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Preface 

Male reproductive health has rapidly evolved into a dynamic field at the intersection of 
molecular biology, clinical medicine, and environmental science. Shifting demographic 
trends, notably delayed fatherhood, alongside advances in surgical and pharmacological 
innovation and recognition of emerging environmental threats, are redefining both 
clinical practice and research priorities. This book addresses this evolving landscape by 
providing an integrative overview of contemporary themes in male fertility and sexual 
health. It is intended to serve andrologists, reproductive endocrinologists, urologists, 
sexual medicine specialists, translational scientists, environmental health researchers, 
and trainees seeking a structured and forward-looking synthesis of male reproductive 
health. 

The first section examines environmental challenges and cellular protection mecha-
nisms that define contemporary reproductive health threats and responses. It presents 
current evidence linking exposure to ubiquitous environmental pollutants, particularly 
microplastics, with impaired sperm quality and potential transgenerational effects, 
acknowledging the methodological and regulatory challenges in exposure assessment 
and the establishment of causal relationships. This section further highlights oxidative 
stress, driven by reactive oxygen species, as a primary contributor to sperm damage 
and infertility, evaluating both conventional and advanced therapeutic interventions, 
including nanotechnology-based delivery systems, mitochondria-targeted molecules, 
biomarker-guided supplementation, and genetic profiling. Broader considerations, 
including disparities in healthcare access, fertility preservation, and cryopreservation, 
are also discussed. 

The second section addresses clinical management and therapeutic interventions 
across diverse patient populations and clinical contexts. It reviews male fertility and 
sexual health challenges associated with congenital and neuro-urological conditions, 
such as cryptorchidism, bladder exstrophy, prune belly syndrome, and spinal dysra-
phism, as well as acquired disorders, including spinal cord injury, multiple sclerosis, 
and cerebrovascular disease. Management strategies include surgical interventions, 
such as orchiopexy, phalloplasty, prosthetic implantation, and urinary tract recon-
struction, as well as assisted reproductive technologies within multidisciplinary and 
transitional care models. This section explores age-related reproductive decline, 
detailing the biology of testicular aging, reduced androgen production, and systemic 
consequences, contrasting established treatments with emerging strategies, including 
anti-inflammatory and antioxidant therapies, phosphodiesterase-5 inhibitors, nitric 
oxide donors, dopamine agonists, and combination approaches aimed at optimizing 
reproductive and systemic health. The outcomes of sperm retrieval procedures, spe-
cifically testicular sperm extraction (TESE) and microdissection TESE (Micro-TESE), 
are examined in the context of balancing improved retrieval rates with risks such as 
testosterone deficiency, erectile dysfunction, and psychological distress. Special atten-
tion is given to vulnerable subpopulations, notably men with Klinefelter syndrome, 
focusing on hormonal recovery and psychosocial support. 
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Chapter 1

Microplastics Exposure Is Harmful 
to Male Reproductive Health
Zubair Muhammad, Qiming Yang and Nan Liu

Abstract

This chapter will delve into the burgeoning concern surrounding microplastics 
(MPs) exposure and its insidious impact on male reproductive health. MPs, ubiqui-
tous environmental pollutants stemming from the degradation of plastic products, 
have permeated various ecosystems and consequently found their way into the 
human body through multiple exposure routes, such as ingestion via food and water, 
and inhalation of airborne MP particles. The scope of this chapter encompasses an 
in-depth exploration of the mechanisms through which MPs exert their deleterious 
effects. It will examine the potential for MPs to induce oxidative stress in male repro-
ductive tissues, leading to damage of sperm cells and disruption of the blood-testis 
barrier. Furthermore, the endocrine-disrupting properties of MPs will be scrutinized, 
as these pollutants can interfere with the normal hormonal regulation of the male 
reproductive system, affecting testosterone production and spermatogenesis. In 
addition, the chapter will present epidemiological evidence linking MPs exposure 
to adverse reproductive outcomes in men, such as reduced sperm quality, including 
decreased sperm count, motility, and morphology, as well as an increased risk of male 
infertility. Animal studies that have provided crucial insights into the dose-response 
relationships and the potential for transgenerational effects of MPs on male reproduc-
tive health will also be discussed. By synthesizing the existing body of knowledge, 
this chapter aims to highlight the urgent need for further research and public health 
interventions to mitigate the potential harm of MPs to male reproductive health.

Keywords: microplastics (MPs), environmental pollution, male reproductive health, 
public health, male fertility, semen quality

1. �Introduction

The escalating dispersion of plastic pollutants has become a critical environmental
crisis, threatening marine and terrestrial ecosystems while posing a potential threat 
to human health [1]. When exposed to environmental stressors, degradation of bulk 
plastics occurs into microplastics (MPs)—particulate matter ≤5 mm in size—that 
circulate through global ecosystems, including oceans, freshwater bodies, and soil. 
These MPs are the products of the degradation and wear and tear of different plastic 
products, including automobile trim, textiles, and paint coatings in addition to spills 
of pellets and powders during the pre-production processes.
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And now, as ubiquitous in the environment, they can infiltrate the trophic chain, 
raising concerns due to their persistent detection in edible matrices and their capacity 
to bypass biological barriers. Human exposure occurs via multiple pathways: dietary 
intake, such as seafood [2], bottled water [3], milk, beer, and table salt [4, 5], water 
consumption, and inhalation of airborne particles [6]. Beyond the gastrointestinal 
tract, MPs have been identified in multiple organ systems, including the respiratory, 
circulatory [7], reproductive, nervous, immune, endocrine, urinary, and musculo-
skeletal systems [2, 8], suggesting broad-ranging biological interactions.

1.1 Global proliferation of MPs

Plastic pollution in marine, terrestrial ecosystems, fresh water, and the atmo-
sphere environments is widespread and pervasive. However, the scientific community 
is only beginning to comprehend the interaction between environmental plastic 
contamination and earth’s biogeochemical cycles, specifically those involving carbon, 
nitrogen, phosphorus, and sulfur. MPs are extensively distributed across diverse 
global ecosystems, including oceans, lakes, rivers, and soils. Due to their abilities 
to integrate into the soil and sediment matrices, MPs significantly alter the physi-
cochemical properties, element cycling processes, and greenhouse gas emissions. 
Furthermore, microbial metabolism of plastics, along with dissolved organic matter 
derived from plastic leachates, may directly or indirectly impact critical biogeochemi-
cal pathways. Notably, the “plastisphere”, defined as the assemblage of microbial 
communities that colonize plastic debris, is emerging as an especially important role 
to the cycling of essential elements (Figure 1) [9]. Understanding the plastisphere’s 

Figure 1. 
MPs affect element biogeochemical cycles [9]. MP pollution is in the ocean, terrestrial ecosystem, fresh water, and 
atmosphere. MPs, plastic-derived dissolved organic matter, and the plastisphere can affect biogeochemical cycles 
of elements, including carbon, nitrogen, phosphorus, and sulfur; and fluxes of greenhouse gases through direct 
and indirect pathways. Determining the impact and extent of these processes requires additional observations and 
analysis. (© 2024 Science. All rights reserved.).
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role in modulating biogeochemical cycles will be indispensable for comprehensively 
addressing the environmental implications of MP pollution.

Evidence of their potential imminent threat to human health continues to grow, 
as MPs have been increasingly detected in various consumables. Human exposure 
to MPs occurs through multiple pathways, including dietary intake (e.g., seafood, 
bottled water, milk, beer, and table salt), water consumption, and inhalation of air. It 
has since become increasingly recognized that the food chain is one of the key routes 
to human exposure to MPs, and that MPs have been identified in numerous food 
products. Moreover, the presence of MPs has been observed in a variety of human 
organ systems, such as the digestive, respiratory, circulatory, reproductive, nervous, 
immune, endocrine, urinary, and locomotor systems (Figure 2).

1.2 Human exposure pathways

Human exposure to MPs occurs predominantly through ingestion and inhalation. 
Dietary sources, including seafood, drinking water, and food packaged in plastic 
materials, contribute substantially to ingestion-based exposure. Additionally, air-
borne MPs, prevalent in both indoor and outdoor environments, represent a critical 
pathway through respiratory inhalation. This multifaceted exposure has raised sig-
nificant public health concerns due to the potential systemic impacts of accumulated 
MPs within human tissues.

Exposure via ingestion is mostly linked to the intake of contaminated foodstuffs 
and beverages with dietary sources being major sources of these contaminants, 
which include seafood (mostly fish, bivalves, and crustaceans), drinking water (tap 
and bottled water), and foods packed or stored in plastic materials as the primary 
cause of ingestion-related exposures [10, 11]. High levels of MPs have been found in 

Figure 2. 
The proposed comprehensive MP research framework. ADEMT: absorption, distribution, metabolism, excretion, 
and toxicity. (Copyright © 2025 Innovation Press).
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many foods, such as sea salt, sugar, honey, milk products, processed foods, and most 
notably in seafood, as a result of rampant pollution of the sea [10, 12]. Drinking water 
is the second vital route of ingestion, and there is data evidence that bottled water, 
especially those in plastic bottles, is frequently more concentrated with MPs than tap 
water, as a result of the breaking off of particles of the bottles into which the water 
is filled and reused frequently [10, 13]. Also, MPs may be added to foods by plastic 
packaging and processing materials, which may release MPs during heating, storage 
conditions, and mechanical stress, contributing to the risk of dietary exposure [10, 
12]. Babies and young children are potentially even more vulnerable; research has 
shown that the use of plastic feeding bottles and some food contact plastics could 
potentially liberate millions of MPs per day even under normal use conditions [10, 
11]. The accumulation of MPs in human tissues is a relevant cause of metabolic 
disorders, immune changes, inflammation, and chronic diseases [14, 15].

Systemic consequences of MPs, particularly with chronic accumulation, can 
amount to an increased risk of gastrointestinal disorders, respiratory illnesses, cardio-
vascular diseases, metabolic syndrome, and even cancer owing to lingering inflamma-
tion and genome-damaging impacts [13, 16, 17]. Because of their widespread sources 
and the difficulty of eliminating them once inside the body, MPs pose a serious and 
burgeoning threat to global public health [18, 19].

1.3 Rationale for focusing on male reproductive health

Emergent data are increasingly indicating the harmful effects of MPs on biological 
systems, and specifically, there are concerns about the effects related to their impact 
on reproductive health [20]. A critical area of focus is the male reproductive system 
that is highly sensitive to environmental MPs. With increased environmental pollu-
tion around the globe, reduced male fertility has been observed and has been pointed 
to poor sperm quality indicators in terms of low sperm count, dysmotility, and poor 
sperm morphology [21].

Although this evidence is still preliminary, it yields persuasive signs that MPs 
can interfere with the complex bodily functions necessary to male reproduction. In 
particular, research indicates that MPs may disrupt endocrine functionality, thus 
disrupting hormone levels vital in spermatogenesis and general reproductive health. 
Moreover, MPs have been shown to trigger the onset of oxidative stress in reproduc-
tive tissue, causing damage and inflammation of cells [22]. The oxidative damage may 
directly affect the viability and functioning of sperm. The possible direct toxicity of 
reproductive organs, including testes and epididymis, by MPs further demonstrates 
the need to know how these compounds can cause such effects and whether they 
pose any clinical significance concerning fertility in humans. This research will not 
only shed light on the mechanisms exactly through which the MPs cause a damaging 
effect but will also give valuable information on the possibility of interventions in 
clinical settings and population-based health strategies. The realization of the level of 
reproductive toxicity caused by MPs is critical in the establishment of successful ways 
against environmental pollution and safeguarding male fertility to later generations.

1.4 Chapter scope and objectives

This chapter systematically reviews the current knowledge of how MPs impact 
male reproductive health, elucidating the biological mechanisms involved, such 
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as oxidative stress induction, endocrine disruption, and structural damage to 
reproductive organs. Epidemiological findings that correlate MPs exposure with 
compromised male fertility parameters and increased infertility risks will be criti-
cally analyzed. Additionally, animal model studies will be examined to indicate 
dose-response relationships and potential transgenerational effects. Ultimately, 
this review aims to emphasize the urgency of advancing research and implement-
ing targeted public health interventions to mitigate MPs’ harmful reproductive 
consequences.

2. �Environmental ubiquity and human exposure to MPs

2.1 Sources and formation of MPs

MPs originate from various anthropogenic sources, broadly classified into primary 
and secondary forms.

Primary MPs are deliberately manufactured particles for both consumer and 
industrial applications, including microbeads in personal care products and industrial 
abrasives. Owing to physical, chemical, and biological breakdown, secondary MPs 
turn to fragmentation and degradation of pieces of larger plastic waste. Such down-
stream breakage contributes to the increasing environmental load of MPs.

2.1.1 Primary MPs

Primary MPs are small plastic pieces under 5 mm. Their size ranges from 10 μm 
to 1 mm. Most pieces are spherical or cylindrical. They have smooth surfaces and 
uniform polymer composition. Recent studies report that polyethylene (PE) is the 
most common (42%), followed by polypropylene (PP, 28%); polyester is also preva-
lent [23]. These plastics originate from microbeads in personal care products, textile 
fibers, and pre-production plastic pellets. Personal care items and cosmetics, such as 
toothpaste, face wash, hand soap, and sunscreen, contain microbeads. The EU has 
banned microbeads in many of these products, yet manufacturers continue to use 
them because they are cost-effective and perform well.

MPs also accumulate in oral care materials. Researchers have detected polymethyl 
methacrylate and polyvinyl siloxane in toothpaste, toothbrush bristles, dental floss, 
and mouthwash [24]. A single use of an exfoliant or toothpaste can release between 
4,500 and 95,500 microbeads [25]. Washing synthetic textiles releases fiber MPs; 
approximately 35% of these fibers enter wastewater [26].

Primary MPs are ubiquitous in aquatic and terrestrial environments. Fibers 
account for 49–70% of MPs in global wastewater and are primarily released during 
textile manufacturing and laundering [26]. Fiber shedding during washing consti-
tutes 4–35% of all primary MPs emissions [5]. The expansion of the apparel industry 
exacerbates this pollution [27].

Beyond personal care products, industries produce MPs beads for numerous 
applications. They are used as plasticizers, fillers, and pigments in coatings and 
paints. These beads often carry additional chemical additives [28]. Another signifi-
cant source is tire wear; abrasion generates persistent MPs particles that harm soil and 
aquatic microbial communities [29]. Studies also show that up to 84% of atmospheric 
MPs originate from road traffic, primarily tire wear.

7
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2.1.2 Secondary MPs

Plastic items break down into secondary MPs in three ways (Figure 3), including 
UV light, physical abrasion, and biological ingestion. Microbes can attach and break 
down plastics into particles. MPs fibers make extra trouble. Textile fibers release 
many particles when washed or stretched [30].

Plastic use has grown fast around the world. Experts say it creates more waste 
than other pollutants. Poor waste control sends much plastic into the oceans. In 
2010, oceans held 12.7 million tons of plastic. Experts expect a 10-fold increase 
in waste by 2025. Waves and UV light split ocean plastics into tiny bits. Fish and 
other animals eat these bits, and their digestion makes even smaller particles of 
plastics [31].

Wastewater plants collect MPs from homes and factories. They trap microbeads 
from personal care items and catch fibers from synthetic clothes. Plant machines cut 
plastics into smaller pieces. This process raises MPs levels in water and sludge.

2.2 Environmental distribution of MPs

MPs have achieved extensive global distribution, pervading diverse ecosystems. 
Aquatic environments, including oceans, rivers, lakes, and groundwater, serve as sig-
nificant reservoirs for MPs, facilitated by hydrological transport processes. Terrestrial 
ecosystems accumulate MPs primarily through agricultural practices, waste disposal, 
and atmospheric deposition. MPs also circulate extensively within the atmosphere, 
dispersing widely as airborne particles and subsequently depositing across varied 
landscapes, including urban and remote areas.

Figure 3. 
Sources and formation processes of primary and secondary MPs.
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2.3 Pathways of human exposure

2.3.1 Dietary intake (food and water)

The main sources of human dietary exposure to MPs are the consumption of 
tainted food and drinks. MPs have been reported widely in seafood, drinking water, 
and many packaged and processed food products (Figure 2). The ingestion pathway 
is particularly concerning due to the potential for MPs to accumulate in gastrointesti-
nal tissues, leading to subsequent systemic distribution and physiological effects.

2.3.2 Inhalation of airborne particles

Inhalation represents another crucial route of human exposure to MPs, facilitated 
by indoor and outdoor air contaminated with suspended MP particles. These airborne 
MPs originate from textile fibers, vehicle tire abrasion, urban dust, and industrial 
emissions. Chronic inhalation exposure is associated with respiratory deposition and 
potential translocation to systemic circulation, raising health concerns about pro-
longed MP accumulation in pulmonary tissues.

2.4 Bio-accumulation in human tissues

Emerging evidence highlights the capability of MPs to bio-accumulate within 
human tissues, including the lungs, liver, intestines, and reproductive organs. 
Bio-accumulation occurs when exposure surpasses the body’s elimination capacity, 
potentially leading to persistent biological effects. The accumulation of MPs in vital 
organs underscores the urgent need for comprehensive toxicological assessment and 
proactive public health strategies to mitigate exposure and adverse health outcomes.

2.4.1 Pathways of MP invasion and accumulation sites

Humans are exposed to MPs by ingestion, inhalation, and skin contact. Each 
person ingests 39,000 to 52,000 particles per year via food and drinking water [32]. 
These particles cross the gut lining, enter intestinal cells, move into the bloodstream, 
and build up in the gut and liver. People inhale about 272 MPs particles daily, and 
these particles can settle in the lungs and cause inflammation [33]. Many cosmetics 
and skincare products touch the skin, and particles under 100 nm can pass through 
the skin barrier and harm cell functions [34]. A study of tissue samples from indi-
viduals who died between 2016 and 2024 found MP concentrations of 4,917 μg/g in 
the brain, 433 μg/g in the liver, and 404 μg/g in the kidneys, with brain levels rising 
fastest [35]. MPs from food and water also travel to the reproductive system through 
the blood and can trigger inflammation and reduce sperm quality [36].

2.4.2 Mechanisms of MP bio-accumulation

Physicochemical properties drive MP accumulation in the human body. The body 
cannot clear these particles well. Small MP particles can cross tissue barriers. They 
move via lymphatic vessels and blood to tissues [37]. MPs surfaces are strongly hydro-
phobic. This trait lets them bind to cell membranes and plasma proteins. The binding 
can make them stay longer in tissues [38].
9



Integrative Male Reproductive Health – Risk, Mechanisms, and Interventions

8

MPs also act as sponges for pollutants. They can adsorb heavy metals and organic 
toxins which boosts their bio-accumulation [39]. As a result, MPs often build up in 
almost all the organs in human body, such as the lungs, liver, kidneys, and reproduc-
tive organs (Figure 4) [40].

2.4.3 Potential health risks of MPs and public health implications

MP bio-accumulation is one of the serious health concerns, frequently causing 
endocrine disruption, oxidative stress, chronic inflammation, and tissue destruction 
[16]. It also found that MPs also can accumulate in the organs, such as the liver and 
kidneys. This buildup disrupts immune function. Researchers have indicated that the 
presence of MPs in the respiratory tract may lead to lung inflammation and breathing 
complications.

