey C, Long X, Al-Faouri R, Strand D, Olumi AF, Wang Z. Enhanced
prostatic Esr1(+) luminal epithelial cells in the absence of SRD5A2. J Pathol. (2024)
263:300–14. doi: 10.1002/path.6283

25. Fan Y, Song TR, Wei Q, Yang L, Lin T, Feng XB, et al. Modulatory effect of
aquaporin 5 on estrogen-induced epithelial-mesenchymal transition in prostate
epithelial cells. Chin Med J (Engl) . (2020) 134:448–55. doi: 10.1097/
CM9.0000000000001132
frontiersin.org

https://doi.org/10.1007/s00345-019-02691-0
https://doi.org/10.1097/JU.0000000000002183
https://doi.org/10.1038/nrurol.2016.254
https://doi.org/10.1002/pros.24656
https://doi.org/10.1016/j.ajur.2017.06.003
https://doi.org/10.1038/s41585-023-00774-7
https://doi.org/10.1053/j.tvir.2012.09.007
https://doi.org/10.3389/fendo.2021.554078
https://doi.org/10.1080/13685538.2024.2391380
https://doi.org/10.1080/13685538.2024.2391380
https://doi.org/10.1159/000496289
https://doi.org/10.2147/CLEP.S317019
https://doi.org/10.1007/s00018-024-05143-0
https://doi.org/10.1007/s00018-024-05143-0
https://doi.org/10.1038/s41419-022-04995-3
https://doi.org/10.1016/j.exger.2020.111152
https://doi.org/10.1016/j.exger.2020.111152
https://doi.org/10.1007/s11934-016-0600-8
https://doi.org/10.1016/j.aju.2011.06.003
https://doi.org/10.2147/RRU.S155609
https://doi.org/10.3390/molecules26237141
https://doi.org/10.3390/molecules26237141
https://doi.org/10.1002/(SICI)1097-0045(19991201)41:4%3C263::AID-PROS7%3E3.0.CO;2-0
https://doi.org/10.1111/and.13611
https://doi.org/10.1007/s00345-024-05138-3
https://doi.org/10.1038/s41391-020-0208-4
https://doi.org/10.1002/path.6283
https://doi.org/10.1097/CM9.0000000000001132
https://doi.org/10.1097/CM9.0000000000001132
https://doi.org/10.3389/fonc.2025.1579539
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Xiang et al. 10.3389/fonc.2025.1579539
26. De Falco M, Laforgia V. Combined effects of different endocrine-disrupting
chemicals (EDCs) on prostate gland. Int J Environ Res Public Health. (2021) 18:12046.
doi: 10.3390/ijerph18189772

27. Pan L, Su S, Li Y, Liu D, Shen L, Wang H, et al. The effect of acupuncture on
oestrogen receptors in rats with benign prostatic hyperplasia. J Steroid Biochem Mol
Biol. (2023) 234:106402. doi: 10.1016/j.jsbmb.2023.106402

28. McPherson SJ, Hussain S, Balanathan P, Hedwards SL, Niranjan B, Grant M,
et al. Estrogen receptor-beta activated apoptosis in benign hyperplasia and cancer of the
prostate is androgen independent and TNFalpha mediated. Proc Natl Acad Sci U.S.A.
(2010) 107:3123–8. doi: 10.1073/pnas.0905524107

29. Garg M, Dalela D, Dalela D, Goel A, Kumar M, Gupta G, et al. Selective estrogen
receptor modulators for BPH: new factors on the ground. Prostate Cancer Prostatic Dis.
(2013) 16:226–32. doi: 10.1038/pcan.2013.17

30. Wu WF, Wang L, Spetsieris N, Boukovala M, Efstathiou E, Brössner C, et al.
Estrogen receptor b and treatment with a phytoestrogen are associated with inhibition
of nuclear translocation of EGFR in the prostate. Proc Natl Acad Sci U.S.A. (2021) 118:
e2103247118. doi: 10.1073/pnas.2011269118

31. Yang T, Qiu Z, Shen J, He Y, Yin L, Chen L, et al. 17b-Estradiol, through
activating the G protein-coupled estrogen receptor, exacerbates the complication of
benign prostatic hyperplasia in type 2 diabetes mellitus patients by inducing prostate
proliferation. J Pharm Anal. (2024) 14:100962. doi: 10.1016/j.jpha.2024.03.003

