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ABSTRACT

Metabolic and endocrine disorders share a set of conserved pathogenic circuits in which oxidative stress and immune
dysregulation are tightly intertwined. Benign prostatic hyperplasia (BPH), diabetes mellitus, and reproductive
hormone imbalance provide complementary windows into this biology. Across these conditions, mitochondrial
dysfunction, NADPH oxidase activity, advanced glycation end-products, and endoplasmic reticulum stress amplify
reactive oxygen and nitrogen species, while innate and adaptive immune programs-Toll-like receptors, NLRP3
inflammasome, macrophage polarization, and T-cell skewing-sustain chronic inflammation and fibrotic remodeling.
Hormonal milieus modulate these redox—immune loops: androgens and estrogens shape stromal—epithelial crosstalk
in the prostate; insulin and adipokines orchestrate hepato—renal injury in diabetes; and hypoestrogenism,
hyperandrogenism, or hypogonadism recalibrate neuroimmune tone and metabolic flux. This review synthesizes
mechanistic commonalities and disease-specific features, highlights organ and axis crosstalk (gut-liver—kidney—
prostate-brain), and outlines a therapeutic framework combining metabolic control, redox restoration, and
immunomodulation. We discuss biomarkers for stratification and monitoring and propose trial designs that test
multi-target strategies across indications where shared biology predicts shared benefit.
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INTRODUCTION

Metabolic and endocrine disorders rarely operate in isolation. Instead, they propagate through conserved molecular
nodes that couple redox imbalance to immune activation [17]. BPH, diabetes, and reproductive hormone imbalance
each exemplify this principle. In BPH, age-related shifts in androgen—estrogen balance sensitize prostate stroma and
epithelium to oxidative injury and chronic inflammation, driving hyperplasia and fibrosis [27]. In diabetes,
hyperglycemia, lipotoxicity, and insulin resistance create a systemic pro-oxidant state that activates innate and
adaptive immunity, accelerating hepatotoxicity, nephrotoxicity, vascular disease, and neuropathy [87. In
reproductive hormone imbalance-ranging from hypoestrogenism to hyperandrogenic states such as PCOS-
perturbations of the hypothalamic—pituitary—gonadal axis reshapes mitochondrial function, microglial tone, and
peripheral immunity, feeding back on metabolism and organ health [47. A unifying feature across these conditions
is bidirectional crosstalk among organs and axes. Gut dysbiosis and barrier dysfunction increase endotoxemia,
stimulating TLR signaling and redox stress in the liver, kidney, prostate, and brain [57]. Adipokines, hepatokines,
and gonadal hormones circulate as endocrine cues that tune redox set points and immune polarization [6].
Recognizing this shared architecture motivates therapeutic designs that move beyond single-pathway interventions
toward coordinated correction of metabolic, oxidative, and immune drivers.

2. Mechanistic Convergence: The Redox—Immune—Endocrine Triangle

Metabolic and endocrine disorders such as benign prostatic hyperplasia (BPH), diabetes, and reproductive hormone
imbalance converge mechanistically on a shared triangle of oxidative stress, immunomodulation, and endocrine
regulation [7]. These three components are not independent but operate as an interconnected system, where
disruption of one rapidly influences the others.
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Oxidative stress is a unifying initiator. In virtually all tissues, mitochondria are the dominant source of reactive
oxygen species (ROS), generated when electron leakage occurs during oxidative phosphorylation [87]. NADPH
oxidase (NOX) enzymes, cytochrome P450 reactions, and metabolic pathways such as the polyol and protein kinase
C (PKC) cascades further elevate ROS production under stress conditions [97. In diabetes, for example, chronic
hyperglycemia accelerates the formation of advanced glycation end-products (AGEs), which activate the receptor
for AGEs (RAGE) on endothelial and immune cells [107]. This signaling triggers NF-kB, leading to
proinflammatory cytokine release. Concurrently, endoplasmic reticulum (ER) stress and the unfolded protein
response intersect with JNK and CHOP pathways, lowering antioxidant defenses and promoting apoptosis [117.
Normally, the transcription factor Nrf2 orchestrates the induction of detoxifying and antioxidant enzymes, but in
chronic disease states, Nrf2 activation is impaired, weakening resilience to oxidative injury [127].
Immunomodulation represents the second axis of convergence. Innate immune sensors such as Toll-like receptors
(TLR2/4) and the cGAS-STING pathway detect DAMPs from injured cells and microbial ligands derived from
dysbiosis or endotoxemia [187]. These signals activate inflammasomes, particularly NLRP3, which drive caspase-1—
mediated maturation of IL-1f and IL-18. In parallel, macrophages polarize toward proinflammatory M1 phenotypes
or fibrogenic M2-like states depending on cytokine context [137. Adaptive immunity adds another layer, with T-
cell skewing toward Th1 and Th17 phenotypes sustaining inflammation, while inadequate regulatory T-cell (Treg)
function fails to restrain excessive responses [14-]. Importantly, ROS act both upstream and downstream in these
pathways-oxidative stress activates immune signaling, while activated immune cells generate more ROS-creating a
self-reinforcing loop.