The reproductive system also suffers damage. MPs in reproductive organs cause 
pathological changes and lower germ-cell quality. This effect can harm offspring 
health. Nanoplastics can cross the blood-brain barrier. They induce oxidative stress 
and neuroinflammation. This action raises the risk of neurodegenerative diseases, 
such as Alzheimer’s and Parkinson’s [41].

MP pollution is widespread and long-lasting. Controlling MPs at its source is vital 
for public health. Authorities must set strict plastic-management standards. They 

Figure 4. 
MP pathways in the human body. By food, MPs can be accumulated in intestines, liver, kidneys, and the brain. 
By inhalation, MPs can be accumulated in the lung. By cosmetics (skin contact), MPs can be accumulated in the 
reproductive system.
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must also define safe exposure limits. Research should expand epidemiological stud-
ies on human MP exposure. This work will clarify tissue-specific risks [42].

3. �Adverse outcomes of MP exposure and mechanisms of MP-induced 
toxicity in male reproductive health

3.1 Adverse outcomes of MP exposure to male reproductive health

MP exposure negatively impacts male reproductive health through multiple 
mechanisms, including reduced testosterone level, spermatogenetic cells, luteinizing 
hormone, and follicle-stimulating hormone, as well as the induction of inflammatory 
responses and DNA damage (Figure 5). Principal adverse effects of MPs encompass 
several critical aspects: (a) reproductive dysfunction, presenting diversely and 
ultimately impairing overall reproductive capacity [44]; (b) parameter alterations 
in biochemical, spermatogenic, and histological aspects, indicative of disturbances 
within the sophisticated physiological processes essential for sperm production 
and male reproductive health [45]; (c) reductions in testosterone concentrations, a 
hormone critical for sustaining male reproductive functions and secondary sexual 
characteristics [46]; and (d) the initiation of oxidative stress and inflammatory 
pathways, triggering detrimental cascades that adversely affect sperm quality and 
testicular integrity [47]. Collectively, these adverse outcomes have profound implica-
tions for male reproductive fitness and fertility rates. Elucidating the underlying 
mechanisms linking MP exposure to these reproductive impairments is critical for 
developing targeted preventive arrangements and therapeutic interventions aimed at 
safeguarding and improving male reproductive health.

Figure 5. 
MPs decrease testosterone, spermatogenetic cells, luteinizing hormone (LH), and follicle-stimulating hormone, 
causing inflammation and DNA damage [43]. (Copyright © 2025. Published by Springer Nature).
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Emerging evidence elucidates a multi-factorial pathophysiology underlying 
MP-induced toxicity in the male reproductive system. The principal mechanisms 
involve oxidative stress and testicular injury, endocrine disruption, inflammatory 
responses, and potential dose-response and transgenerational effects. Together, 
these pathways disrupt the structural and functional integrity of male reproductive 
tissues and contribute to impaired fertility. It has been well-documented that MPs 
are harmful to male reproductive health due to the disruption of physiological and 
cellular procedures at several levels of the reproductive system, mainly through the 
mechanism associated with oxidative stress, endocrine disruption, immunotoxicity, 
and the intergenerational accumulation of the injuries [48, 49].

3.2 Oxidative stress and testicular injury

3.2.1 Generation of reactive oxygen species

Exposure to MPs has been shown to significantly elevate the generation of reactive 
oxygen species (ROS) within testicular tissue [50]. The resultant oxidative milieu 
overwhelms endogenous antioxidant defenses, promoting lipid peroxidation and cel-
lular dysfunction. Oxidative stress has been linked to testicular damage and impaired 
Leydig cell function, which is crucial for testosterone synthesis.

The exposure of the tissues to MPs, especially polystyrene MPs (PS-MPs), causes 
an excessive generation of ROS in testicular tissues [51]. Abundant ROS overruns 
endogenous antioxidant defense system made up of enzymes/high activity that 
include superoxide dismutase (SOD), catalase, and glutathione peroxidase causing 
systemic and localized oxidative stress within testis [46]. These ROS, such as super-
oxide anion, hydrogen peroxide, and hydroxyl radicals, engage in lipid peroxidation, 
modify proteins, and disrupt mitochondrial functions, which can significantly 
compromise cellular homeostasis, both in somatic cells and germ cells [52]. This 
oxidative stress is dose-dependent and it escalates according to the proportion of MP 
concentration [53].

3.2.2 Sperm DNA damage

Enhanced ROS production facilitates DNA fragmentation and chromatin instabil-
ity in spermatozoa, thereby compromising genetic integrity and reducing fertilization 
potential. Spermatozoa are exceptionally vulnerable to oxidative stress, due to their 
high concentrations of polyunsaturated fatty acids and low antioxidant potential 
[54]. Due to exposure to MPs, a ROS causes impairment of the nuclear DNA and 
mitochondrial DNA by attacking them, resulting in breaking the DNA, changing the 
bases, and forming cross-links of chromatin [55]. It is reflected in the DNA dam-
age in the form of higher fragmentation index and formation of mutagenic lesions, 
including 8-hydroxy-2′-deoxyguanosine (8OHdG) that undermines the integrity of 
genetic material transferred to the oocyte [56]. The given effects may decrease the 
fertilization capacity, raise the rates of sperm apoptosis, and predispose the congeni-
tal disorders or infertility [53].

3.2.3 Disruption of the blood-testis barrier

MP exposure disrupts the BTB, as evidenced by altered expression of tight 
junction proteins and increased permeability. This disturbance renders germ cells 
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vulnerable to toxic insults and immune-mediated damage. This special micro-
environment is acquired by the BTB, composed mainly of tight junctions between 
adhering Sertoli cells, which help maintain a specialized micro-environment needed 
by spermatogenesis [57]. Oxidative stress generated by MPs, along with the activation 
of signal transduction cascades (carefully MAPK-Nrf2), results in the disruption of 
the nature of the BTB [58]. Experimental evidence indicates that the exposure to MPs 
leads to the down-regulation of the most significant proteins related to BTB (e.g., 
ZO-1, occludin), the rise of permeability, and the induction of apoptosis of germ cells 
in seminiferous tubules [59]. Immunological cells and toxic substances can destroy 
germ cells through BTB, leading to aberrant spermatogenesis and infertility [57, 60].

3.3 Endocrine disruption

3.3.1 Impaired hormonal regulation

MPs exert endocrine-disrupting effects by interfering with the hypothalamic-
pituitary-gonadal (HPG) axis. Alterations in gonadotropin and androgen signaling 
have been observed following MP exposure [20, 61]. The HPG axis is significantly 
damaged by MPs through hormonal inhibition and oxidative stress, and testoster-
one deficiency is one of the key consequences [20]. Long-term exposures are also 
serious hazardous to male fertility among species, which requires more stringent 
environmental control and therapeutic intervention [61]. MPs interfere with the HPG 
axis either by interfering with or by imitating the endogenous hormones, thereby 
resulting in the alteration of the secretion pattern of main regulators. Prolonged 
exposure to MP, the hypothalamic gonadotropin-releasing hormone (GnRH) release 
is inhibited, and consequently, LH and follicle-stimulating hormone (FSH) synthesis 
in the pituitary are suppressed [62]. It was reported that PS-MPs (5 μm; 0.1 mg/L, 
90 days) decreased serum LH (32%) and FSH (28%) in male mice compared with 
controls, with a direct impairment of Leydig cell functioning; and due to MP-induced 
oxidative stress, it causes testicular oxidative stress and peroxidation of testicular 
lipids, thereby lowering testosterone production by inhibiting steroidogenic enzymes 
(e.g., 17β-HSD). This interference occurs through receptor antagonism, as MPs take 
up estrogen/androgen receptors, thereby altering feedback loops [63]. This imbalance 
interferes with the regulation of the reproductive hormones, thereby reducing the 
hormonal support for normal testicular functioning and spermatogenesis [64].

3.3.2 Alteration of testosterone synthesis

Experimental data demonstrate significant reductions in intratesticular and 
circulating testosterone concentrations, attributable to the down-regulation of ste-
roidogenic enzymes and Leydig cell dysfunction [65]. Long-term exposure of PS-MPs 
strongly inhibits LH receptor in Leydig cells. This inhibition disrupts the LHR/cAMP/
PKA/steroidogenic acute regulatory (StAR) signal, which is the pathway to the 
production of testosterone in the body [61, 66]. The second important mechanism is 
the inhibition of the StAR protein, which transports cholesterol into mitochondria—a 
rate-limiting process in testosterone synthesis. In mouse models, PS-MPs have been 
demonstrated to decrease StAR expression by more than 50%, thus inhibiting the 
supply of testosterone precursors [61]. Besides this, MPs can also lead to oxidative 
stress by causing excessive production of ROS that promotes mitochondrial dys-
regulation. This involves exhaustion of antioxidant defense, including glutathione 
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peroxidase 1 (GPX1). Depletion of GPX1 goes a step further to compound the effects 
of testosterone reduction about 40%, underscoring their protective effect from oxida-
tive damage [67]. Bax/BCL-2 imbalance also stimulates apoptosis. The effects by MP 
exposure include up-regulation of pro-apoptotic protein Bax and down-regulation of 
anti-apoptotic protein BCL-2 [68]. The release of cytochrome C and activation of the 
caspase-3 eventually result in apoptosis of Leydig cells through this imbalance [69]. 
MPs also interfere with the GRP78/PERK/CHOP pathway. The activation of ER stress 
sensors (GRP78) by PS-MPs results in the phosphorylation of the PERK and up-regu-
lation of CHOP. In its turn, CHOP facilitates apoptosis and inhibits the expression of 
such steroidogenic enzymes as CYP11A1 [70].

3.3.3 Effects on spermatogenesis

Disruption of hormonal homeostasis and direct toxicant action collectively impair 
spermatogenic processes, leading to decreased sperm production and maturation, 
and testosterone level may decrease by up to 57% [71]. MPs interfere with the hypo-
thalamic-pituitary-testis axis and prevent the release of the pituitary LH and FSH, 
thus limiting the stimulation of spermatogenesis [72, 73]. The BTB may be breached 
by MPs and this is associated with the activation of oxidative stress and cellular dam-
age. This causes an excess formation of ROS, fragmentation of the DNA, and impair-
ment of the mitochondrial functioning in the germ cells, such as spermatogonia and 
spermatocytes [74, 75]. It has been recorded a 2.8-fold increase in the activity of 
caspase-3 in germ cells to which MPs/NPs were administered. Histological assessment 
reveals an extensive loss of spermatogonia (40%), spermatocytes (38%), and round 
spermatids (52%) [76]. Cadmium exposure model, analogous to MP metal carriers, as 
an analog of MP-related metals, showed an increased dose of spermatids. In addition, 
seminiferous tubules become smaller with a decrease in their diameter of 28–35% and 
epithelial thickening [74]. The tight junctions between Sertoli cells integrity are dis-
turbed, and especially, claudin-11 keeps the integrity of the BTB. All of these harms 
occur to the sperm severely, including a 30–63% decline in total sperm count, a 41% 
diminishment in sperm in motion, and a 2.5-fold upsurge in morphological deformi-
ties. Exposure to MPs has also resulted in deformity of the sperm head and acrosomal 
loss [74]. The epididymal reserves of sperm decline by 58%, and fertilization in vitro 
by 72% in the MP-treated models [74].

3.4 Inflammatory responses and immunotoxicity

MPs induce local and systemic inflammatory responses, characterized by up-reg-
ulation of pro-inflammatory cytokines and infiltration of immune cells into testicular 
tissue. Chronic inflammation contributes to further oxidative damage and exacer-
bates reproductive toxicity. Pattern recognition receptors such as TLR4 and NLRP3 
inflammasomes in testicular macrophages and Sertoli cells are stimulated by MPs 
[77]. This promotes the processes of NF-κB and MAPK that increases pro-inflamma-
tory cytokines TNF-α, IL-1β, and IL-6 in the testicular tissue [78]. TNF-α accelerates 
inflammation through the formation of ROS, whereas IL-1β attracts neutrophils 
and macrophages [79, 80]. Inflammatory downregulation of tight junction proteins 
(claudin-5, occludin, ZO-1) occurs through ERK phosphorylation mediated through 
TNF-α [81]. Loss of BTB integrity allows infiltration of immune cells and penetration 
of antibodies such that the germ cells are vulnerable to an autoimmune attack [75]. 
Cytokine storms trigger the dysfunction of mitochondrial functions and the apoptotic 
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program (by activating caspase-3/9) in an ROS-dependent manner. TNF-α also 
inhibits steroid oil enzymes (STAR, CYP11A1) to lower the testosterone biosynthesis, 
which is vital in spermatogenesis; and in other avian models, PS-MPs modeled BTB 
destruction and thickening of the basement membrane, which is directly propor-
tional to poor sperm quality [75]. Inflammation of other organs mediated by cytokine 
spill over into circulation is initiated by MPs. Tests on spleen immunotoxicity indicate 
experimentally that microglia-like reactions triggered by MP increase systemic 
TNF-α/IL-1β production by several folds [82, 83]. Repeated exposure can disrupt 
testicular immune privilege because it exposes the apoptotic testicular germ cells with 
neo-antigens that in turn trigger the production of anti-sperm antibodies as shown in 
Table 1 [81].

3.5 Dose-response and transgenerational effects

Animal model studies reveal a dose-dependent relationship between MP exposure 
and reproductive impairment, with chronic low-dose exposure sufficient to induce 
subclinical pathology. Notably, preliminary evidence suggests the possibility of trans-
generational effects, as epigenetic alterations and impaired reproductive outcomes 
have been documented in offspring of exposed animals [84]. MP exposure caused 
testicular damage in a dose-dependent mechanism that is largely caused by oxidative 
stress, apoptosis, and hormone deficiency [85]. In mice that received chronic expo-
sure to PS-MPs (MPs; 0.25–1 mg/kg/d) by 4–21 w, sperm concentration and mobility 
decreased by 36% and 15.7%, respectively [46, 86]. As low as 2 μg/L MPs reportedly 
stimulated seminiferous tubule deterioration and Leydig cell atrophy. The level of 
antioxidant enzymes (e.g., catalase, SOD) dropped by 40–50% at the concentration 
of 200 μg/L [84]. The inhibitory effect of MPs on the expression of LHR leads to a 
33.3% reduction in the production of testosterone through disruption of the LHR/ 
cAMP/PKA/StAR pathway in the hormonal axis [87]. By ROS-mediated apoptotic 
cascades, MPs stimulate NOX4/NF-kB signaling, inducing mitochondrial apoptosis 
(caspase-3 ↑200%) in spermatogonia in a dose-dependent manner. Similarly, 
PS-MPs castrate androgen receptor expression [88] by 60%, and spermiation is 
inhibited in a dose-dependent manner [86, 89]. The accumulation of damage caused 
by MP is progressively associated with transgenerational inheritance through epigen-
etic transmission in the germline. Indeed, some of the previous studies have indicated 
that sperm DNA methylation patterns are highly changed in the offspring of PS-MP-
exposed mice [90, 91]. Hypermethylation, in particular, of genes related to spermato-
genesis (including StAR and Akr1c1) led to a loss of fertility by 25–30% in both F1 and 
F2 generation. Regarding histone modifications, Caenorhabditis elegans exposure to 
the amino-modified PS nanoparticles in the parental generation (100 μg/L) resulted 

Pathway Key effector Reproductive impact

ROS/NF-κB axis TNF-α ↑, IL-1β ↑, COX2 ↑ BTB rupture, steroidogenesis ↓

MAPK activation p38/JNK phosphorylation Germ cell apoptosis

Lysosomal damage Cathepsin B release NLRP3 inflammasome activation

Autoantibody generation Anti-sperm IgG production Immune-mediated infertility

Table 1. 
Inflammatory responses via MP exposure in testis.
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in the 3.5-fold up-regulation of the repressive histone mark H3K27me3 [90, 91]. This 
was an epigenetic alteration that led to ovarian immaturity in the offspring of unex-
posed F3 generations, as one means of multi-generation effect [90, 91]. They have 
also characterized the dysregulation of non-coding RNA, where F1 mouse sperm has 
shown up-regulation of miR-34c and miR-449a, both associated with high apoptosis 
and sperm maturation dysregulation [92, 93]. The overall evidence indicates that 
exposure to MPs may trigger heritable epigenetic change with long-lasting effects on 
reproduction [94].

In summary, MPs compromise male reproductive health through a convergence of 
oxidative stress, DNA and tissue injury, hormonal dysregulation, inflammation, and 
possible heritable effects. These observations indicate the necessity to conduct further 
research to fully understand the mechanisms of MP exposure and the long-term 
effects.

Empirical Evidence Linking MPs to Male Reproductive Impairment.

3.6 Epidemiological findings

The effects of MP exposure on male reproduction are under the early stages 
of epidemiological studies; however, they are rapidly gaining attention due to the 
alarming ubiquity of MPs in the environment. Despite a lack of direct evidence 
pointing to the negative impact that MP contamination has on human reproductive 
health, the impact of environmental pollution, particularly, the presence of par-
ticulate matter, has been studied extensively with regard to its deleterious impact on 
human health [95, 96].

This evidence supports and emphasizes upgrading the necessity to deeply investi-
gate all the possible sources that lead to a decline in male reproductive health with the 
possible involvement of MPs.

3.6.1 The association between plastic production and male reproductive health

The global surge in plastic production, notably driven by China’s industrial expan-
sion over the past five decades (1970s–2020s), has coincided markedly with a pro-
nounced deterioration in the semen quality among donors, with an especially steep 
decline observed from 2010 onward (Figure 6) [97, 98]. This observation underscores 
a troubling inverse correlation, wherein the expansion of the plastic industry parallels 
a significant regression in male reproductive health. Concurrently, the extensive use 
and disposal of plastic products in these 50 years have led to extensive environmental 
contamination, characterized by the breakdown of plastic into MPs. These MPs have 
been demonstrated to infiltrate various biological pathways within the human body, 
including penetration of the blood-testis barrier and subsequent accumulation within 
the reproductive tissues [97, 98].

This infiltration of MPs into reproductive organs poses substantial risks to human 
fertility and raises critical concerns regarding the health of future generations. 
Furthermore, declining birth rates observed in major global economies are contribut-
ing to demographic shifts toward population aging, a phenomenon with profound 
and wide-ranging implications. Consequently, the nexus between plastic pollution 
and declining reproductive health constitutes not merely an urgent public health issue 
but also a socioeconomic challenge with extensive global repercussions.

Several population-based studies have provided insights into the association 
between MP exposure and reduced sperm quality [99, 100]. Lower sperm count, 
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morphology, and motility have consistently been reported in male residing in regions 
with high environmental contamination of MPs. The environmental PS or PE, with 
sizes ranging from 20 nm to 10 μm, and exposure doses ranging from 0.1 to 20 mg/L, 
have durations varying from 0.5 h to 35 d. Both in vivo and in vitro findings have pro-
vided evidences that MP can cause lower levels of testosterone and impair the BTB, 
testicular inflammation, and abnormality of spermatogenesis at the tissue and organ 
levels. All these have an impact of reducing the number and quality of sperm, and this 
is a major risk to male reproductive health [99]. These evidences imply that the degree 
of MP exposure, whether through contaminated food, water, or air, correlates with 
diminished semen quality.