32. Liu Z, Li S, Chen S, Sheng J, Li Z, Lv T, et al. YAP-mediated GPER signaling
impedes proliferation and survival of prostate epithelium in benign prostatic
hyperplasia. iScience. (2024) 27:109125. doi: 10.1016/j.isci.2024.109125

33. Fu X, Wang Y, Lu Y, Liu J, Li H. Association between metabolic syndrome and
benign prostatic hyperplasia: The underlying molecular connection. Life Sci. (2024)
358:123192. doi: 10.1016/j.lfs.2024.123192

34. Traish AM. Health risks associated with long-term finasteride and dutasteride
use: it’s time to sound the alarm.World J Mens Health. (2020) 38:323–37. doi: 10.5534/
wjmh.200012

35. Wang Z, Olumi AF. Diabetes, growth hormone-insulin-like growth factor
pathways and association to benign prostatic hyperplasia. Differentiation. (2011)
82:261–71. doi: 10.1016/j.diff.2011.04.004

36. Jangir RN, Jain GC. Diabetes mellitus induced impairment of male reproductive
functions: a review. Curr Diabetes Rev. (2014) 10:147–57. doi: 10.2174/
1573399810666140606111745

37. Yang T, Zhou Y, Wang H, Chen S, Shen M, Hu Y, et al. Insulin exacerbated high
glucose-induced epithelial-mesenchymal transition in prostatic epithelial cells BPH-1
and prostate cancer cells PC-3 via MEK/ERK signaling pathway. Exp Cell Res. (2020)
394:112145. doi: 10.1016/j.yexcr.2020.112145

38. Miro C, Di Giovanni A, Murolo M, Cicatiello AG, Nappi A, Sagliocchi S, et al.
Thyroid hormone and androgen signals mutually interplay and enhance inflammation
and tumorigenic activation of tumor microenvironment in prostate cancer. Cancer Lett.
(2022) 532:215581. doi: 10.1016/j.canlet.2022.215581

39. Lee JH, Park YW, Lee SW. The relationships between thyroid hormone levels
and lower urinary tract symptoms/benign prostatic hyperplasia. World J Mens Health.
(2019) 37:364–71. doi: 10.5534/wjmh.180084

40. Heo JE, Kim DG, Yoo JW, Lee KS. Metabolic syndrome-related factors as
possible targets for lower urinary tract symptoms in Korean males. Aging Male. (2023)
26:6–12. doi: 10.1080/13685538.2023.2166920

41. Rolandi E, Pescatore D, Milesi GM, Giberti C, Sannia A, Barreca T. Evaluation of
LH, FSH, TSH, Prl, and GH secretion in patients suffering from prostatic neoplasms.
Acta Endocrinol (Copenh). (1980) 95:23–6. doi: 10.1530/acta.0.0950023

42. Hata J, Harigane Y, Matsuoka K, Akaihata H, Yaginuma K, Meguro S, et al.
Mechanism of androgen-independent stromal proliferation in benign prostatic
hyperplasia. Int J Mol Sci. (2023) 24:11197 . doi: 10.3390/ijms241411634

43. Du C, Bhatia M, Tang SC, Zhang M, Steiner T. Mediators of inflammation:
inflammation in cancer, chronic diseases, and wound healing.Mediators Inflammation.
(2015) 2015:570653. doi: 10.1155/2015/570653

44. Gandaglia G, Briganti A, Gontero P, Mondaini N, Novara G, Salonia A, et al. The
role of chronic prostatic inflammation in the pathogenesis and progression of benign
prostatic hyperplasia (BPH). BJU Int. (2013) 112:432–41. doi: 10.1111/bju.12118

45. Bleeker J, Wang ZA. Applications of vertebrate models in studying prostatitis
and inflammation-associated prostatic diseases. Front Mol Biosci. (2022) 9:898871.
doi: 10.3389/fmolb.2022.898871

46. Lin D, Luo C, Wei P, Zhang A, Zhang M, Wu X, et al. YAP1 recognizes
inflammatory and mechanical cues to exacerbate benign prostatic hyperplasia via
promoting cell survival and fibrosis. Adv Sci (Weinh). (2024) 11:e2304274. doi: 10.1002/
advs.202304274