Endocrine regulation closes the triangle. Hormones such as androgens, estrogens, progesterone, insulin, IGI'-1,
adiponectin, and leptin directly modulate mitochondrial function, NOX activity, antioxidant tone, and immune
polarization [157]. Estrogens generally enhance antioxidant defenses and temper immune activation, while
androgens influence mitochondrial bioenergetics and inflammatory responses [167]. Adipokines such as adiponectin
suppress inflammation and oxidative stress, whereas leptin promotes immune activation and fibrosis [177.
Endocrine imbalance-whether due to aging, menopause, andropause, or metabolic syndrome-thus recalibrates the
redox-immune axis, making tissues more vulnerable to injury and less capable of repair.

Taken together, these three pillars form an interconnected pathogenic circuit. Oxidative stress ignites immune
responses, immune activation perpetuates oxidative injury, and endocrine dysregulation shifts the balance toward
chronic inflammation and fibrosis.

3. Lessons from Benign Prostatic Hyperplasia

Benign prostatic hyperplasia (BPH) exemplifies how endocrine imbalance, oxidative stress, and immune
dysregulation converge to drive disease progression. BPH is fundamentally a disorder of stromal—epithelial
interactions within the prostate, tightly regulated by reproductive hormones [187. Dihydrotestosterone (DHT),
produced from testosterone by 5a-reductase, strongly activates androgen receptor signaling in prostate cells,
driving proliferation and glandular enlargement [197. With aging, the estrogen-to-androgen ratio shifts, increasing
estrogen receptor-a (ERa) activity, which promotes inflammation and fibrosis [207]. Estrogen receptor-f (ERf), in
contrast, has antiproliferative and pro-apoptotic roles, but its relative influence diminishes over time [217].
Oxidative stress features prominently in BPH pathology. Prostate tissues display increased lipid peroxidation,
protein oxidation, and reduced antioxidant enzyme activity [227]. Mitochondrial dysfunction contributes to ROS
generation, while infiltrating immune cells amplify oxidative injury through NOX-derived ROS and
proinflammatory cytokines [237. Immune contributors are consistently observed in hyperplastic prostate tissue. T-
cells and macrophages infiltrate the stroma, while mast cells secrete mediators that sustain chronic inflammation
[247. Cytokines such as IL-6, IL-8, and TNF-a stimulate stromal proliferation and extracellular matrix deposition
[257. Pattern recognition receptors, including TLRs, detect endogenous ligands released from stressed cells and
microbial metabolites derived from gut dysbiosis, bridging local oxidative stress with systemic inflammatory signals
[267].

Therapeutically, current strategies address only part of this triangle. 5a-reductase inhibitors reduce DHT and limit
androgen-driven proliferation, while alpha-blockers relieve smooth muscle-mediated obstruction [277. Selective
estrogen receptor modulators (SERMs) are being explored to shift the ERa/ERP balance toward protective
signaling [287. Antioxidants and phytotherapeutics such as saw palmetto, lycopene, and curcumin are under
investigation as adjuncts, given their ability to dampen oxidative and inflammatory responses [297. The key lesson
from BPH is that correcting hormonal imbalance alone is insufficient. Unless oxidative stress and immune activation
are also addressed, the cycle of hyperplasia, inflammation, and fibrosis persists. Integrated approaches targeting the
endocrine-redox—immune triangle may therefore represent the future of disease-modifying therapy in BPH.

4. Lessons from Diabetes

Diabetes creates a systemic environment of oxidative overload and immune activation that injures multiple organs.
Hyperglycemia elevates mitochondrial ROS and activates NOX enzymes [307; the polyol pathway depletes
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NADPH, undermining glutathione recycling [817; AGEs engage RAGE to induce NF-kB [327; ER stress and
defective autophagy propagate organelle damage [3387]. These redox abnormalities occur in hepatocytes, Kupffer
cells, podocytes, mesangial and tubular epithelial cells, endothelium, and peripheral nerves. Innate and adaptive
immune mechanisms amplify injury: TLR signaling and NLRP3 activation promote IL-1f and IL-18; macrophages
shift toward inflammatory phenotypes; Th1/Th17 polarization and Treg deficiency sustain chronic inflammation
[847]. Organ crosstalk is prominent. In the liver, oxidative injury and CYP2E1 induction generate lipid peroxidation
and DAMP release, activating stellate cells and fibrosis; hepatokines (fetuin-A, FGF21, ANGPTLs) and bile acid—
FXR/TGRS signaling modulate systemic metabolism and renal inflammation [357. In the kidney, podocyte loss,
GBM thickening, and tubular lipotoxicity progress with chemokine-driven leukocyte recruitment and interstitial
fibrosis; reduced Klotho diminishes antioxidant capacity [367]. Adipokine imbalance (low adiponectin, high leptin)
and dysbiosis-derived metabolites (LPS, TMAO) further amplify redox—immune stress, closing a hepato—renal—
adipose—gut loop [377].