Although the epidemiological evidence provides compelling data, there are 
notable limitations. Most studies are observational and suffer from confounding fac-
tors, such as lifestyle choices, occupational exposures, and underlying health condi-
tions, which may also contribute to reproductive dysfunction. Future studies should 
prioritize detailed characterization of exposure thresholds, long-term reproductive 
sequelae, and elucidation of underlying molecular mechanisms to inform effective 
regulatory measures and mitigate the public health impact of MPs.

Furthermore, exposure assessment methodologies—often relying on indirect 
measures or self-reported data—limit the ability to accurately quantify MP exposure 
levels. Despite these challenges, the consistent findings across different populations 

Figure 6. 
Trends in plastic yield and semen quality of donors in the 1970s–2020s.
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and geographic regions underscore the need for more robust and controlled studies to 
confirm these associations and elucidate the underlying mechanisms.

3.6.2 Sperm quality parameters (count, motility, and morphology) and MP exposure

There is growing scientific literatures confirming the association between MP expo-
sure and abnormal sperm parameters among humans [101]. Cross-sectional study noted 
a decrease in sperm concentration and sperm count in MP-exposed men, and data were 
showing 1.15 × 106/mL decrease with every IQR increase in PM2.5 constituents (e.g., black 
carbon, sulfate) [102]. Exposure to MPs also reduces progressive motility as it was found 
that PS-MPs was present in 85% of the semen samples, and there was a 30% decrease in 
motility with an increased MP burden and the loss of motility by the actions of p38 MAPK 
signaling and ROS [100]. MPs also negatively alter sperm motility and ATP production 
which are reflective of metabolic disorders in human studies (e.g., VCL, VSL) [103]. 
Abnormal sperm morphology, such as the defects of the head and coiling of the tail, is 
related to MPs. The presence of teratozoospermia in men exposed to MPs increased by 1.8 
times [100]. At the mechanistic level, polyamide MPs disrupt hormone balance, decrease 
the bioavailability of testosterone by 42%, and suppress the process of spermiogenesis 
[100]. The damages on the structure of sperm are also evident. It indicates the loss of acro-
some and increased fragmentation of DNA in MP-exposed sperm, further confirming 
that MPs threaten male fertility on various levels [104, 105].

3.6.3 Male infertility prevalence and trends

The observed deterioration in sperm quality coincides with increasing prevalence rates 
of idiopathic male infertility in regions with substantial MPs contamination. Temporal 
analyses indicate a parallel trend between the escalation of environmental MP pollution 
and the global rise in male infertility rates, further substantiating a potential causal link. 
However, 7–10% of male population is affected by male infertility that comprises 40–50% 
of couple infertility cases and of which ~30–50 cases remain idiopathic [106, 107]. In 
the past decades, sperm quality has been adversely affected due to a ~ 16.4% decrease 
in sperm count and degraded motility and morphology [75]. This coincides with an 
increased exposure to MP pollutants. MPs disrupt the male reproductive system through 
oxidative stress, mitochondrial dysfunction, and endocrine disruption, and lower 
antioxidant defenses (e.g. SOD and CAT), ATP generation, and testosterone production 
[108]. NPs disintegrate BTB, encompass inflammation, and cause the loss of germ cells 
[109]. The epidemiological data demonstrate that high MP biomarkers are associated 
with 2- to 3-fold increased oligo- and asthenozoospermia risks in males [75]. It has been 
established that animal models validate MP-mediated testicular injury and adverse 
changes to spermatogenesis. In 83% of tap and 90% of bottled waters [75], particularly 
in industrial regions, a 15–20% increase in idiopathic male infertility has been reported in 
contaminated areas [110–112].

While epidemiological evidence strongly supports a correlation between MPs 
exposure and adverse male reproductive outcomes, further studies are essential to 
establish definitive dose-response relationships and to evaluate the long-term effects 
of such exposure. These findings call for immediate attention to the potential public 
health risks posed by MPs, urging both improved environmental policies and focused 
research efforts to mitigate their impact on human health.

Importantly, epidemiological studies for investigating the reproductive toxic-
ity of MPs require adequately addressing and controlling potential confounding 
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factors. Lifestyle choices such as dietary patterns, smoking, alcohol consumption, 
and physical activity levels, along with simultaneous exposure to other environmen-
tal contaminants (e.g., heavy metals, endocrine-disrupting chemicals), represent 
significant confounders capable of independently affecting male reproductive health. 
The careful consideration and adjustment for these variables in epidemiological 
analyses are imperative to accurately discern the specific contribution of MP exposure 
to reproductive outcomes.

Future studies should prioritize detailed investigations of exposure thresholds, the 
elucidation of molecular mechanisms underpinning toxicity, and comprehensive con-
trol for confounding lifestyle and environmental factors. Such rigorous approaches 
are essential to accurately inform regulatory policies and mitigate the public health 
risks associated with MP pollution.

3.7 Evidence from animal models

The animal experimentation has also played a pivotal role in explaining the 
mechanistic effects of exposure to MPs in male infertility, especially due to inter-
ruption of spermatogenesis as shown in Table 2 [21]. The essential inferences on 
controlled experiments show dose-dependent spermatogenic dysfunction that can be 

Species/model Particle type/size Exposure route 
and duration

Key spermatogenesis 
anomalies

Reference

Balb/c mice [113] PS-MPs (1 μm), 
PS-NPs (70 nm)

Intratracheal 
instillation, 28 d

↑ Drp1/Fis1 (fission), ↓ Mfn1/
Opa1 (fusion); ↓ sperm 
motility (34%); abnormal 
acrosomes

[113]

C57BL/6 mice [114] PS-NPs (100 nm) Oral gavage, 12 w ↓ Spermatogonia (27%); ↑ 
ROS; gut microbiota dysbiosis 
linked to spermatogenic 
arrest

[114]

ICR mice [115] PS-MPs (5 μm), 
PS-NPs (50 nm)

Intraperitoneal, 
12 w

↓ Sperm count (45%); ↑ 
sperm malformations; BTB 
disruption; ↓ Sertoli cell 
viability (30%)

[115]

Earthworms 
(E. Andrei) [116]

PE-MPs 
(10–200 μm)

Soil, 14 d Fragmented NPs in testes; ↑ 
spermatocyte apoptosis; ↓ 
sperm bundle formation

[116]

Kunming mice [101] PS-NPs (80 nm), 
PS-MPs (0.5 μm)

Oral, 8 weeks ↓ Testosterone (58%); ↓ 
spermatid count; ↑ caspase-3 
(apoptosis); altered cAMP/
PKA signaling

[101]

Sprague-Dawley  
rats [117]

PS-NPs (100 nm) Oral, 10 w ↑ 8-OHdG (DNA damage); 
↓ sperm viability; Leydig cell 
degeneration; IL-1β/TNF-α 
inflammation

[117]

CD-1 mice [118] PS-NPs (25 nm) Intravenous, 4 w Transgenerational: ↓ F1 
sperm quality; ↑ histone 
H3K27me3 in sperm

[118]

Table 2. 
Summary of in vivo microplastic exposure studies across major animal models and associated pathological effects.
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described as a potentiation of mitochondrial dysfunction, oxidative stress, endocrine 
disturbances, and epigenetic modifications.

Controlled animal experiments have provided critical insights into the reproduc-
tive toxicity of MPs. Rodent models, in particular, have enabled systematic examina-
tion of dose-response relationships by administering defined concentrations of MPs 
via ingestion or inhalation [46]. It suggested that dose- and size-specific toxicities 
exist, where smaller particles (0.08–0.5 μm) are more effective in penetrating the 
BTB and result in toxicity through oxidative stress [46]. It is quite interesting to 
point out that in circumstances where MPs have been co-exposed to phthalates or 
even when there were high-fat diets, synergistic reproductive toxicity has been 
observed [119]. The above studies have emphasized collectively about the role of 
particle size, exposure time, and environmental complexity in modifying reproduc-
tive outcomes.

Non-linear and typically non-monotonic toxicity patterns can be observed based 
on dose-response relationship. Although exposure to low-level PS-MPs can impair 
subcellular functions without causing gross tissue alterations, exposure to higher 
doses of PS-MPs can lead to oxidative stress, abrogation of the BTB, and apoptosis 
of germ cells [84]. Interestingly, hormonal disruptions have also been reported to be 
more significant at moderate doses (e.g. testosterone suppression at 5 mg/L greater 
than at 50 mg/L) and may be indicative of an endocrine-level compensatory effect. 
Quantitative risk assessment based on generalized linear models and Benchmark dose 
(BMD) modeling provides a framework to display sensitivity thresholds of reproduc-
tive toxicity recognizing BMD10 values, e.g., dose causing 10% effect for PS-MP-
induced sperm count reductions in rats at 18.7 μg/kg/d [120]. Nonetheless, aspects 
like co-exposures matrices, species-specific sensitivity, and biodistribution kinetics 
complicate the equation and require a delicate toxicokinetic-toxicodynamic model 
that can adequately describe MP-related reproductive hazards [121].

3.8 Molecular biomarkers and mechanistic insights

Histopathological evaluation of reproductive tissues from exposed animals has 
revealed pronounced disruptions of the seminiferous epithelium, degeneration of 
spermatogenic cells, and thickening of the basement membrane [89]. Biochemical 
analyses further indicate increased levels of lipid peroxidation, decreased antioxidant 
enzyme activities, and elevated markers of DNA damage within testicular tissue 
[122]. These strategies demonstrate that treatments with MP exposure downregulate 
critical genes and signaling pathways implicated in testosterone biosynthesis, in 
particular, by inhibiting the LH-stimulated LHR/cAMP/PKA/StAR axis [46]. This 
interruption causes low testosterone production thus affecting spermatogenesis and 
sperm maturation. Up-regulation of stress, inflammation, and apoptotic pathways in 
testicular cells has also been observed in the multi-omics studies. Combining tran-
scriptomics and metabolomics data yields a more complete diagram of the toxicity 
caused by MPs and contributes to the identification of early molecular biomarkers to 
be used as diagnostic and therapeutic targets [123]. Such biomarkers make it possible 
to monitor reproductive health on a minimally invasive basis and could inform clini-
cal decisions in a timely manner.

Collectively, these outcomes substantiate the role of MPs in inducing oxidative 
stress and impairing the structural and functional integrity of the male reproductive 
system [67].
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4. Research methodologies and knowledge gaps

The search to understand the connection between MP pollution and male health 
reproductive processes requires the unification of technical innovations and method-
ological approaches. These include:

a.	Conducting environmental monitoring to accurately quantify MP concentra-
tions and establish precise dose-response relationships. This surveillance aims to 
systematically evaluate the prevalence and toxicological impacts of MPs within 
specific environmental contexts and defined temporal periods.

b.	Performing comprehensive analysis through systematic toxicology is combined 
with integrated multi-omics techniques. Such methods include differential gene 
expression analysis, differential protein expression profiling, and assessment of 
differential metabolite abundance. These methodologies encompass an assess-
ment of semen quality, analysis of the integrity of BTB, measurement of MPs in 
semen, determination of biomarkers of biological damage, and characterization 
of multi-omics changes. Furthermore, establishing standardized protocols and 
robust analytical frameworks for MP detection and quantification in biological 
samples is imperative.

c.	Investigating toxicological effects using both in vivo and in vitro studies in male 
animal models [124], which can provide critical insights and corroborating 
evidence regarding the health implications of MPs on the human male reproduc-
tive systems.

d.	Identifying specific biomarkers [125], including proteins, DNA [126], RNA, and 
small molecular metabolites, as indicators of adverse effects on male reproduc-
tive health.

e.	Synthesizing evidence from epidemiological investigations and conducting 
prospective, multi-center observational cohort studies.

These multidisciplinary methodologies are essential for advancing scientific 
understanding, addressing current knowledge gaps, and informing public health 
strategies aimed at mitigating the adverse effects of MPs on human reproductive 
health and the environmental safety.

4.1 Analytical techniques for MP detection

4.1.1 Environmental monitoring

Accurate environmental monitoring of MPs relies on sophisticated analyti-
cal techniques, such as Fourier-transform infrared spectroscopy (FTIR), Raman 
spectroscopy, and mass spectrometry-based methods [127]. These technologies 
facilitate precise identification, quantification, and characterization of MPs in 
diverse environmental matrices, essential for assessing ecological exposure levels 
and informing regulatory frameworks. Table 3 illustrated the methodologies for 
detecting MPs.
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Technique Principle Strengths Limitations Applications References

Histological 
examination

Tissue sectioning 
and staining for MP 
visualization

In situ localization; assessment of 
tissue inflammation/toxicity

Low specificity for polymer 
identification; manual 
quantification bias

MP accumulation in testes, liver, 
and placenta; spermatogenesis 
disruption analysis

[114, 116, 125, 128]

Microscopy-
spectroscopy 
Coupling

SEM/TEM imaging + 
μ-FTIR/μ-Raman

Morphological + chemical 
characterization; high-resolution 
NP detection

Sample dehydration 
artifacts; complex protocol 
standardization

MPs/NPs uptake in cellular/
subcellular structures; 
reproductive tissue analysis

[129–134]

Bioanalytical 
sensors

Surface-enhanced 
Raman scattering 
(SERS) or fluorescence 
tagging.

High sensitivity for NPs; real-
time detection in biofluids.

Limited multiplexing; matrix 
interference in clinical 
samples; requires particle 
labeling.

Human blood/urine analysis; 
real-time NP detection in 
Caenorhabditis elegans models.

[135–138]

Chemometric 
profiling

Spectral data analysis 
deep learning).

Untargeted detection of 
biochemical alterations; high-
throughput data integration.

Computational complexity; 
limited validation in human 
tissues.

HepG2 cell toxicity screening; 
spermatogenic cell damage 
assessment.

[139–142]

Table 3. 
Summary of methodologies for detecting MPs.
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4.1.2 Biological sample analysis

In biological systems, MP detection necessitates specialized methods, including 
histological examination, microscopy techniques coupled with spectroscopic confir-
mation, and advanced bioanalytical approaches [143]. These methodologies enable 
reliable assessment of MP bio-accumulation, distribution, and potential biological 
effects within human tissues, providing crucial data for risk assessment and health 
impact studies [144].

Semen analysis constitutes an essential component in the comprehensive assess-
ment of infertility [145], offering valuable insights into male reproductive health. It 
has been established that plenty of factors may culminate in the observed challenge 
in male fertility; and this includes the probable effects of possible MPs on the repro-
ductive system. The correlation between MPs exposure and male infertility cannot 
be overlooked [13]. Although direct causal evidence remains elusive, compelling 
evidence supports the proposition that chronic exposure to toxic effects of MPs may 
represent a significant risk factor for male reproductive dysfunction.

4.2 Advances in multi-omics and toxicological assessment

Recent advancements in multi-omics technologies, including genomics, pro-
teomics, metabolomics, and transcriptomics, have significantly enriched our under-
standing of MP-induced toxicity.

4.2.1 Genomics epigenomics

MPs to spermatogenic cells trigger oxidative stress resulting in the impairment of 
genomic stability and DNA damage. This affects the process of meiosis and sperm 
maturation, leading to oligospermia or azoospermia [146, 147]. Transgenerational 
risks of infertility have been linked to epigenetic perturbations, including ectopic 
DNA methylation in critical genes related to the spermatogenesis process, including 
the HOX and FOX genes [148].

4.2.2 Transcriptomics

It has been shown that MP exposure can change the expression of genes essential 
in spermatogenesis (e.g., TEX101, PRM1), mainly by disrupting the process of hor-
mone production, such as testosterone biosynthesis. Also, there are up-regulated non-
coding RNAs like miR-34a, which impedes the activity of Sertoli cells and decreases 
the motility of sperm [149].

4.2.3 Proteomics metabolomics

The proteomic seminal plasma analysis indicates the down-regulation of the 
sperm adhesion proteins (e.g., ACRBP, ZPBP), and the up-regulation of immune 
activation components (e.g., IL-6, TNF-a), indicating the immune activation and 
sperm-egg binding failure [150].

4.2.4 Metabolomic analysis

It reveals impaired ATP synthesis and maladaptation of lipid metabolism, which 
degrades the motility of sperms [128]. Moreover, depletion of antioxidants causes 
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the accumulation of lipid peroxides that include malondialdehyde, which further 
enhances oxidative damage [147].

These comprehensive analytical platforms elucidate molecular alterations and 
pathways activated by MPs exposure, offering insights into the mechanistic basis 
of reproductive impairment and enabling identification of novel biomarkers and 
therapeutic targets.

4.3 T�esticular organoids (TOs): A cutting-edge platform for MP toxicology 
research

TOs represent an optimal in vitro model to perform MP-mediated testicular toxic-
ity studies, which can deliver truly physiologically relevant data that fall between the 
two extremes of traditional cell cultures and in vivo models shown in Table 4. The 
3D structures self-assemble to recapitulate the native testis architecture, into which 
they integrate major cell types, including Sertoli cells, Leydig cells, peritubular myoid 
cells, and germ cells, to create compartmentalized, tubule-like structures [129]. Their 
functional support of testosterone hormone-responsive release includes germ cell 
maturation to early spermatids, at least in murine models [130]. Notably, the TO 
platform also recapitulates the BTB and serves as an excellent model to evaluate the 
disruptive properties of MPs regarding the localization of germ cells and the immune 
privilege of the testis [131]. Their applicability runs toward high throughput toxicity 
screening with the potential to analyze quantitatively MP-associated oxidative stress, 
apoptosis, impaired spermatogenesis, and endocrine disruption. ATP-based viability 
stress tests, caspase activation, spermatid depletions, and losses of testosterone 
production, up to 40–60% in exposed murine organoids can also be used to measure 
these endpoints [135].

In addition to the assessment of phenotype, TOs have the potential to contribute 
mechanistic details of MP toxicity by uptake studies and multi-omics profiling 
(Figure 7). The uptake of MPs by Sertoli cells through endocytosis and their accu-
mulation promote the activation of inflammatory pathways mediated by NF-kB 
and radically disrupt testicular homeostasis [136]. Transcriptomics and proteomics 
also demonstrate abnormal expression of several significant genes and pathways, 
including a down-regulation of the CYP17A1 gene, which plays an important role 
in testosterone biosynthesis [139]. They can also be used to assess their therapeutic 
interventions, with antioxidants, such as Ginkgo biloba extract, having the potential 
to decrease apoptosis by a factor of up to 50 through SKP2 induction [140], and 
nanomaterial-based scavengers of MPs having an efficacy of up to 70% in reducing 
cytotoxicity. Combinations of organoid technology with state-of-the-art bio-mate-
rials and omics technologies will enable the researchers to discover the molecular 
mechanisms of MP toxicity and protective strategies. With further advancements, 

Parameter Animal models 2D cultures TOs

Physiological relevance Moderate Low High [129, 151]

Throughput Low Moderate High [151, 152]

Human translatability Limited Limited High [153, 154]

Multi-omics compatibility Complex Feasible Optimal [155, 156]

Table 4. 
The advantages of organoids over conventional models.
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especially in vascularization and full support of spermatogenesis, TOs will be 
an inevitable subject with reproductive toxicology and environmental health 
studies [157].