47. Schneider AJ, Serrell EC, Grimes M, Wang S, Bushman W. Histologic
inflammation and collagen content are not positively correlated in human BPH.
Prostate. (2023) 83:1529–36. doi: 10.1002/pros.24611

48. Devlin CM, Simms MS, Maitland NJ. Benign prostatic hyperplasia - what do we
know? BJU Int. (2021) 127:389–99. doi: 10.1111/bju.15229

49. Cooper PO, Yang J, Wang HH, Broman MM, Jayasundara SM, Sahoo SS, et al.
Inflammation impacts androgen receptor signaling in basal prostate stem cells through
Frontiers in Oncology 14
interleukin 1 receptor antagonist. Commun Biol. (2024) 7:1390. doi: 10.1038/s42003-
024-07071-y

50. Raucci F, Saviano A, Casillo GM, Guerra-Rodriguez M, Mansour AA, Piccolo M,
et al. IL-17-induced inflammation modulates the mPGES-1/PPAR-g pathway in
monocytes/macrophages. Br J Pharmacol. (2022) 179:1857–73. doi: 10.1111/bph.15413

51. Cao D, Sun R, Peng L, Li J, Huang Y, Chen Z, et al. Immune cell
proinflammatory microenvironment and androgen-related metabolic regulation
during benign prostatic hyperplasia in aging. Front Immunol. (2022) 13:842008.
doi: 10.3389/fimmu.2022.842008

52. Vickman RE, Aaron-Brooks L, Zhang R, Lanman NA, Lapin B, Gil V, et al. TNF
is a potential therapeutic target to suppress prostatic inflammation and hyperplasia in
autoimmune disease. Nat Commun. (2022) 13:2133. doi: 10.1038/s41467-022-29719-1
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Glossary

BPH Benign Prostatic Hyperplasia
Frontiers in Oncology
Prdx3 Peroxiredoxin 3
OS Oxidative Stress
BPE Benign Prostatic Enlargement
BPO Benign Prostatic Obstruction
BOO Bladder Outlet Obstruction
LUTS Lower Urinary Tract Symptoms
IGF-1 Growth factor 1
AR Androgen receptors
DHT Dihydrotestosterone
VTE Thromboembolism
E2 Estradiol
17b-HSD 17b-hydroxysteroid dehydrogenase
SRD5A2 Steroid 5a-reductase 2
LE Luminal epithelial cells
EMT Epithelial-mesenchymal transition
GPER G protein-coupled estrogen receptor ERs estrogen receptors
YAP1 Yes-associated protein 1
IR Insulin resistance
IGF Insulin-like growth factors
IGFBP IGF-binding protein
THs Thyroid hormones
PI3K Phosphatidylinositol-3-kinase
IL-1 Interleukin-1
IL-8 Interleukin-8
TNF Tumor necrosis factor
TRAF6 TNF receptor associated factor 6
IFN-g Interferon-g
IL-17 Interleukin-17
TGF-b Transforming growth factor-b
CXCL10 Interferon-g-inducible protein 10
AI Autoimmune
17
CMA Chaperone-mediated autophagy
ATG Autophagy-related genes
ER Endoplasmic reticulum
AD Androgen deprivation
ROS Reactive Oxygen Species
RNS Reactive Nitrogen Species
H2O2 Hydrogen Peroxide
BBR Berberine
um-PEA Palmitoylethanolamide
GZMA Granzyme A
GSDMD Gasdermin D
PAMP Spathogen-associated molecular patterns
NLRs NOD-like receptors
PYHIN Pyrin and HIN domain-containing protein
NLRP3 NOD-like receptor thermal protein domain associated

protein 3
IL-1b Interleukin-1beta
IL-18 Interleukin-18
LPS Lipopolysaccharides
IFN Interferon
AMPK Adenosine Monophosphate-Activated Protein Kinase
GlcNAc-6P N-Acetyl-D-glucosamine 6-phosphate
TAK1 Transforming Growth Factor-b-Activated Kinase 1
GSDME-NT N-terminal domain of GSDME
GZMB Granzyme B
CAR T cells Chimeric antigen receptor T cells
PRDX Peroxiredoxins
ROS Reactive oxygen species
H2O2 Hydrogen peroxide
NHANES National Health and Nutrition Examination Survey
NOX NADPH oxidase
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