Therapeutic lessons emphasize multi-modal care: intensive metabolic control; SGLT2 inhibitors and GLP-1
receptor agonists with organ-protective effects; RAAS blockade; statins for vascular redox burden; targeted redox
therapies (Nrf2 activators, NOX inhibitors, mitochondria-directed antioxidants) and emerging immunomodulators
(IL-1 pathway, CCR2/CCR5) [38]. Diabetes demonstrates that addressing metabolism without redox—immune
recalibration leaves substantial residual risk.

5. Lessons from Reproductive Hormone Imbalance

Hypoestrogenism (menopause), hypogonadism, and hyperandrogenic states (such as PCOS) reprogram redox and
immune tone [397]. Estrogens typically enhance mitochondrial efficiency, upregulate antioxidant defenses, and
temper microglial activation; deficiency increases cerebral and systemic oxidative stress, BBB vulnerability, and
cytokine production [407]. Androgens modulate hippocampal plasticity and immune polarization; deficiency
heightens microglial reactivity and oxidative injury, whereas excess can aggravate excitotoxic and inflammatory
signaling [417]. Progesterone supports myelin and dampens neuroinflammation; dysregulation impairs repair and
promotes oxidative damage [427. In PCOS, insulin resistance, adipose inflammation, and hyperandrogenism
converge to increase NOX activity, oxidative modification of lipids and proteins, and TLR/NLRP3 signaling [437].
These changes feedback to worsen metabolic control and reproductive outcomes. Therapeutic approaches integrate
lifestyle modification, insulin sensitizers, selective hormone receptor modulators, and
antioxidant/immunoregulatory adjuncts, with growing interest in microbiota-targeted strategies that restore gut
barrier integrity and endocrine-immune homeostasis.

6. Organ and Axis Crosstalk

Metabolic and endocrine disorders rarely remain confined to a single organ. Instead, they propagate through shared
mediators that traverse systems and reinforce pathology across multiple axes. Cytokines such as TNF-a, IL-6, and
TGF-B, together with chemokines like CCL2, act as common messengers sustaining inflammation, endothelial
dysfunction, and fibrotic remodeling in liver, kidney, prostate, and vascular tissues [447. Extracellular vesicles and
microRNAs extend this signaling by shuttling proinflammatory and profibrotic cues between cells and organs,
effectively creating a molecular communication network [457]. Adipose and hepatic secretory factors add further
complexity. Adipokines such as adiponectin and leptin, and hepatokines including fetuin-A and FFGI'21, recalibrate
systemic insulin sensitivity, metabolic tone, and immune polarization [46]. Disturbances in these mediators often
tip the balance toward oxidative stress and chronic inflammation. Bile acids also function as endocrine-like
messengers, activating nuclear and membrane receptors such as FXR and TGR5 to fine-tune lipid and glucose
metabolism across the liver, kidney, and vasculature [47].

The gut microbiota is another pivotal node. Dysbiosis raises circulating lipopolysaccharide (LPS) levels, which
stimulate Toll-like receptors and perpetuate systemic inflammation [487. At the same time, altered microbial
metabolism decreases beneficial short-chain fatty acids (SCFAs) while increasing pro-oxidant metabolites such as
trimethylamine N-oxide (TMAO) [497. These shifts compromise antioxidant capacity and enhance vascular and
endocrine dysfunction. Collectively, this circuitry illustrates that correcting one element-such as glycemia-can
improve outcomes but rarely normalizes the entire network unless oxidative and immune set points are
simultaneously reset.

7. Therapeutic Framework: Combining Metabolic, Redox, and Immune Control

Addressing the intertwined drivers of metabolic and endocrine disorders requires an integrated therapeutic
framework. Metabolic correction remains foundational, with control of glucose, lipids, and blood pressure reducing
upstream triggers of oxidative stress. Agents such as SGLT2 inhibitors and GLP-1 receptor agonists demonstrate
organ-protective effects beyond glycemia, while lifestyle measures like weight loss and exercise enhance
mitochondrial efficiency and antioxidant defenses [507]. Redox restoration can be achieved with pharmacological
Nrf2 activators, NOX inhibitors, or mitochondria-targeted antioxidants, as well as nutraceuticals like vitamin E,
resveratrol, and curcumin [517. Immunomodulation includes cytokine blockade, TLR antagonism, and strategies
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to rebalance macrophage and T-cell subsets [527]. In BPH, combining endocrine therapies with antioxidant or anti-
inflammatory agents may provide superior control of hyperplasia and fibrosis. Additional strategies focus on the gut
microbiota, using prebiotics, probiotics, or dietary interventions to reduce endotoxemia and restore SCFA
production [537. Ultimately, combination design-integrating metabolic, redox, and immune interventions guided
by biomarkers offers the most promising path toward durable, multi-organ benefit.
CONCLUSION
Oxidative stress and immunomodulation form the common language of injury across metabolic and endocrine
disorders. BPH, diabetes, and reproductive hormone imbalance differ in presentation but converge mechanistically
through mitochondrial dysfunction, innate and adaptive immune activation, and fibrotic remodeling. Therapeutic
strategies that integrate metabolic control with redox restoration and targeted immunomodulation are poised to
deliver cross-organ benefits. Building biomarker-guided, combination trials around this shared biology is the next
step toward changing the natural history of these prevalent, intersecting diseases.
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