4.4 Challenges in establishing causality

Despite considerable progress, establishing definitive causal links between MP 
exposure and adverse reproductive outcomes remains challenging due to complexities 
in exposure assessment, variability in human susceptibility, and concurrent exposure 
to multiple environmental contaminants. Addressing these issues requires rigorous 
epidemiological designs, controlled experimental studies, and integration of robust 
exposure assessment methodologies.

MP exposure and its assessment are complex. MPs can be absorbed through diet, 
inhalation, and skin contact. They can be present in varying concentrations and types 
in different environments. This variation poses a big challenge to MP monitoring 
[158]. The sample preparation of MPs has not been standardized, and the detection 
limits of MP detection methods are undefined [159]. Most people face long-term low-
dose MP exposure. Scientists must clarify the dose response at these levels. This step is 
a key for realistic health risk assessment [160].

Figure 7. 
The working principle and research strategy of TOs. The integrative strategy for testing MP toxicity with TOs. 
Genomics, proteomics, and metabolomics can be used to determine the molecular changes caused by MPs, 
including the measurements of cell viability/activity, and facilitate risk analysis of specific reproductive diseases. 
It can be also used for the examination of the effects on hereditary modifications (e.g., methylating DNA) of 
exposure to MP and decoding the MP-stimulated cascades (e.g., oxidative stress, steroidogenesis).
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Age, sex, lifestyle, and job type shape how people react to MPs. The same exposure 
can cause different health effects. One study tested 2,000 adults and found that MP lev-
els in saliva, skin, and hair vary by sex, ethnicity, and living conditions [161]. They often 
clump into aggregates and attract organic pollutants, heavy metals, and pathogens. That 
means MPs also can be acted as carriers. This mix boosts the toxicity of plasticizers, 
metals, and drug-resistant bacteria [161]. This co-contamination raises health risks.

4.5 Need for standardization and longitudinal studies

Standardized protocols for MP detection, quantification, and toxicity evaluation 
are critically needed to facilitate comparability across studies and improve the reli-
ability of findings. Furthermore, longitudinal cohort studies are imperative to assess 
chronic exposure effects, temporal trends, and potential transgenerational implica-
tions. Advancing research through standardized and longitudinal methodologies will 
significantly enhance the precision of risk assessment and inform evidence-based 
public health interventions.

5. Public health implications and policy recommendations

5.1 Socioeconomic and demographic impacts

The pervasive exposure to MPs represents a significant and growing public health 
concern with disproportionate effects across socioeconomic and demographic strata. 
Populations residing in regions with inadequate waste management infrastructure, 
lower socioeconomic status, and limited access to health education are at increased 
risk of MP exposure. Such disparities may compound preexisting health inequalities, 
particularly concerning male reproductive health outcomes. Demographic variables, 
including age, occupational exposure, and dietary habits, further modulate individual 
susceptibility. Addressing these inequities requires comprehensive policy measures 
that prioritize vulnerable populations and integrate social determinants of health into 
MP exposure mitigation strategies.

5.2 Strategies for exposure mitigation

5.2.1 Source reduction and regulation

Effective reduction of human MP exposure necessitates coordinated regulatory 
interventions at both national and international levels. Source reduction should 
prioritize the restriction of primary MPs in consumer products and industrial appli-
cations, coupled with stringent regulation of plastic waste management and recycling 
processes. The implementation of robust environmental standards and enforcement 
mechanisms is essential to curtail the release of MPs into the ecosystem. Additionally, 
fostering innovation in biodegradable materials and supporting circular economy 
initiatives may provide sustainable alternatives to conventional plastics.

5.2.2 Public awareness and education

As awareness of MP pollution continues to grow, the role of effective public 
education and informed societal engagement becomes increasingly critical. Public 
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awareness is not merely a matter of disseminating facts; it requires a well-orchestrated 
effort to translate complex scientific evidence into accessible knowledge, motivating 
informed decision-making and sustainable behavior changes across populations. 
Given this evolving understanding, effective communication strategies become para-
mount to fostering awareness and empowering individuals to participate proactively 
in mitigation efforts.

Educational initiatives should prioritize accurate, evidence-based information that 
addresses both the scientific uncertainties and confirmed risks. Clear communication 
must carefully avoid alarmism, which could lead to public disengagement or undue 
anxiety. Instead, it should underscore actionable steps individuals can take to reduce 
personal and environmental exposure. These steps include minimizing consumption 
of single-use plastics, supporting policies aimed at waste reduction, recycling initia-
tives, and encouraging public engagement in cleanup programs. Educational messag-
ing should be grounded in verifiable science, transparently acknowledging current 
limitations and areas where further research is necessary, thereby building trust and 
encouraging continuous learning. Interactive and participatory approaches, such 
as student-led environmental audits, local community projects, and citizen science 
initiatives, can significantly enhance the effectiveness of these educational interven-
tions by promoting hands-on engagement and fostering a personal connection to the 
issue. Professional development and continuous medical education programs must 
incorporate up-to-date findings on MPs, thereby enabling clinicians to guide patients 
toward informed health and lifestyle decisions.

To sum up, addressing the challenge of MPs and human health through public 
awareness and education necessitates a multifaceted, evidence-based approach. Clear 
communication, educational integration, digital media engagement, multidisci-
plinary collaboration, informed policy-making, and rigorous evaluation constitute 
essential components of a successful strategy. By empowering communities through 
knowledge, fostering proactive participation, and cultivating sustainable behaviors, 
society can significantly mitigate MP pollution’s potential health impacts and contrib-
ute positively to both human health and environmental resilience.

5.3 Directions for future research

Future studies of MP-induced male reproductive toxicity should fill critical 
knowledge gaps by encompassing mechanistic, molecular, environmental, and trans-
lational studies [162]. At the mechanistic level, the definition of adverse outcome 
pathways through quantification of thresholds of oxidative stress (e.g., deformity 
of sperm mediated through ROS via p38 MAPK) and epigenetic mechanisms (e.g., 
histone modifications and DNA methylation in spermatogonia following low-dose, 
long-duration exposure to MP) can be used to explain the nexus of transgenerational 
infertility [162]. Comparative particle-sized (e.g., 20 nm vs. 1 μm MPs) exposure 
experiments and real-life co-exposures (e.g. PET, BPA and heavy metals) should 
provide a better picture of the exposure dynamics, to define the synergistic toxic 
effects [86].

5.3.1 Identification of sensitive biomarkers

Detection and, in particular, the development of biomarkers and real-time 
monitoring is critical to MP detection, such as mass spectrometry of MP metabo-
lites in seminal plasma and Raman micro-spectroscopy of in situ tissue imaging. 
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Superparamagnetic iron oxide nanoparticles (e.g., Fe3O4, 60 nm) achieve 89% 
removal efficiency for MPs in complex biological fluids (e.g., semen) through mag-
netic sequestration. Their high surface-area-to-volume ratio and functionalizability 
enable targeted binding and external magnetic recovery of MPs [163]. The outcome of 
the work undertaken on MPs may be used in regulatory constructs by setting thresh-
olds of toxicological concern through benchmark dose modeling and the identifica-
tion of hotspots of MP emissions through lifecycle analysis [105]. New technologies 
such as human testis organ-on-chip technologies and multi-omics combination (e.g., 
epigenomics of sperm and gut, metagenomics and proteomics) will support spe-
cies extrapolation precision and assist in the identification of genetically vulnerable 
populations (e.g., GSTM1 null genotype), leading to individualized risk evaluation 
and intervention [164].

5.3.2 Prospective cohort and multi-center studies

Experimental-to-human health risk translation requires the detailed, prospec-
tive cohort and multi-center studies precisely quantifying both: MP exposures and 
reproductive outcomes in a heterogeneous population. They need to use specific, 
high-sensitivity methods of analysis of MP biomarkers, well-characterized endpoints 
in male infertility, and adherence to extended follow-up to measure the late or 
latent effects [165]. Multi-center cooperation will increase the protection strength, 
universality, and geographical spread of research outcomes, which will aid solid risk 
appraisal, regulation principle, and prevention methodology [166]. No information 
on the candidate molecular biomarkers identified in animal and organoid models 
can be fully considered valid except with cohort studies that can validate its clinical 
attention and relevance [151].

The longitudinal cohort studies play an important role in investigating the chrono-
logical effect of chronic exposure of MPs on the living system [167]. Such studies 
would involve repeated measures of exposure to MP and health outcomes measured 
and adjusted to confounding variables in order to determine causality. Combining 
biomarkers denoting inflammation and bio-accumulation might deliver some insights 
on the mechanistic pathways. Interdisciplinary and collaboration between environ-
mental science, toxicology, and epidemiology through collective work is required to 
provide key solutions to these future directions comprehensively [167].

6. Conclusions

6.1 Summary of current evidence

The pervasive presence of MPs in environmental and human systems necessitates 
urgent attention due to their potential threat to male reproductive health. The existing 
body of evidence underscores a disturbing trend, with MPs influencing reproductive 
function through multiple mechanisms, including oxidative stress, disruption of 
the BTB, and endocrine interference. These effects, compounded by the widespread 
nature of MP exposure via ingestion, inhalation, and dermal contact, pose signifi-
cant risks to male fertility, with epidemiological studies revealing associations with 
impaired sperm quality and male infertility.

Animal studies have elucidated dose-response relationships and raised concerns 
about potential transgenerational effects, also underlining the importance of a 
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profound knowledge of MP toxicity. Despite these findings, the field remains nascent, 
and critical knowledge gaps persist, particularly regarding long-term exposure 
outcomes and the cumulative effects of MPs on reproductive health.

6.2 Research and policy priorities

The mounting evidence of MP exposure as a significant threat to male 
reproductive health necessitates a strategic research agenda and policy framework 
to address this emerging public health concern. Future research must prioritize the 
following key areas to deepen our understanding of MPs’ effects on reproductive 
function:

1.	Mechanisms of toxicity: Further investigation is needed into the molecular 
mechanisms by which MPs induce oxidative stress, disrupt the BTB, and inter-
fere with endocrine regulation. A more comprehensive understanding of these 
pathways is essential to identify potential biomarkers of exposure and suscepti-
bility.

2.	Dose-response and long-term effects: There is a need to better delineate the dose-
response relationships between MP exposure and male reproductive outcomes. 
Longitudinal studies should be conducted to assess the cumulative effects of 
chronic exposure, including potential transgenerational impacts on reproductive 
health.

3.	Epidemiological research: Expanded cohort studies are crucial to establish more 
robust epidemiological evidence linking MP exposure to adverse reproductive 
outcomes in human populations. This includes evaluating the impact on sperm 
quality, fertility rates, and overall male reproductive health across diverse demo-
graphic groups.

4.	Risk assessment and regulation: Policymakers must work with researchers to 
establish clear guidelines for safe levels of MP exposure, particularly in food, 
water, and air. Regulatory frameworks should be developed to limit the envi-
ronmental release of MPs, with a focus on reducing their prevalence in ecosys-
tems and minimizing human exposure through public health initiatives. The 
interpretable machine learning (IML) models should be employed to predict 
chemical toxicities accurately, efficiently, and transparently, thereby enhanc-
ing chemical risk assessment and safety testing. While advanced ML and deep 
learning algorithms offer considerable predictive accuracy, their inherent 
“black-box” nature impedes interpretability, crucial for acceptance and applica-
tion in toxicology.

Given the established relevance of these computational techniques in evaluating 
toxicity mechanisms, this work provides foundational methodologies that are 
particularly applicable to investigating the detrimental effects of MP exposure 
on male reproductive health. By employing computational models informed 
by pathway-based toxicological mechanisms, researchers can better elucidate 
the intricate processes through which MPs may compromise male fertility, 
thus enhancing the precision and efficacy of health risk assessments and 
interventions.
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5.	Public health interventions: Since MPs may have a significant impact on male 
fertility, there must be campaigns which will create awareness on the danger of 
exposure to MPs and also help individuals prevent the exposure to these MPs. To 
mitigate these effects, there should be strategies, such as minimizing the amount 
of plastic waste, developing better waste disposal systems, and promoting the 
use of safer alternatives to plastic products.

6.3 Call for coordinated global action

Moving forward, it is imperative to prioritize targeted research to elucidate the 
precise molecular pathways through which MPs exert their effects on male reproduc-
tive function. Concurrently, public health initiatives must be launched to reduce 
exposure to these pollutants and mitigate their adverse impacts. A coordinated global 
response is crucial to establish regulatory frameworks that limit MPs’ environmental 
presence and safeguard human health. Collaborative efforts across research institu-
tions, policymakers, and environmental agencies are essential to address this emerg-
ing public health challenge effectively.

6.4 Specific mandatory regulative measures for calls for regulatory interventions

6.4.1 Wastewater treatment plant upgrades

The introduction of advanced filtration technologies in the work of wastewater 
treatment plants can help limit MP capture [168].

6.4.2 Uniform the plastic product design standards

Create international guidelines on the content of MP in consumer products 
[169]. Plastic product design with an aim of re-use and recycling of products and the 
development of research of biodegradable substitutes to plastics should be encour-
aged [153].

6.4.3 Risk assessment and safe exposure levels

Risk assessment studies should be conducted which will determine the threshold 
levels of MPs in the outer environments, such as water, air, and soil [155].

6.4.4 Extended producer responsibility (EPR) programs

Launch EPR programs to get involved and handle plastic waste effectively begin-
ning at the manufacturing stage right through to final disposal [169].

6.4.5 International regulatory environment

Some of the countries and areas already started to introduce regulations about 
MPs [170]. Some countries prohibited the use of MPs in some special forms. 
Microbeads have been prohibited in rinse-off cosmetics in the United States and 
Canada. Some plastic products are also banned in China. World state forms develop 
or design new legislature and regulations to confront MPs, with the EU being at the 
head [170].
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6.5 Mitigation strategies

6.5.1 Green infrastructure

Since MPs are found in urban storm water run offs, using green infrastructure 
to urban stormwater management is practical to minimize MP contamination in the 
water [168].

6.5.2 Source reduction

Mitigate the MP pollution by implementing measures such as reduction in waste 
and a better practice of waste management [171]. Decrease the use of plastic and 
enhance the waste disposal mechanisms [171]. Encourage the use of biodegradable 
materials [171].

6.5.3 Advanced oxidation processes

Decompose the pollutants such as tetracycline using the UV/peroxydisulfate 
processes with mariculture wastewater. UV/PS treatment performed 30 min later 
resulted in the 95.73% removal of tetracycline in 5 mg/L dosage [172].

6.5.4 Innovative materials

Find out how to take the plasticizers out of the secondary wastewater effluent 
using flexible nanocatalysts [173].

6.5.5 Bioremediation

Photosynthetic living organisms can be used to bioremediate MPs within both 
aquatic and terrestrial environments [174] or to mitigate MP contamination. The rate 
of microbial breakdown can be increased [175].
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Chapter 2

Role of Antioxidants in Male Semen 
Preservation
Daniel Ionut Berean

Abstract

A range of internal and external stressors increasingly challenges male fertility, 
among which oxidative stress, primarily driven by reactive oxygen species (ROS), 
plays a central role. The chapter explores the multifaceted impact of oxidative stress 
on male reproductive function, emphasizing its contribution to sperm damage, DNA 
fragmentation, and decreased fertility potential. Antioxidants, both conventional 
and emerging, have been shown to counteract these effects, offering therapeutic 
and preventive value. The discussion extends beyond standard treatments, inte-
grating innovative advances such as nanotechnology-based delivery systems and 
mitochondria-targeted antioxidants. Personalized approaches, including biomarker-
guided supplementation and genetic profiling, are proposed to optimize outcomes. 
Broader sociocultural and demographic disparities in access to antioxidant interven-
tions are also addressed, highlighting the need for equitable healthcare strategies. 
Furthermore, the document connects antioxidant use to contemporary challenges 
such as delayed fatherhood, aging, and fertility preservation, with implications for 
clinical practice and public health policy. Novel applications, including antioxidants 
in cancer-related fertility care and cryopreservation, are considered.

Keywords: male fertility, oxidative stress, antioxidants, sperm quality, aging, delayed 
fatherhood, fertility preservation, nanotechnology

1. �Introduction

Both intrinsic and extrinsic stressors can significantly influence male fertility,
with ROS representing a major internal factor. Reactive oxygen species (ROS) are 
generated as natural by-products of aerobic metabolism, predominantly through the 
mitochondrial electron transport chain (ETC) [1, 2]. During this process, electrons 
are transferred sequentially across a series of protein complexes, a mechanism that 
can inadvertently result in ROS formation. Under certain metabolic conditions, such 
as shifts in substrate availability or disturbances in energy homeostasis, this electron 
transfer can become inefficient or backed up, disrupting the balance between elec-
tron donors and acceptors. Consequently, ROS production may increase as electrons 
prematurely react with alternative molecular targets instead of molecular oxygen. 
Due to their high chemical reactivity, ROS can oxidize a wide array of biomolecules, 
potentially altering their structure and impairing function [3].
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Among the most commonly, produced ROS are superoxide anion (O2), hydrogen 
peroxide (H2O2), and hydroxyl radicals (OH). Mitochondria, which are central to 
cellular energy production and signaling, generate both adenosine triphosphate 
(ATP) and ROS such as O2 and H2O2 through electron transfer reactions. While ATP 
synthesis occurs via oxidative phosphorylation, superoxide arises from the one-
electron reduction of molecular oxygen. This radical is rapidly dismutated to hydro-
gen peroxide by superoxide dismutase (SOD). Once considered merely detrimental 
by-products of respiration, superoxide and hydrogen peroxide are now recognized for 
their regulatory roles in diverse cellular pathways [2, 4].

Oxidative stress, arising from an imbalance between ROS production and antiox-
idant defense mechanisms, has been strongly associated with impaired sperm func-
tion and reduced fertility. Antioxidants mitigate oxidative damage by neutralizing 
free radicals, thereby preserving sperm integrity. The interplay between oxidative 
stress, ROS, and male reproductive health is complex; while excessive ROS levels can 
damage sperm DNA, membranes, and proteins, physiological levels are essential for 
normal sperm functions such as capacitation and the acrosome reaction. Moreover, 
ROS serve as secondary messengers in signaling pathways and modulate the activity 
of transcription factors involved in cellular development and differentiation. The 
basal ROS production, which accounts for approximately 2% of total mitochondrial 
activity even under optimal conditions, underscores their essential role in cellular 
physiology (Figure 1) [3, 5].

Figure 1. 
Oxidative stress and antioxidant mechanisms in male fertility (on the left, excessive ROS generated by 
mitochondrial activity induce DNA fragmentation and impair sperm integrity. On the right, antioxidant 
molecules such as glutathione, vitamin C, and vitamin E neutralize ROS, preserving DNA stability and 
supporting sperm viability. The illustration highlights the critical balance between oxidative stress and 
antioxidant defenses in maintaining male reproductive potential).
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2. �Environmental and lifestyle factors that contribute to oxidative stress

2.1 Environmental factors

Environmental factors play a significant role in contributing to oxidative stress, 
particularly affecting male fertility and overall cellular health. Exposure to polluted 
environments, such as those containing airborne toxins, heavy metals, and industrial 
chemicals, has been shown to increase the burden of ROS [6]. Pollutants such as 
nitrogen dioxide, ozone, and fine particulate matter can penetrate deep into tissues, 
initiating oxidative reactions and compromising cellular structures. Similarly, heavy 
metals such as cadmium, lead, and mercury, often encountered in industrial settings 
or contaminated water and food supplies, interfere with mitochondrial function and 
catalyze the production of free radicals [7, 8].

Another major environmental contributor is radiation. Ultraviolet (UV) rays from 
excessive sun exposure and ionizing radiation from diagnostic tools or environmental 
sources can induce DNA damage directly, while also triggering ROS formation in 
surrounding tissues. Pesticides and other agricultural or industrial chemicals further 
exacerbate oxidative stress by disrupting redox-sensitive signaling pathways and 
impairing antioxidant defense mechanisms. Moreover, frequent exposure to heat, 
such as through hot tubs or saunas, and electromagnetic radiation from electronic 
devices, has been associated with oxidative damage in reproductive tissues, especially 
the testes, where temperature regulation is critical for sperm production [6, 9].

2.2 Lifestyle factors

Lifestyle choices also have a profound impact on the body’s oxidative balance. 
Smoking introduces thousands of oxidants and free radicals into the body, over-
whelming natural antioxidant systems and damaging sperm DNA, membranes, and 
proteins. Likewise, excessive alcohol consumption contributes to the production 
of toxic metabolites like acetaldehyde, which not only increase ROS generation but 
also impair antioxidant enzymes such as glutathione peroxidase. Poor dietary habits, 
particularly those lacking in fruits, vegetables, and essential micronutrients, further 
compromise the body’s ability to neutralize oxidative agents. Diets high in saturated 
fats and processed foods are particularly harmful, promoting systemic inflammation 
and oxidative imbalance [10–13].

Physical activity can either support or disrupt redox homeostasis depending on 
intensity and duration. While moderate exercise is beneficial and supports antioxidant 
capacity, excessive or unregulated physical exertion without adequate recovery leads 
to increased mitochondrial respiration and, consequently, excess ROS production. 
Psychological stress also contributes significantly to oxidative stress. Chronic activa-
tion of the hypothalamic-pituitary-adrenal (HPA) axis elevates cortisol levels, alters 
metabolic function, and triggers the release of oxidative molecules. Additionally, 
inadequate sleep and unresolved psychological strain can suppress immune function 
and reduce antioxidant capacity. Recreational drug use and the chronic use of certain 
pharmaceuticals, such as chemotherapeutic agents, further increase oxidative burden 
by interfering with normal mitochondrial processes [14, 15].

Both environmental exposures and lifestyle behaviors can disrupt the delicate 
balance between ROS production and antioxidant defense, leading to oxidative stress. 
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This imbalance is especially detrimental to reproductive health, where oxidative 
damage has been closely linked to decreased sperm quality, DNA fragmentation, and 
reduced fertility potential. Addressing these factors through behavioral changes and 
protective interventions is essential for mitigating oxidative stress and supporting 
overall health [13, 16, 17].

3. �Types of antioxidants and methods of administration and therapeutic 
potential

3.1 Types of antioxidants

Antioxidants are molecules that protect cells from oxidative stress by neutral-
izing free radicals, which are unstable compounds that can damage DNA, proteins, 
and lipids. These protective agents can be either naturally occurring or synthetically 
produced [18].

Natural antioxidants are commonly found in fruits, vegetables, nuts, and whole 
grains. Among the most well-known are vitamins such as vitamin C and vitamin E. 
Vitamin C is water-soluble and acts primarily in cellular fluids; it is abundant in citrus 
fruits, berries, and peppers. Vitamin E, on the other hand, is fat-soluble and protects cell 
membranes from lipid peroxidation. It is found in seeds, vegetable oils, and nuts [19, 20].

Minerals such as selenium and zinc also play critical antioxidant roles, though 
they do not act directly as antioxidants. Instead, they are cofactors for antioxidant 
enzymes. For instance, selenium is essential for the proper function of glutathione 
peroxidase, an enzyme that reduces harmful peroxides in cells.

In addition to these, polyphenols and flavonoids are important plant-based 
antioxidants. These compounds are found in richly colored foods such as berries, red 
wine, green tea, and dark chocolate. They often act by inhibiting the formation of free 
radicals and enhancing the activity of endogenous antioxidant enzymes [18, 20–22].

The human body also produces its own antioxidant defenses. These endogenous 
antioxidants include enzymes such as superoxide dismutase (SOD), catalase, and 
glutathione peroxidase, as well as small molecules such as glutathione and uric acid. 
These compounds work together to neutralize free radicals and maintain redox bal-
ance within cells [23].

On the other side, synthetic antioxidants are manufactured compounds used pri-
marily in food preservation and industrial applications. Chemicals such as butylated 
hydroxytoluene (BHT) and butylated hydroxyanisole (BHA) are added to processed 
foods to prevent oxidation and spoilage. While effective, their safety in high or 
prolonged exposure is a topic of ongoing scientific debate [22, 24].

3.2 Methods of administration and therapeutic potential

Improving semen quality with antioxidants is a well-researched approach that 
targets one of the key causes of male infertility: oxidative stress.

To counteract the oxidative stress, antioxidants can be introduced into the body in 
a few effective ways, the most common being through oral supplementation [25].

Oral antioxidant therapy is widely used because it is non-invasive and easy to 
incorporate into daily life. Men who seek to improve their fertility are often advised 
to take supplements that include a blend of antioxidant compounds. These may 
contain vitamins, such as vitamin C and vitamin E, as well as minerals such as zinc 
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and selenium, all of which support sperm health by protecting cells from free radical 
damage and aiding in DNA repair. Other compounds frequently included in these 
formulations are coenzyme Q10 and L-carnitine, both of which play a role in cellular 
energy production and are believed to enhance sperm motility. N-acetylcysteine, 
a precursor to glutathione, is also used to strengthen the body’s own antioxidant 
defenses. These supplements are typically taken over a period of several months, 
aligning with the natural cycle of sperm development [26–28].

Alongside supplementation, diet is another important route for antioxidant intake. 
A nutrient-rich diet that emphasizes fruits, vegetables, nuts, seeds, and whole grains 
naturally provides the body with a wide variety of antioxidants, including flavonoids and 
carotenoids. Studies suggest that men who adopt dietary patterns high in these foods, such 
as the Mediterranean diet, often see improvements in sperm parameters, possibly due to 
the anti-inflammatory and antioxidant properties of the diet as a whole [25, 28, 29].

However, less common, intravenous administration of antioxidants has also been 
explored, particularly in medical contexts where high oxidative stress is present. In 
these cases, compounds such as vitamin C or glutathione are delivered directly into 
the bloodstream, offering immediate availability to tissues. However, this method is 
not typically used as a first-line treatment for infertility due to its invasive nature and 
the lack of large-scale evidence for its effectiveness in this specific application [30, 31].

The use of antioxidant supplementation in semen extenders is particularly rel-
evant in the setting of assisted reproductive technologies (ART), most notably during 
sperm cryopreservation. This process is commonly used when men wish to preserve 
fertility, before undergoing medical treatments like chemotherapy, before a vasec-
tomy, or as part of an in vitro fertilization procedure. While cryopreservation is effec-
tive, it poses significant challenges for sperm cells due to the physical and chemical 
stresses involved. These stresses, especially during the freezing and thawing stages, 
often result in oxidative damage, which can compromise sperm motility, membrane 
integrity, and DNA quality (Table 1) [32–34].

Sperm cells are highly sensitive to oxidative stress because of their limited natural 
antioxidant defenses and their membrane composition, which is rich in polyunsatu-
rated fatty acids, particularly vulnerable to peroxidation. When semen is processed 
and stored at low temperatures, reactive oxygen species tend to accumulate. To reduce 
the extent of this damage, antioxidants can be introduced directly into the semen 
extender, the fluid that surrounds and protects sperm during storage. This strategy 
offers a localized and immediate form of protection, helping preserve functional 
sperm characteristics during and after thawing [23].

Research in this area has explored a range of antioxidant compounds that may be 
added to these extenders. Some are naturally occurring vitamins and enzymes with 
the protective roles, while others are synthetic or derived from plant sources. When 
used appropriately, they can improve key aspects of sperm quality, including motil-
ity and DNA stability, and may increase the success rates of reproductive treatments 
using frozen-thawed sperm [33, 35].

However, despite promising results in laboratory studies, the routine clinical use 
of antioxidant-enriched extenders in male fertility preservation is still somewhat lim-
ited. There are challenges in determining the most effective types and concentrations 
of antioxidants, as an imbalance can sometimes cause more harm than good. Excess 
antioxidants may disrupt the normal cellular signaling mechanisms or even act as 
pro-oxidants under certain conditions. Because of this, ongoing research continues to 
refine the formulations used and assess their real-world outcomes in human fertility 
treatments [34, 37].
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Antioxidant supplementation in semen extenders represents a promising approach 
to reducing the oxidative stress associated with sperm cryopreservation. While the 
concept is well established in animal reproduction, its application in human fertility is 
still evolving, with careful attention being paid to optimizing safety and efficacy for 
clinical use (Table 1) [23, 36].

While multiple avenues exist for administering antioxidants to improve semen 
quality, oral supplementation and dietary intake remain the most practical and widely 
recommended methods. Their effectiveness is further enhanced when combined with 
lifestyle adjustments that reduce sources of oxidative damage.

4. �Sociocultural or demographic differences in access to antioxidant-
based interventions

Access to antioxidant-based interventions, whether through diet, supplements, or 
healthcare, varies widely across different social, cultural, and demographic groups. 

Method of 
administration

Examples /
compounds

Mechanism of action Application /notes References

Oral 
supplementation

Vitamin C (water 
soluble), vitamin E 
(fat-soluble), zinc, 
selenium, coenzyme 
Q10 L-carnitine, 
N-acetylcysteine

Neutralize free 
radicals, support 
DNA repair, enhance 
mitochondrial 
function and 
sperm motility, 
boost endogenous 
antioxidant enzymes

Widely used in male 
infertility treatments 
- Aligns with sperm 
development cycle 
(approx. 3 months)

[25–28]

Dietary intake Fruits, vegetables, 
nuts, seeds, whole 
grains, flavonoids, 
carotenoids 
Mediterranean diet 
pattern

Natural antioxidant 
supply
Anti-inflammatory 
properties
Improve sperm 
parameters

Practical, long-term 
strategy, supports 
systemic health and 
fertility

[25, 28, 29]

Intravenous (IV) 
administration

Vitamin C glutathione Rapid systemic 
availability, high dose 
antioxidant delivery

Used in high oxidative 
stress contexts, not 
common in standard 
infertility treatment 
due to invasiveness and 
limited evidence

[30, 31]

Antioxidant-
enriched semen 
extenders

Vitamins (e.g., C, 
E), enzymes (e.g., 
SOD, catalase), plant 
derived or synthetic 
antioxidants

Direct protection 
of sperm during 
freezing/thawing—
prevent lipid 
peroxidation and 
DNA damage

Used in 
cryopreservation (ART, 
IVF, chemo patients)—
enhances post-thaw 
sperm quality and 
fertility potential

[23, 32–36]

Endogenous 
antioxidants 
(produced by the 
body)

Glutathione, uric 
acid, enzymes: SOD, 
catalase, glutathione 
peroxidase

Maintain cellular 
redox balance, work 
in synergy with 
dietary/supplemental 
antioxidants

Essential part of 
systemic antioxidant 
defense

[23]

Table 1. 
Methods of antioxidant administration and their roles in male fertility.
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These differences often reflect deeper inequalities in income, education, cultural 
norms, and healthcare systems, which can have real consequences for health, includ-
ing issues related to oxidative stress and male fertility [38].

People with lower incomes, for example, may struggle to afford fresh fruits, 
vegetables, and other antioxidant rich foods. Instead, they may rely more heavily on 
cheaper, processed foods that lack essential nutrients. In contrast, individuals from 
higher-income backgrounds are more likely to afford a varied, nutrient-rich diet and 
have access to antioxidant supplements or specialized treatments [38].

Education also plays a key role. People who are more informed about health and 
nutrition are more likely to understand the benefits of antioxidants and how to 
include them in their diets. Meanwhile, those with limited health literacy might not 
be aware of the role antioxidants play in protecting the body from oxidative stress or 
supporting reproductive health [39].

Cultural beliefs and traditions can also shape how people view and use antioxidant 
therapies. In some cultures, people may prefer conventional medical treatments 
and be less open to dietary or supplement-based interventions. In others, especially 
where traditional medicine is widely practiced, there may be greater trust in natural 
or plant-based antioxidants. However, even in these cases, access to reliable and safe 
formulations may be limited [38].

Where someone lives also matters. People in rural or remote areas often have fewer 
options when it comes to buying fresh produce or getting advice from healthcare 
providers. Urban populations generally have better access to healthcare, nutrition 
education, and health-promoting services, which can make it easier for them to adopt 
antioxidant-rich diets or use supplements.

Lastly, the structure of the healthcare system itself can make a difference. In 
countries with strong public health programs, antioxidant-based care may be more 
widely available and affordable. But in places where healthcare is largely privatized or 
under resourced, these interventions might be considered extras available mostly to 
those who can pay out of pocket [39, 40].

Social and demographic factors have a major impact on who gets access to 
antioxidant-based support and who does not. To reduce these gaps, efforts need 
to focus on education, affordable nutrition, culturally appropriate healthcare, and 
policies that make antioxidant-rich foods and interventions more accessible to 
everyone.

5. �Benefits and limitations of antioxidant use

5.1 Benefits

The idea of using antioxidants to improve health, especially in relation to oxidative 
stress and male fertility, has gained a lot of attention in recent years. While there is 
certainly evidence suggesting that antioxidants can be beneficial, the full picture is 
more nuanced, and there are important limitations to keep in mind when considering 
their use [41].

On the positive side, several clinical studies have shown that antioxidants can 
help reduce the damage caused by oxidative stress, which is known to affect sperm 
quality. Supplements such as vitamin C, vitamin E, selenium, zinc, and coenzyme 
Q10 have been linked to improvements in sperm motility, count, and overall func-
tion. Some research even suggests that antioxidant therapy can increase the chances 
of conception in couples facing male infertility. Some studies found that antioxidant 
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supplements improved pregnancy and live birth rates in subfertility men, giving some 
weight to the idea that these treatments can be effective [42–44].

Antioxidants have also been studied outside the fertility space, in areas such as 
heart disease, neurodegenerative disorders, and diabetes. In some of these contexts, 
they appear to reduce inflammation or support mitochondrial function, which is 
encouraging [43].

That said, antioxidant therapy is far from a guaranteed fix. One of the biggest 
challenges in evaluating the evidence is how different the studies are from each other. 
They often vary in terms of the types of antioxidants used, how much people take, 
how long the treatments last, and the specific health conditions being targeted. This 
makes it hard to compare results or develop clear guidelines.

5.2 Limitations

While antioxidant therapy shows promise, particularly in areas such as male 
infertility and oxidative stress-related diseases, there are several important limitations 
and concerns that need to be acknowledged. These limitations often make it difficult 
to fully endorse widespread antioxidant use without careful consideration.

One of the major issues is the inconsistency in clinical outcomes. Although some 
studies report clear benefits, others show little to no improvement, and in some cases, 
even adverse effects. These conflicting results often stem from differences in study 
design. Clinical trials on antioxidants vary widely in terms of which substances are 
used, how much is administered, how long treatments last, and who the participants 
are. Without consistency across trials, it becomes difficult to draw firm conclusions or 
develop universal guidelines for use [45, 46].

Another limitation is the potential for harm when antioxidants are taken in excess. 
Although they are often marketed as harmless or even essential supplements, certain 
antioxidants can act as pro oxidants at high doses, meaning that instead of protecting 
cells, they may actually cause oxidative damage. For example, while vitamin E is com-
monly taken for its protective effects, some high-dose trials have shown it might increase 
the risk of prostate cancer or stroke. Similarly, beta-carotene, another well-known 
antioxidant, was found to increase the risk of lung cancer in smokers when taken in large 
amounts. These findings challenge the widespread belief that “more is better” when it 
comes to supplementation and highlight the importance of proper dosing [47].

There is also the issue of individual variability. The effectiveness of antioxidant 
therapy can differ significantly from person to person, depending on a range of 
factors including genetics, baseline antioxidant levels, diet, lifestyle, and overall 
health. Someone with a nutrient deficient diet might benefit from supplementation, 
while another person with adequate intake could experience no added benefit, or 
even harm. This variability complicates efforts to standardize treatment and calls for a 
more personalized approach rather than blanket recommendations [48, 49].

In addition, many antioxidants used in supplements do not always behave in the 
body the same way they do in controlled lab settings. Some compounds may not be 
well absorbed when taken orally, or they may be rapidly metabolized and cleared 
before having a meaningful effect. These points to a gap between laboratory findings 
and real world clinical effectiveness, further complicating their use.

Lastly, a broader concern is the lack of regulation and quality control in the 
supplement industry. In many countries, antioxidant supplements are sold over-the-
counter with minimal oversight. This means that product quality, purity, and dosage 
can vary from brand to brand. Consumers may unknowingly take supplements that 
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contain contaminants, incorrect doses, or misleading health claims. Without proper 
medical guidance, this increases the risk of both ineffectiveness and unintended 
health consequences [47].

While antioxidants have the potential to support health, their use comes with 
important caveats. The inconsistent clinical evidence, potential for harm at high 
doses, individual variability in response, and lack of standardization make it clear 
that antioxidant therapy should not be treated as a cure-all. Instead, these interven-
tions are best used as part of a well-rounded, medically supervised approach to 
health, especially for conditions like male infertility where oxidative stress plays a 
known role. Further research, better regulation, and more personalized treatment 
strategies are all needed to unlock their full potential safely [49, 50].

6. �Antioxidants, male reproductive aging, and public health: Implications 
for delayed fatherhood and fertility preservation

More men than ever are choosing to become fathers later in life. Whether it is 
because of career goals, financial stability, or personal reasons, this trend of delayed 
fatherhood is shaping new challenges for men’s reproductive health. Unlike women, 
men do not have a strict biological “deadline” for fertility, but that does not mean their 
reproductive health stays the same as they age. In fact, aging can lead to declines in 
sperm quality, and antioxidants might hold some promise in helping men maintain 
fertility for longer but it is not a simple fix.

6.1 The role of antioxidants in age-related male fertility decline

As men get older, the cells in their bodies naturally face more stress, including 
something called oxidative stress. This happens when there is an imbalance between 
harmful molecules known as ROS and the body’s ability to neutralize them. With 
advancing age, men experience a progressive increase in ROS production, particularly 
within the mitochondria of germ cells. This is often accompanied by a decline in the 
efficiency of antioxidant defense systems, such as the reduced activity of superox-
ide dismutase (SOD), catalase, and glutathione peroxidase (GPx). The imbalance 
between ROS generation and antioxidant capacity results in cumulative oxidative 
stress, which has been directly linked to decreased sperm motility, increased DNA 
fragmentation, and epigenetic instability in aging spermatozoa [51].

Additionally, oxidative stress affects testicular somatic cells and the hypothalamic-
pituitary-gonadal (HPG) axis, contributing to lower testosterone levels and dimin-
ished spermatogenic output. Mitochondrial dysfunction and lipid peroxidation of 
the sperm plasma membrane further compromise sperm viability and fertilization 
capacity in older men.

Over time, this imbalance can damage sperm DNA, reduce sperm movement, and 
even lower sperm counts. All of these changes can make it harder to conceive natu-
rally and increase the risk of health issues in children.

This is where antioxidants enter the picture. Antioxidants are substances that 
help neutralize ROS, protecting cells, including sperm, from damage. Vitamins like C 
and E, minerals such as selenium and zinc, and compounds like coenzyme Q10 have 
been studied for their ability to improve sperm health by reducing oxidative stress. 
Although antioxidants cannot stop aging altogether, they might help slow down some 
of the damage, giving men a better chance to have healthy sperm later in life [52].
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It is important to remember, though, that antioxidants are not a magic bullet. 
They work best when combined with a healthy lifestyle, things like balanced nutri-
tion, regular exercise, and avoiding smoking or excessive alcohol. Still, for men who 
are concerned about fertility and aging, antioxidants could be a useful piece of the 
puzzle.

6.2 Antioxidants and fertility preservation in the modern age

With more men thinking about having kids later, fertility preservation is becom-
ing a hot topic. Sperm banking used to be something mainly recommended for men 
facing medical treatments like chemotherapy, but now many healthy men are consid-
ering it as a way to “freeze time” on their fertility.

Antioxidants may have a role here too. Some research suggests that taking antioxi-
dants before sperm freezing can improve the quality of sperm after thawing, which 
is crucial for successful future use. Also, maintaining antioxidant levels through diet 
and lifestyle can help keep sperm healthier overall, making sperm banking more 
effective [2, 12].

For men planning ahead, antioxidant support alongside fertility preservation 
strategies offers a proactive approach, helping them protect their chances of becom-
ing fathers even if they choose to wait.

6.3 Public health considerations and policy recommendations

From a bigger picture perspective, male fertility is an important public health 
issue that often gets overlooked. Around 15% of couples worldwide experience 
infertility, and male factors contribute to about half of these cases. Despite this, most 
public health messages focus on women’s reproductive health, leaving men out of the 
conversation.

This needs to change. Educating men early starting in schools and continuing 
through healthcare providers, about how age, lifestyle, and things like oxidative stress 
affect fertility is crucial. When men understand these risks, they can make better 
choices about their health and family planning.

Access is another big piece of the puzzle. Not everyone has easy access to fresh 
fruits, vegetables, or supplements rich in antioxidants, especially in low-income or 
rural communities. Public health policies could help by subsidizing healthy foods, 
improving nutrition education, and making antioxidant-rich diets more affordable 
and accessible [2].

Healthcare systems also need to step up. Routine reproductive health check-ups for 
men, especially those over 35 or planning delayed fatherhood, should include advice 
on antioxidants, lifestyle changes, and fertility preservation options. This kind of 
proactive care could prevent many cases of infertility or reduce the need for expensive 
fertility treatments down the line.

Finally, there is the issue of supplements themselves. The market is flooded with 
antioxidant products that vary widely in quality and claims. Governments and regula-
tors should tighten rules to ensure that supplements are safe, effective, and accurately 
labeled, so consumers are not misled or put at risk [14].

Antioxidants fit into a much bigger conversation about men’s health, aging, and 
fertility in today’s world. As fatherhood is delayed, men face challenges related to 
aging sperm and oxidative stress, but antioxidants offer a hopeful, if partial, tool to 
support reproductive health [16].
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However, antioxidants work best as part of a broader, balanced approach, good 
nutrition, healthy habits, medical guidance, and supportive public policies. By com-
bining these efforts, we can help men not only protect their fertility but also promote 
healthier families and communities in the end.

7. �Emerging antioxidant therapies and advanced delivery systems: 
Innovations in combating oxidative stress and preserving male fertility

Recent biomedical advances are transforming the landscape of antioxidant 
therapy, particularly in the context of male infertility. Traditional antioxidant supple-
mentation, though widely used, often falls short in efficacy due to poor targeting, 
bioavailability, and variability in individual oxidative stress responses. Innovations in 
both emerging antioxidant compounds and advanced delivery technologies, espe-
cially nanotechnology, are now offering new avenues to enhance treatment precision 
and outcomes. These developments are especially relevant in an era marked by 
delayed fatherhood, increased exposure to environmental stressors, and age-related 
fertility decline [1].

7.1 Targeted and potent antioxidants: Moving beyond traditional supplements

A growing body of research has introduced antioxidant compounds with 
improved specificity, potency, and cellular uptake, particularly those designed to 
target mitochondrial ROS production, which is central to sperm dysfunction.

Compounds such as Mitoquinone (MitoQ ) and Plastoquinonyl-decyl-
triphenylphosphonium (SkQ1) have been engineered to localize within mitochondria 
using lipophilic cations. By targeting the main site of ROS generation in sperm cells, 
these agents help restore mitochondrial function, enhance sperm motility, and reduce 
DNA fragmentation. Preclinical findings suggest their superior efficacy compared to 
conventional antioxidants [53].

Naturally derived antioxidants such as quercetin, resveratrol, and curcumin 
offer multifaceted protection by directly scavenging ROS and modulating pathways 
involved in inflammation, apoptosis, and mitochondrial biogenesis. Their epigenetic 
and anti-inflammatory effects make them particularly promising for long-term repro-
ductive support [54].

Engineered molecules that mimic antioxidant enzymes (e.g., SOD mimetics or 
catalase analogues) exhibit catalytic activity and continuous ROS detoxification, 
offering sustained protection over time. These agents hold potential in chronic oxida-
tive stress scenarios, especially for men with underlying metabolic disorders [18].

7.2 Personalized antioxidant strategies: One size does not fit all

As the understanding of oxidative stress deepens, it is clear that uniform supple-
mentation strategies may be insufficient. The development of personalized antioxi-
dant therapies, driven by biomarker data and individual susceptibility, is becoming an 
essential evolution in male infertility management.

Seminal ROS levels, DNA fragmentation indices, and antioxidant enzyme profiles 
(e.g., SOD, GPx) can guide the selection and dosing of antioxidants. Clinicians can 
use these biomarkers to tailor interventions, reducing the risk of overtreatment or 
ineffective therapy [14].
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Polymorphisms in genes related to oxidative defense affect how individuals 
respond to antioxidant treatments. Emerging data suggest that combining genomic 
and epigenetic profiling may help identify at-risk patients and match them with 
targeted therapies [55].

Environmental exposures, smoking, diet, obesity, and chronic conditions like 
diabetes all influence oxidative burden. Comprehensive antioxidant strategies must 
integrate lifestyle counseling with personalized supplementation for maximum 
benefit (Table 2) [56].

7.3 Nanotechnology: Transforming antioxidant delivery

While potent antioxidants offer theoretical advantages, their clinical impact is 
often limited by physiological barriers such as the blood-testis barrier (BTB) and 

Category Type/example Mechanism/features Potential benefits References

Emerging 
antioxidants

Mitochondria-targeted 
antioxidants e.g., MitoQ, 
SkQ1

Accumulate in 
mitochondria to neutralize 
ROS at the source

Improved 
sperm motility, 
mitochondrial health, 
DNA integrity

[53]

Polyphenols/flavonoids, 
for example, quercetin, 
resveratrol, curcumin

ROS scavenging, anti-
inflammatory, epigenetic 
modulation

Multilevel protection 
of sperm cells

[54]

Synthetic antioxidants/
enzyme mimetics, for 
example, SOD mimetics

Mimic natural enzymes 
for sustained ROS 
detoxification

Enhanced 
intracellular 
protection, longer 
activity duration

[18]

Personalized 
therapeutic 
approaches

Biomarker-guided therapy Use of oxidative stress 
markers to tailor therapy

Higher efficacy, 
minimized 
overtreatment

[14]

Genetic/epigenetic 
profiling

Stratify patients based 
on antioxidant gene 
polymorphisms

Precision targeted 
treatments

[55]

Lifestyle-integrated 
therapy

Combines antioxidant use 
with behavior and health 
modification

Improved long-
term reproductive 
outcomes

[56]

Nanotechnology-
based delivery

Nano-carriers e.g., 
liposomes, SLNs, 
polymeric NPs

Improve antioxidant 
solubility, stability, and 
release

Increased 
bioavailability 
and therapeutic 
concentration

[57]

Targeted delivery to testes Nanoparticles engineered to 
cross the blood-testis barrier 
(BTB)

Direct action on germ 
cells with minimal 
systemic side effects

[58, 59]

Controlled/sustained 
release

Polymers degrade gradually, 
allowing slow, continuous 
antioxidant delivery

Maintains optimal 
ROS balance over 
time

[57]

Co-delivery systems Encapsulate multiple 
antioxidants or combo 
therapies in one carrier

Synergistic action and 
broader protection

[57, 59]

Table 2. 
Emerging antioxidant therapies and advanced delivery systems.
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issues of stability and solubility. Nanotechnology-based delivery systems are revo-
lutionizing this space by offering enhanced bioavailability, targeted delivery, and 
controlled release.

Nanocarriers, including liposomes, polymeric nanoparticles, and solid lipid 
nanoparticles (SLNs), protect antioxidants from degradation in the gastrointestinal 
tract and systemic circulation. These vehicles allow for improved cellular uptake and 
prolonged systemic presence, enhancing the therapeutic potential [57, 58].

To reach germ cells, nanoparticles can be engineered to cross the BTB using 
receptor, mediated transport or cell, penetrating ligands. For instance, nanoparticles 
conjugated with folate or transferrin show selective uptake by Sertoli or germ cells, 
increasing antioxidant concentration exactly where it is needed [59].

Nanocarriers can be designed to release antioxidants gradually, maintaining 
steady-state concentrations in reproductive tissues. This sustained release approach 
minimizes ROS spikes while avoiding the pitfalls of high single-dose toxicity or 
underdosing [57].

Advanced nanocarriers can co-deliver multiple therapeutic agents. For example, 
encapsulating vitamin E with coenzyme Q10 in one nanoparticle can produce 
synergistic effects. Moreover, antioxidants can be delivered alongside anti-
inflammatory or mitochondrial-targeted drugs to comprehensively address sperm 
dysfunction (Table 2) [59].

7.4 Challenges and future directions

Despite these promising innovations, there are barriers to clinical translation. 
Many of the studies remain preclinical or early phase trials, and challenges such 
as long term safety, large scale manufacturing, and regulatory approvals must be 
addressed. Moreover, standardized assays for oxidative stress and robust algorithms 
for personalized treatment remain in development.

In addition to these scientific and technical hurdles, important ethical consid-
erations must be taken into account. One of the major concerns is the risk of over 
supplementation, which can lead to a condition known as reductive stress, an imbal-
ance in the opposite direction of oxidative stress. This can disrupt normal cellular 
signaling, impair physiological redox reactions, and even contribute to mitochondrial 
dysfunction and infertility. While antioxidants are often marketed as universally 
beneficial, excessive or inappropriate use may have unintended consequences, 
particularly when used without medical supervision.

The introduction of advanced delivery systems, such as nanoparticles and mito-
chondria targeted compounds, raises further ethical and safety concerns. These 
include uncertainties regarding long term biocompatibility, potential toxicity, and 
accumulation of nanomaterials in tissues. As these technologies move closer to clinical 
application, it becomes essential to establish rigorous safety protocols and ensure 
transparent regulatory review. There is also a risk that such therapies could be mis-
used or prematurely commercialized, particularly in unregulated or cosmetic fertility 
markets, before sufficient evidence of safety and efficacy is available.

Equity and access also represent key ethical dimensions. Advanced antioxidant 
therapies and personalized medicine approaches may initially be available only to 
those who can afford them, potentially exacerbating existing healthcare disparities in 
fertility treatment.

Nevertheless, the integration of nanotechnology, emerging antioxidants, and 
precision medicine is likely to reshape the future of male fertility care. Continued 
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research, clinician education, and strong ethical oversight will be key to ensuring 
these promising therapies are both scientifically grounded, clinically effective, and 
equitably accessible.

8. �Novel applications: Beyond conventional fertility treatments

While antioxidants have traditionally been used as dietary supplements to improve 
natural sperm quality by mitigating oxidative damage, emerging research has 
revealed their potential for novel applications that extend well beyond conventional 
fertility therapies. These innovative uses san ART, fertility preservation strategies, 
and integrative approaches combining antioxidants with cutting-edge biomedical 
interventions, opening new avenues for improving male reproductive outcomes.

8.1 Integration with ART

Assisted reproductive technologies such as in vitro fertilization (IVF) and intracy-
toplasmic sperm injection (ICSI) have revolutionized the treatment of male infertil-
ity, yet they introduce new oxidative challenges. The processes involved in sperm 
handling, including washing, centrifugation, and cryopreservation, often expose 
sperm to elevated levels of ROS, which can compromise sperm viability and DNA 
integrity [60]. To address this, antioxidants are increasingly incorporated into ART 
protocols. Supplementing sperm preparation media with antioxidants like vitamin E, 
glutathione, or melatonin has shown promise in reducing oxidative damage during 
sperm processing [61]. More recently, nano-encapsulated antioxidants have been 
tested to enhance protection by providing sustained and targeted ROS scavenging 
during critical sperm manipulation steps [60].

Moreover, antioxidant enriched cryoprotectants are being developed to improve 
the outcomes of sperm freezing and thawing. Cryopreservation is associated with 
increased ROS production, which damages membrane lipids and DNA, reducing post 
thaw sperm motility and fertilizing capacity [23]. Incorporation of antioxidants such 
as coenzyme Q10 and resveratrol into cryopreservation media has been demonstrated 
in animal models to improve post thaw sperm quality, suggesting translational 
benefits for human fertility preservation [1].

8.2 Fertility preservation in at risk populations

Beyond elective sperm banking for delayed fatherhood, antioxidant therapies 
are gaining traction in preserving fertility in men exposed to gonadotoxic stressors. 
These include cancer patients undergoing chemotherapy or radiotherapy, individuals 
exposed to environmental toxins or occupational hazards, and men with metabolic or 
inflammatory disorders associated with elevated oxidative stress [21]. Administering 
antioxidants prior to or alongside gonadotoxic treatments may mitigate ROS induced 
damage to spermatogenic cells, thereby preserving endogenous sperm production. 
Additionally, antioxidants may improve the quality of sperm cryopreserved for fertility 
preservation, enhancing the likelihood of successful conception post treatment [37, 61].

This protective strategy aligns with the broader concept of oncofertility, integrat-
ing reproductive health into cancer care. As survival rates improve, preserving quality 
of life, including fertility, is a growing priority, and antioxidant supplementation 
represents a low risk, potentially effective adjunct in this context [11].
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8.3 Synergistic use with regenerative medicine and emerging technologies

The field of regenerative medicine offers exciting possibilities for treating 
male infertility, particularly in cases of severe testicular damage or azoospermia. 
Spermatogonial stem cell (SSC) transplantation and testicular tissue grafting are 
promising experimental therapies aiming to restore spermatogenesis. Antioxidants 
may play a crucial supportive role in these approaches by creating a protective 
microenvironment that enhances stem cell survival and function. Oxidative stress 
is a major cause of stem cell senescence and dysfunction; thus, antioxidant supple-
mentation may improve the viability and proliferative capacity of SSCs both in vitro 
and after transplantation. Antioxidants could also be incorporated into scaffolds or 
biomaterials used for tissue engineering, ensuring sustained ROS protection during 
tissue regeneration [23, 59].

Furthermore, gene editing technologies such as CRISPR-Cas9 hold potential 
for correcting genetic causes of infertility. Since oxidative stress can influence gene 
expression and epigenetic modifications, antioxidant therapy may optimize the cel-
lular milieu for gene editing procedures, improving efficacy and safety [62].

8.4 Emerging diagnostic and monitoring applications

Novel applications of antioxidants also extend into diagnostic realms. Biosensors 
and imaging agents incorporating antioxidant moieties are being developed to detect 
and quantify oxidative stress in real-time within reproductive tissues or seminal fluid. 
Such technologies could enable personalized antioxidant therapy by allowing clini-
cians to tailor treatments based on precise measurements of oxidative damage [23].

Theranostic nanoparticles, combining therapeutic and diagnostic functions, are 
under investigation to simultaneously deliver antioxidants and monitor their effects, 
thereby providing feedback for treatment optimization [63].

The expanding landscape of antioxidant applications reflects their versatile role 
in managing male reproductive health. From enhancing the safety and efficacy of 
assisted reproduction and fertility preservation to supporting regenerative therapies 
and enabling precision medicine, antioxidants are poised to become integral com-
ponents of advanced fertility care. Continued research and clinical validation will be 
essential to translate these innovative approaches into routine practice, ultimately 
improving reproductive outcomes for a broad spectrum of men facing fertility 
challenges.

8.5 Challenges and future directions

Despite these exciting advances, several challenges remain. Translating nano-
technology, based antioxidants from bench to bedside requires extensive safety and 
efficacy testing to address potential toxicity, immunogenicity, and long term effects. 
Personalized antioxidant therapy demands integration of complex multi omics data 
into clinical workflows, necessitating robust bioinformatics tools and interdisciplin-
ary collaboration. Regulatory frameworks must also evolve to keep pace with novel 
delivery platforms and therapeutic agents.

Emerging antioxidants, combined with cutting edge delivery systems and person-
alized medicine approaches, represent a promising evolution in managing oxidative 
stress related male infertility. These innovations have the potential to enhance treat-
ment efficacy, reduce side effects, and ultimately improve reproductive outcomes, 
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especially in the context of aging and environmental challenges. Continued research 
and clinical validation will be critical to realize their full potential and to integrate 
these technologies into standard fertility care.

9. �Conclusions

The growing body of evidence clearly establishes oxidative stress as a key con-
tributor to male infertility. Through its damaging effects on sperm DNA, membranes, 
and mitochondrial function, elevated levels of ROS compromise reproductive poten-
tial in both clinical and subclinical populations. Recognizing and addressing oxidative 
stress should become a cornerstone of male fertility assessments and treatment.

Antioxidants offer more than a reactive solution, they represent a proactive 
strategy for preserving male fertility across the lifespan. Their ability to restore redox 
balance, protect genetic integrity, and support mitochondrial health positions them as 
valuable agents in both therapeutic and preventive contexts. However, their effective-
ness depends on dosage, bioavailability, and individual health status, necessitating 
careful, evidence based application.

As the field advances, it is becoming increasingly clear that a one-size-fits-all 
approach to antioxidant therapy may be suboptimal. Personalized strategies, guided 
by biomarkers of oxidative damage or genetic predisposition, are more likely to 
yield meaningful improvements in fertility outcomes. At the same time, innovations 
like nanotechnology and mitochondria targeted delivery systems hold promise for 
increasing efficacy and minimizing systemic side effects.

With trends toward delayed fatherhood, increased environmental exposures, and 
changing lifestyle factors, there is a pressing need to reframe male fertility as a long 
term health issue. Antioxidants can play a vital role in this new paradigm, not just in 
treating infertility but in preserving reproductive capacity over time. Public health 
strategies must evolve to include education, early screening, and access to evidence 
based interventions for all populations.

The clinical benefits of antioxidant therapy must be matched by public health and 
policy initiatives that ensure equitable access to treatment. Socioeconomic dispari-
ties, limited awareness, and fragmented healthcare services remain barriers to the 
widespread adoption of antioxidant based fertility preservation. Multidisciplinary 
collaboration among clinicians, researchers, and policymakers will be essential to 
translate scientific advancements into meaningful health outcomes.
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Abstract

Male patients with congenital urogenital anomalies and neuro-urological condi-
tions represent a unique and underrecognized population at risk for infertility and 
sexual dysfunction. This chapter aims to review the embryological and developmental 
basis of these conditions and to clarify their direct effects on spermatogenesis, hor-
monal regulation, and sperm transport. We provide a detailed discussion of common 
anomalies—including bladder exstrophy, prune belly syndrome, cryptorchidism, and 
spinal dysraphism—as well as acquired neuro-urological disorders, such as multiple 
sclerosis, spinal cord injury, and cerebrovascular accident, highlighting their impact 
on reproductive health and quality of life. Key findings demonstrate that both con-
genital and neurogenic conditions disrupt male fertility through structural anomalies, 
impaired testicular development, endocrine dysfunction, and ejaculatory disorders. 
Contemporary management strategies—ranging from early orchiopexy, reconstruc-
tive and substitution phalloplasty, penile prostheses, and urinary tract reconstruc-
tion, to assisted reproductive technologies (ART) and sperm retrieval—can mitigate 
these challenges. Multidisciplinary care, involving functional and reproductive 
urology, endocrinology, neurology, and psychology, is shown to optimize fertility 
outcomes. Additionally, models of transitional urology illustrate how proactive 
fertility counseling and early intervention improve long-term reproductive prospects. 
In conclusion, congenitalism and neuro-urological disease exert profound effects on 
male reproductive health that extend beyond childhood survival into adulthood and 
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family planning. Advances in surgical reconstruction, ART, and multidisciplinary 
care are improving outcomes; yet, long-term follow-up and fertility-preservation 
strategies remain critical. Future directions—including stem-cell therapy, neuro-
modulation, and AI-supported management—offer promise in addressing the unmet 
needs of this vulnerable population.

Keywords: neuro-urology, congenitalism, fertility, reconstruction, assisted 
reproduction

1. �Introduction

Congenital anomalies of the kidney and urinary tract (CAKUT) account for 1% of 
all live births [1]. Along with external genital anomalies, CAKUT shares a common 
embryologic origin; thus, patients with CAKUT may suffer from infertility and sexual 
dysfunction [2]. These anomalies represent a significant challenge for any parent. 
The early-life challenges are related to the survival of their child and the quality of 
life (QoL) of the child and parents alike. The survival of such a group of patients 
has increased over the past years as the medical field has advanced. As the child 
grows to be socially independent, the challenges become different, as sexuality and 
reproductive function become a major concern [3]. As our understanding deepens of 
the relationship between male-factor infertility, which represents up to 50% of the 
causality in infertile couples, clearer connections are identified with male genitouri-
nary congenitalism and management options [2].

Infertility and sexual dysfunction can also be of neurogenic origin. Multiple scle-
rosis (MS) carries a significant impact on fertility, sexuality, and quality of life [4]. 
An estimated 47–75% of males diagnosed with multiple sclerosis suffer from sexual 
dysfunction and lower testosterone production [5]. On the other hand, spinal cord 
injury (SCI) patients commonly suffer from sexual dysfunction, and 26% of patients 
prioritize the regain of sexual function [6]. The prevalence of post-stroke sexual 
dysfunction ranges between 20 and 75%. Low serum testosterone levels, infertility, 
and sexual dysfunction are common in this special population, which can negatively 
impact quality of life [7]. In this chapter, we aim to discuss these special populations 
with congenital urogenital anomalies and neurogenic diseases and their impacts on 
the sexual health and reproductive function of affected males.

1.1 Embryology of the urinary tract

Pronephros, mesonephros, and metanephros are the key structures in the develop-
ment of the genitourinary tract. The intermediate mesoderm is the origin of these 
structures. The pronephros is a transient structure that regresses completely by the 
fifth week of gestation. The mesonephros differentiates into mesonephric tubules and 
mesonephric ducts, which form the epididymis, vas deferens, and seminal vesicles. In 
association with the urogenital sinus, they form the bladder and urethra. Also, its out-
growth forms the upper urinary tract, except for the nephron itself, which is formed by 
the metanephros. The kidney matures by 10 weeks of gestation, and its normal location 
is between spinal levels T10 and L3. Meanwhile, starting from the fourth gestational 
week, the cloaca divides into the urogenital sinus anteriorly and rectum posteriorly. 
Then, the urogenital sinus divides into three parts: the vesical part, which gives most of 
the bladder and is continuous with its allantois, the pelvic part, which gives the female 
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urethra and the male prostatic urethra, and the phallic part, which gives the clitoris in 
females and the penis in males.

The allantois, which is responsible embryologically for gas exchange and waste 
elimination, also plays a role in umbilical cord formation. Later, by the sixth to eighth 
weeks of gestation, regression of the allantois occurs, and the intra-abdominal seg-
ment will form the urachus, which becomes the median umbilical ligament connect-
ing the bladder dome to the anterior abdominal wall. The sex-determining-region 
Y (SRY) gene promotes secretion of the testis-determining factor, which initiates 
the formation of the testis and differentiation of Leydig and Sertoli cells. The testes 
develop from the intermediate mesoderm and initially form in the abdomen, then 
descend into the scrotum due to abdominal growth and the migratory action of the 
gubernaculum (Figure 1) [8, 9].

1.2 Generalized outlook on male reproductive health

Congenital anomalies of the kidney and urinary tract (CAKUT) encompass a 
spectrum of disorders that arise from disruptions in the embryological development 
of the intermediate mesoderm. This same embryologic layer also gives rise to com-
ponents of the male reproductive tract, specifically via the mesonephric (Wolffian) 
duct. Consequently, the close anatomical and developmental association between the 
urinary and reproductive systems in the male means that CAKUT has not only renal 
consequences but also direct implications on spermatogenesis, sperm transport, and 
hormonal regulation. These effects are often underrecognized and may manifest later 
in life as unexplained subfertility or sexual dysfunction [2].

The earliest impact of CAKUT on the male reproductive system occurs during 
mesonephric duct development, which gives rise to the epididymis, vas deferens, 

Figure 1. 
Embryologic development of the genitourinary system – A snapshot.
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seminal vesicles, and ejaculatory ducts. Anomalies in this developmental sequence 
can result in partial or complete agenesis of these structures [9]. For instance, con-
genital unilateral absence of the vas deferens (CUAVD), often found in conjunction 
with ipsilateral renal agenesis, reflects failure of mesonephric duct elongation and 
differentiation. Similarly, Zinner syndrome—a triad of renal agenesis, seminal vesicle 
cysts, and ejaculatory duct obstruction—represents a classic example where both uri-
nary and reproductive tracts are simultaneously affected due to a shared mesonephric 
origin. Patients with these anomalies often present with infertility despite preserved 
spermatogenesis, due to obstructive azoospermia or defective ejaculatory function. 
Imaging modalities such as transrectal ultrasound and magnetic resonance imaging 
(MRI), in conjunction with semen analysis and hormonal evaluation, are essential for 
diagnosis and counseling [10, 11].

Beyond structural ductal abnormalities, CAKUT can exert a significant impact on 
spermatogenesis through both intrinsic and secondary mechanisms. CAKUT exerts 
multifaceted effects on male fertility that extend beyond structural abnormalities. 
For instance, posterior urethral valves and ureteropelvic junction obstruction cause 
recurrent urinary tract infections and chronic inflammation, which can impair epi-
didymal function and seminal plasma composition, leading to reduced motility and 
DNA fragmentation in sperm. Clinical studies demonstrate that men with a history of 
posterior urethral valves are at significantly higher risk of subfertility, with paternity 
rates ranging between 40 and 60% compared to >85% in matched controls [2, 10–11].

Prune belly syndrome provides a particularly illustrative example: in a recent 
scoping review, over 75% of men were azoospermic, and only 2.7% demonstrated 
normal spermatogenesis on testicular histology. Even in cases with successful sperm 
retrieval, ART was required to achieve pregnancy. Similarly, bladder exstrophy-epi-
spadias complex (BEEC) has been associated with erectile dysfunction in up to 63% 
of patients and abnormal ejaculation in 41%, contributing to low rates of spontaneous 
conception [11].

Additionally, in such syndromic variants like prune belly syndrome or severe 
posterior urethral valves, testicular descent is often impaired due to abdominal wall 
hypoplasia, increased intra-abdominal pressure, or abnormal gubernacular develop-
ment [12]. Bilateral undescended testes, which occur in a significant majority of 
prune belly cases, contribute to abnormal thermal regulation of the testis and pro-
gressive germ cell loss [13]. Histologic studies in this population demonstrate a range 
of testicular dysgenesis patterns, including absent spermatogonia, hyalinization of 
seminiferous tubules, and Sertoli cell-only syndrome in up to half of patients. Even 
among those with descended testes or timely orchiopexy, early intrauterine injury to 
the testicular architecture may lead to impaired germ cell maturation and reduced 
fertility potential later in life [12, 13].

Moreover, longstanding upper and lower tract obstruction, which can occur in 
entities such as ureteropelvic junction obstruction or posterior urethral valves, may 
lead to repeated urinary tract infections and inflammation of the genitourinary tract. 
This chronic inflammatory state has been associated with oxidative stress, increased 
leukocytospermia, and damage to the epididymal or prostatic ducts. Over time, these 
effects can impair sperm motility, DNA integrity, and the composition of seminal 
plasma, all of which are essential for natural fertility. In some cases, scarring or steno-
sis of the ejaculatory ducts may occur, resulting in low-volume, acidic, and fructose-
negative ejaculate—hallmarks of distal ejaculatory duct obstruction [14, 15].

Hormonal dysregulation is another underappreciated pathway by which CAKUT 
impacts male fertility. In patients with bilateral renal dysplasia or early-onset chronic 
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kidney disease (CKD), disruption of the hypothalamic-pituitary-gonadal (HPG) 
axis is common. Uremia and metabolic acidosis impair the pulsatile secretion of 
gonadotropin-releasing hormone (GnRH), which leads to blunted luteinizing hor-
mone (LH) and follicle-stimulating hormone (FSH) release and, ultimately, reduced 
intratesticular testosterone. This state of hypogonadotropic hypogonadism can 
manifest as diminished libido, erectile dysfunction, and impaired spermatogenesis 
[16]. In prepubertal and adolescent males with CKD due to CAKUT, delayed puberty 
or incomplete virilization may also occur. Elevated prolactin levels, seen frequently 
in CKD, further suppress GnRH secretion, compounding the endocrine dysfunction. 
Hormonal assays in these patients often reveal low testosterone, low or inappropri-
ately normal gonadotropins, and reduced serum inhibin B—a surrogate marker of 
Sertoli cell activity and spermatogenic potential [17, 18].

It is also important to note that not all testicular abnormalities in CAKUT are 
secondary to cryptorchidism or obstruction. Some evidence suggests that intrinsic 
testicular dysgenesis may occur in certain syndromic CAKUT forms due to underly-
ing genetic or epigenetic aberrations. For instance, patients with 17q12 microdeletion 
syndrome—associated with renal cystic dysplasia and maturity-onset diabetes of 
the young (MODY5)—may have concurrent gonadal anomalies due to transcription 
factor mutations that affect urogenital ridge development. These emerging data sup-
port the notion that the testes themselves may be developmentally impaired in some 
CAKUT patients, independent of their ductal or renal manifestations [19, 20].

By systematically addressing structural, hormonal, and inflammatory pathways, 
clinicians can better identify which CAKUT subtypes carry the highest fertility risk 
and tailor interventions accordingly. Given the multifaceted impact of CAKUT on 
the male reproductive axis, a comprehensive and proactive approach is warranted. 
Assessment should not be limited to imaging and renal function alone but must 
include endocrine profiling, semen analysis, and ultrasonographic evaluation of the 
reproductive tract. Early identification of abnormalities enables timely interventions, 
such as hormonal therapy, testicular sperm extraction (TESE), or referral for ART. 
In adolescents with known CAKUT, counseling regarding future fertility and poten-
tial preservation strategies—such as sperm cryopreservation in those undergoing 
reconstructive surgery or at risk of progressive renal disease—should be incorporated 
into routine care. Furthermore, the psychological implications of infertility or sexual 
dysfunction must not be overlooked and are best addressed within a multidisciplinary 
framework that includes reproductive urologists, endocrinologists, and mental-health 
professionals.

Thus, the impact of CAKUT on male reproductive health extends well beyond 
mechanical anomalies. Disruptions in spermatogenesis, sperm transport, and hor-
monal regulation often coexist and may not be clinically evident until adulthood. A 
structured, multidisciplinary approach with longitudinal surveillance is essential to 
preserve fertility and optimize quality of life in this growing patient population.

1.3 Specific anomalies of the upper urinary tract

The anomalies of the kidneys commonly manifest as unilateral or bilateral renal 
agenesis. Unilateral renal agenesis has an incidence of 1 in 1100 births, is more com-
mon in boys, and affects the left side more than the right side. Patients can be asymp-
tomatic or may present with primary infertility, as it is associated with Wolffian duct 
anomalies such as Zinner syndrome or absence of the vas deferens, both of which will 
be discussed later in this chapter [21].
75



Integrative Male Reproductive Health – Risk, Mechanisms, and Interventions

6

1.3.1 Horseshoe kidney

Horseshoe kidney is one of the most common anomalies of the urinary system and 
affects 0.25% of the general population, with a male-to-female ratio of 2:1. In 90% of 
cases, an isthmus typically connects the lower poles, while in a minority of cases, it 
connects the upper poles. In about 70% of the cases, the position of the kidney will be 
on the left lateral side. Patients are mostly asymptomatic, although in childhood, they 
may present with abdominal pain [22]. Horseshoe kidneys result in altered anatomical 
relationships within the retroperitoneum. This abnormal positioning can predispose 
individuals to compression of the left renal vein, a condition known as nutcracker 
syndrome [22].

1.3.1.1 Nutcracker syndrome

Nutcracker syndrome is caused by entrapment of the left renal vein between the 
aorta and the superior mesenteric artery (SMA), leading to increased resistance in the 
vein, which in turn can impair drainage of the left gonadal vein, ultimately resulting 
in the development of left varicoceles [23]. Patients may present with symptoms such 
as testicular or abdominal pain, while additional findings like oligoasthenospermia 
may be observed. All the aforementioned clinical features indicate the need for surgi-
cal intervention [22].

The recommended treatment for nutcracker syndrome in younger patients 
under 18 years of age and those who are underweight includes weight gain, ACE 
inhibitors, and aspirin. Surgical options are laparoscopic renal vein grafting with 
renal vein stenting or laparoscopic third extravascular stent placement. Another 
promising approach involves microvascular Doppler-assisted microsurgical left 
spermatic inferior epigastric vein anastomosis with microscopic varicocele liga-
tion. The reasons to choose the inferior epigastric vein are easy accessibility during 
surgery, suitable caliber of the vein, and reduced risk of turbulent flow. However, 
data on this approach is limited, and further studies with long-term follow-up are 
needed [22].

1.3.2 Autosomal dominant polycystic kidney disease (ADPCKD)

ADPCKD is defined as multiple enlarged cysts in both kidneys along with multiple 
extrarenal manifestations, such as seminal vesicle, epididymal, liver, and pancreatic 
cysts, as well as berry aneurysms in the brain. It is an inherited disorder caused by 
mutations in the PKD1 and PKD2 genes, which are responsible for 85 and 15% of 
cases, respectively [24].

In both ADPKD and unilateral renal agenesis, infertility is commonly attributed 
to ejaculatory duct obstruction. Approximately 60% of patients with seminal vesicle 
cysts experience obstruction of the ejaculatory duct, leading to ejaculatory failure. 
Azoospermia is frequently observed in these cases [24]. A thorough history aids 
in forming a differential diagnosis, and a physical examination can identify the 
absence of the vas deferens. Seminal analysis is crucial to differentiate complete 
from partial ejaculatory duct obstruction. Imaging modalities used to confirm the 
diagnosis include vasography, transrectal ultrasound, seminal vesiculography, and 
MRI [25].

The management of ejaculatory duct obstruction will be discussed later, along 
with anomalies of the vas deferens and the ejaculatory duct.
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1.4 Specific anomalies of the lower urinary tract

1.4.1 Bladder agenesis

Bladder agenesis is a rare congenital anomaly characterized by the absence of the 
urinary bladder. The available literature on the etiology of bladder agenesis and its 
associated anomalies is limited, thus explaining the pathophysiology of the disease is 
difficult [26]. The defect can be secondary to an atrophied vesical part of the urogeni-
tal sinus and defective fusion of the mesonephric duct and ureters into the bladder 
[27]. The immediate concern for patients with bladder agenesis is urinary drainage, as 
it is the most important determinant of compatibility with life [28].

In a systematic review conducted by Yahya et al., 65 bladder agenesis subjects were 
identified, 19 of whom were males. Associated anomalies were reported as cardiac, 
vascular, and musculo-skeletal. Associated urogenital anomalies were identified in 90% 
of subjects and included absent phallus, penoscrotal transposition, undescended testes, 
and underdeveloped scrotum. The mortality rate in male patients reached 74%. Eight out 
of the 19 patients had an absent phallus, and one patient had a small phallus. All identified 
cases passed away shortly after birth. Another reported case was of a 60-year-old male 
who presented with incontinence; interestingly, he had normal sexual function [29].

1.4.2 Bladder exstrophy-epispadias complex (BEEC)

BEEC is a spectrum of malformations that varies in presentation from simple epispa-
dias to multisystemic defects [30]. The incidence of BEEC is 2.4 in 100,000 live births, 
with a male-to-female ratio of 2:1 [31]. Distal epispadias is the least severe form of the 
spectrum, whereas cloacal exstrophy is the most severe form. Associated genitourinary, 
gastrointestinal, and musculoskeletal anomalies are common. Surgical reconstruction of 
bladder exstrophy aims to achieve continence and to preserve sexual function.

1.4.2.1 Embryology and pathophysiology

Due to the failure of mesenchymal cells migration during the fourth gestational 
week, resulting in widening of the pubic symphysis, bladder eversion occurs super-
ficially, with inferior displacement of the umbilicus and abnormal external genitalia 
[32]. In classical bladder exstrophy, most of the defects are related to the abdominal 
wall, pelvic bone, bladder, male genitalia, rectum, and anal canal.

1.4.2.2 Sexuality and fertility concerns for the affected male

Penile length and appearance are the most frequently expressed male concerns 
in this patient population [33]. Penile lengthening can be achieved with the surgical 
release of the penile suspensory ligament. If penile skin is not adequate for full cover-
age of the reconstruction, a full-thickness skin graft can be utilized to substitute the 
defect [21]. Erectile dysfunction and abnormal ejaculation are commonly encountered 
in BEEC patients, with the former occurring in up to 63% of patients and the latter 
affecting up to 41% of patients [31]. The most common causes of sexual dissatisfaction 
are a short penis, penetration difficulty, and an esthetically displeasing penis [34].

Fertility preservation is not a primary focus during the initial stages of repair in blad-
der exstrophy [21]. Reynaud et al. investigated the sexuality and fertility of men born with 
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BEEC. Normal semen parameters were noticed in 7.1% of patients, while 42.9% of patients 
had azoospermia, and 50% showed other semen parameter abnormalities. Successful 
pregnancy rates reached 31.6%, with 15.8% of those achieved spontaneously [34].

1.4.3 Prune-belly syndrome

Prune-Belly syndrome (PBS) is a congenital disease defined by the clinical triad 
of (1) abdominal muscle deficiency, (2) bilateral undescended testes, and (3) urinary 
tract anomalies. Although the etiology of this disorder is still unknown, multiple 
theories have been proposed to explain the embryological origin of the disease. The 
incidence is 3.8 in every 100,000, with a male predominance of around 95% [35]. 
Clinically, urinary tract anomalies can vary among patients. Though the multiple renal 
and ureteric anomalies associated with PBS are beyond the scope of this chapter, we 
will discuss the bladder, prostatic, and testicular anomalies associated with PBS and 
their impact on the quality of life and fertility potential of male PBS patients.

In PBS patients, the bladder typically appears dilated and hypotonic on voiding 
cystourethrograms, with the incidence of vesico-uretral reflux reaching 75% of cases. 
While the bladder is compliant in the urinary storage phase, the hypotonicity leads 
to incomplete emptying during the voiding phase, which becomes an indication for 
the diversion of urine [36]. Additionally, the posterior urethra appears dilated due to 
prostatic hypoplasia [37].

Bilateral undescended testes are classical findings in PBS patients. A recent scop-
ing review also showed that spermatogonia were absent in 50% of testicular histology 
in PBS patients, while 47.2% had reduced spermatogenesis and only 2.7% had normal 
sperm production [13]. The review also identified Leydig cell hyperplasia and Sertoli 
cell-only patterns in 19.4% of male PBS cases. Testosterone levels were normal in 
93.9% of patients, while Luteinizing hormone and Follicle-stimulating hormone 
levels were normal in 87.7 and 77.9% of patients, respectively.

Prostatic hypoplasia and prostatic urethral dilation were also found in 93.6 and 91.4% 
of patients, respectively, which are thought to be primary contributors to infertility in 
these patients due to retrograde ejaculation. It was also found that 75.7% of patients had 
azoospermia and 21.6% were oligospermic. Successful sperm extraction was reported 
in six cases and resulted in four pregnancies [13]. The data suggest an increased need 
for fertility assessment, including hormonal profiling and semen analysis in this patient 
population, with ART increasing the chances of successful pregnancies [13].

In another comparative study of testicular structure in males with PBS, six tissue 
specimens from the testes of three PBS fetuses and 14 specimens from the testes of 
non-PBS fetuses were compared and showed no differences in seminiferous tubule 
numbers and size; however, it was found that PBS testes exhibited a lower number of 
Leydig cells when compared to the control group, a finding suspected to contribute to 
the lower sperm production in the male PBS patients [38].

Structural Wolffian duct anomalies are also seen in PBS patients: Absent seminal 
vesicles and vas deferens, as well as epididymal anomalies. Successful sperm extrac-
tion and intracytoplasmic sperm injection can overcome the severe male-factor 
infertility causes encountered with PBS patients [39].

1.4.3.1 Management

In bladder agenesis patients, the primary goal of treatment is to manage renal 
impairment, genital reconstruction, and achieve continence. In the early stages of 
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management, patients may need urinary diversion, dialysis, or renal transplantation. 
Fertility preservation is not an early goal of management. The available literature 
does not focus on the fertility potential of this population. However, the structural 
abnormalities in the lower urinary tract are the apparent issues that might affect 
fertility and sexual life. Spermatogenesis was not documented in any of the previously 
published cases. Penile reconstruction can help to achieve antegrade ejaculation [40].

Nowadays, patients with bladder exstrophy survive adulthood and raise the desire 
to father a child; therefore, careful reconstruction must be undertaken to achieve 
a normal tract with an adequate antegrade ejaculation [41]. Traditionally, BEEC 
surgical management is approached in a stepwise manner, with the first operation 
focusing on bladder closure with or without osteotomy. The second operation focuses 
on urethral reconstruction and epispadias repair. Later, bladder neck reconstruction 
and ureteral reimplantation are performed to achieve continence. Other approaches 
described in the literature include two-stage repairs and even a single-stage repair, 
such as complete primary repair of bladder exstrophy, which intends to reduce the 
number of operations by closing the bladder and abdominal wall, and bladder neck 
and epispadias repair, and penile reconstruction in one stage [42].

Berrettini et al. recently published a systematic review on the utilization of substi-
tution phalloplasty, a procedure that utilizes a musculocutaneous flap to reconstruct 
the penis in BEEC male patients and in other disorders. Their review concentrated on 
the different techniques in the literature, as well as complications and outcomes. They 
provide successful reports of augmenting these phalloplasties with penile prostheses 
to achieve a sexually functional reconstructed phallus, with around 68% of patients in 
their review receiving this combination to satisfactory outcomes, not just sexually but 
also esthetically and psychologically. However, the rates of complications in inserting 
a penile prosthesis in a substitution phallus are higher (up to 25%), including erosion 
of the prosthesis in 6 of the 47 reviewed patients [43].

Regardless, the notion of substitution phalloplasty, as well as augmenting it with 
penile prostheses to attain a functional and cosmetic solution in cases of BEEC and 
PBS, is a leap in the management of the condition. Haddad and her team highlight 
the importance of such innovative solutions to “ensure BEEC patients and families 
thrive,” including the necessity of multidisciplinary approaches that incorporate 
medical, surgical, and psychosocial services [44].

1.5 Specific anomalies of the genitalia and the genital tract

1.5.1 Anomalies of the urethra and the penis

Hypospadias is a common congenital anomaly of the penis occurring in approxi-
mately 1 in 250 male births. It results from the incomplete fusion of the urethral 
folds during embryogenesis [45]. This leads to an ectopic urethral meatus on the 
ventral penis, with the meatal opening occurring anywhere from near the glans to 
the perineum. Abnormal meatal locations can cause a deflected urinary stream, 
which could be mild in distal cases, and rarely impair voiding. In contrast, severe 
proximal cases can cause a downward-directed urinary stream and difficulty in 
standing to void [46].

Patients with hypospadias also often suffer from a ventral penile curvature, known 
as chordee, which happens due to fibrous tethering of the penis [46]. Ventral curva-
ture, especially if uncorrected, may lead to painful erections and challenges during 
sexual intercourse. Men with significant uncorrected curvature or perineal meatus 
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may have abnormal semen deposition, leading to compromised fertility, difficulty 
achieving intravaginal ejaculation, and in some cases, inability to penetrate [47].

Hypospadias is part of “testicular dysgenesis syndrome,” which often occurs with 
cryptorchidism and low semen quality in some patients [46]. Cryptorchidism occurs 
in 8–10% of cases [47]. Notably, hypospadias itself does not inherently impair sper-
matogenesis, and any fertility impact is usually due to mechanical factors or coexist-
ing gonadal anomalies.

Hypospadias is also associated with other genital anomalies, such as inguinal 
hernias, which occur in about 9–15% of cases [47]. Untreated severe hypospadias 
can lead to body image concerns and sexual anxiety in adolescence and adulthood, 
highlighting the importance of the time of surgical correction [48].

Diphallus or penile duplication is an extremely rare congenital anomaly in which 
a male is born with two penises. It occurs in roughly 1 in 5–6 million live births, with 
fewer than 120 cases reported [49]. Embryologically, penile duplication results from 
an abnormal caudal mesenchymal proliferation and cloacal development. Diphallus 
almost never occurs in isolation; it is usually part of a complex multisystem malfor-
mation. Common genitourinary associations include bifid scrotum (split scrotal sac) 
and urethral duplication (each penis with its own urethra) [49]. There may be dupli-
cation of internal structures, such as a double urinary bladder or a duplicated pros-
tate. Cryptorchidism can occur if each hemiphallus has an associated hemiscrotum. 
Bladder exstrophy and cloacal exstrophy sequence are strongly associated with penile 
duplication. In such cases, the pubic bones are widely separated, and a diphallus may 
accompany an exstrophied bladder and intestinal anomalies [49].

1.5.1.1 Management and impact on male reproductive health

The goal of hypospadias repair is to straighten the penis (orthoplasty) and to 
reconstruct the urethral channel ending at the glans while creating a slit-like, normal-
appearing meatus and achieving a good cosmetic outcome (meatoplasty). Surgical 
correction is typically performed between 6 and 18 months of age for optimal out-
comes [50]. Overall, modern hypospadias surgery is highly successful in achieving a 
straight penis with a terminal meatus. Long-term studies indicate childhood hypospa-
dias repair yields good cosmetic and functional outcomes in adulthood, with normal 
erectile function scores in the majority of affected men [51].

Management of diphallus is individualized and requires staged reconstructive 
surgeries [49]. The overarching surgical principle is to retain one functional penis and 
associated urinary channel while removing or reconstructing the duplicate to ensure 
one functional genital unit. Typically, the more developed or anatomically correctly 
positioned phallus is preserved as the primary organ. If one penis has a normal 
urethral connection to the bladder and the other has an attenuated or no urethra, the 
latter is usually the one excised.

Phalloplasty is performed to reconstruct and position the remaining penis appro-
priately on the perineum. Any chordee or penile curvature is corrected during recon-
struction. The duplicate penile tissue is excised [49, 52]. The bifid scrotum is repaired 
by uniting the halves (scrotoplasty) to form a single scrotal pouch. If each penis had an 
attached testis and hemiscrotum, the testes would be brought together into the recon-
structed scrotum. Urethral reconstruction may be needed if the retained penis has an 
abnormal meatus (e.g., hypospadias repair on the remaining penis). Staged surgeries are 
common, and the end goal is a single penis capable of normal urination in the standing 
position and eventual sexual function, with as normal an appearance as possible.
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The important notion is that a majority of hypospadias cases will require some 
form of surgical intervention, be it early or later, and the outcomes of these proce-
dures can affect urinary and sexual function [53]. In isolated hypospadias, testicular 
function (spermatogenesis and hormonal production) is typically normal, so fertility 
issues are usually due to anatomical factors. Early surgical repair is a form of fertility 
preservation: By creating a normally positioned meatus and straightening the penis in 
infancy, normal erectile function and ejaculation can occur, enabling natural fertility. 
Men who have had hypospadias repairs should be counseled that overall paternity 
rates are high and comparable to peers if the repair is successful. However, those with 
a history of proximal hypospadias, especially if multiple surgeries were needed, may 
have a slightly higher incidence of sexual dysfunction or ejaculatory disorders in 
adulthood [54]. It is prudent to follow such patients into adolescence and adulthood 
(transitional care) to address any erectile curvature recurrence, urethral strictures, or 
psychological concerns that could affect sexual function.

If a hypospadias patient does experience fertility problems, the approach depends 
on the cause: Residual curvature can be surgically corrected even in adulthood, and 
any urethral stricture can be treated to improve ejaculation. ARTs are seldom required 
solely for hypospadias, but in rare cases of severe, uncorrectable anatomical issues, 
intrauterine insemination or in vitro fertilization (IVF) can bypass mechanical dif-
ficulties. Additionally, in hypospadias associated with dysgenetic testes, early evalua-
tion of fertility potential is recommended [45].

In diphallus, fertility potential depends on the integrity of the testes, vasa deferen-
tia, and the reconstructed genital anatomy [49]. Importantly, most reported diphallus 
cases have a normal 46, XY karyotype and at least two testicles, often one testis per 
hemiphallus, or two in a bifid scrotum [49]. If the testes are normally descended or 
brought into the scrotum during reconstruction and spermatogenesis is normal, there 
is potential for normal fertility [49]. Surgical management aims to preserve both 
testes and ensure that at least one functional ejaculatory pathway exists [49]. There 
is scant literature on long-term fertility outcomes in diphallus due to its rarity [49]. 
However, if surgical reconstruction results in a single straight penis with a patent 
urethra, and both testes are present in the scrotum, many patients should be able to 
ejaculate normally and father children [49].

Fertility preservation in childhood per se (e.g, banking sperm) is not applicable, 
since patients are prepubertal; instead, the focus is on optimal reconstruction and 
hormonal monitoring at puberty. As these patients reach adolescence, an assessment 
of testicular function is necessary. This can include monitoring pubertal develop-
ment, testicular volume, hormone levels, and, later, semen analysis. In cases where 
normal intercourse is anatomically feasible but fertility is not achieved, ARTs can 
be employed [55, 56]. Psychosexual support is also important: Patients with unique 
genital histories may have anxiety that can affect sexual function, so counseling can 
improve confidence and thereby indirectly benefit fertility by improving the likeli-
hood of attempted intercourse [56].

1.5.2 Anomalies of the vas deferens and ejaculatory duct

Infertility affects 15% of couples at reproductive age. Male factors are responsible 
for 50% of the cases. Specifically, azoospermia, which contributes to 15% of male 
factors, is classified into obstructive and nonobstructive. In obstructive azoospermia, 
hormones and spermatogenesis are normal, and obstruction is distal to the rete testis 
[57]. Ejaculatory duct obstruction is uncommon, and it is classified into acquired and 
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congenital. Examples of acquired ejaculatory duct obstruction are seminal vesicle 
calculi, post-inflammation at the prostate, and a history of urethral trauma. Wolffian 
duct cysts, Müllerian duct cysts, and ejaculatory duct atresia or stenosis are examples 
of congenital ejaculatory duct obstruction [58]. The other cause of obstructive 
azoospermia is a defect in the Wolffian duct, which causes congenital absence of the 
vas deferens, which is classified into unilateral and bilateral [59].

1.5.2.1 Zinner syndrome

Patients with Zinner syndrome typically present between the ages of 20 and 
40 years. The presentation is mostly associated with abdominal pain, obstructive 
lower urinary tract symptoms, recurrent epididymitis, and infertility due to a large 
seminal vesicle cyst [60–62]. The initial diagnosis begins with ultrasonography of 
the kidneys, ureters, and bladder (KUB), which reveals unilateral kidney agenesis 
and a retrovesical cyst. Transrectal ultrasound offers more detailed information, and 
magnetic resonance imaging (MRI) is confirmatory [63].

1.5.2.2 Congenital absence of vas deferens

Congenital absence of vas deferens is subdivided into unilateral or bilateral. 
Congenital unilateral absence of vas deferens (CUAVD) accounts for 0.4% of infertility 
case; however, congenital bilateral absence of vas deferens (CBAVD) accounts for 1–2%. 
The most common associated genes with these conditions are cystic fibrosis trans-
membrane conductance regulator gene (CFTR) and the adhesion G protein-coupled 
receptor G2 gene (ADGRG2). Up to 46% of CUAVD patients have at least one variant of 
the CFTR gene [64]. While many patients with this condition can be fertile, some can 
present with infertility. On the other hand, patients with CBAVD usually present with 
obstructive azoospermia. Both conditions are associated with upper tract anomalies and 
are more common with CUAVD. The diagnosis is usually made by physical examination, 
transrectal ultrasound, and semen analysis. In CUAVD, Semen analysis reveals obstruc-
tive azoospermia, oligospermia, or normospermia. In CBAVD, the semen analysis 
usually shows azoospermia, low pH <7, and low ejaculatory volume [64].

1.5.2.3 Management

Management of seminal vesicle cyst includes transrectal ultrasound-guided 
aspiration or transurethral resection of the ejaculatory duct obstructing cyst. In large 
cysts, laparoscopic or robotic surgical cyst excision might be a better option. Studies 
suggest that surgical intervention improves semen parameters in 63–83% of patients, 
although persistent azoospermia remains a possibility [63].

In case of CUAVD, the treatment depends on the patency of the contralateral distal 
vas deferens and the presence of sperm fragments in epididymal fluid. Microsurgical 
intervention, like vasoepididymostomy, can be used, but these have limited surgical 
outcomes because of the presence of other anomalies like seminal vesicle agenesis, as 
these patients have normal spermatogenesis [64]. Assisted reproductive treatment 
options for persistent azoospermia, seminal vesicle agenesis, and CBAVD include 
microsurgical epididymal sperm aspiration (MESA), percutaneous epididymal sperm 
aspiration (PESA), or testicular sperm extraction (TESA) followed by intracytoplas-
mic injection (ICSI). MESA offers the highest pregnancy rates but carries a risk of 
transmitting genetic mutations to offspring [65].
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The treatment options for ejaculatory duct obstruction include transurethral 
resection of the ejaculatory duct (TURED), which is the gold standard treatment 
for ejaculatory duct obstruction and improves semen quality by 59% with a natural 
pregnancy rate of 12–31%. Complications of this procedure include bladder neck 
injury and scarring at the ejaculatory duct orifice, leading to persistent azoospermia 
and epididymorchitis [25].

The other surgical treatment option is transurethral seminal vesiculoscopy, a pro-
cedure in which a scope is introduced into the ejaculatory duct to incise or puncture the 
ejaculatory duct wall. Seminal vesicle obstruction by stones or clots is the main indica-
tion for transurethral seminal vesiculoscopy. Seminal vesicle perforation, urethrorectal 
fistula, and epididymitis are possible complications of this approach, yet these do not 
overshadow its effectiveness, with one study showing an impressive improvement in 
semen analysis by 90% [66]. The risk of late obstruction remains a complication in 
previous approaches. Therefore, ART plays a role in such cases since patients usually 
have normal spermatogenesis. Thus, PESA, MESA, TESA, and micro-TESA are used to 
extract the sperm to be used in ICSI, achieving a pregnancy rate of 35% [66].

1.5.3 Undescended testes (cryptorchidism)

Testicular descent from the abdomen is a two-phase process: Transabdominal 
phase that occurs around 15 weeks of gestation in which the testis migrates to the 
internal inguinal ring and a subsequent inguinoscrotal phase that is completed by 
35 weeks of gestation, where the testis descends through the inguinal canal into the 
scrotum under the control of testosterone and the genitofemoral nerve release of cal-
citonin gene-related peptide [46]. Disruption in any of these hormonal or mechanical 
factors can result in an undescended testis, also known as cryptorchidism.

Cryptorchidism may be unilateral or bilateral, and the testis can be located 
anywhere along the path of descent or in an ectopic location. Common sites are 
intra-abdominal, in the inguinal canal, or just above the scrotum; ectopic locations 
are rare and include the perineal or femoral areas. In many full-term infants with 
cryptorchidism, the cause is idiopathic. Known risk factors include prematurity, low 
birth weight, and exposure to environmental estrogenic compounds in utero [46, 67]. 
Up to 30% of premature boys have at least one undescended testis at birth, but many 
will descend spontaneously in the first few months of life. By the age of 6 months, 
the prevalence of cryptorchidism in full-term infants falls to about 1% (from ~3% at 
birth) due to postnatal descent in some cases [68, 69].

Pathologically, cryptorchid testes show impaired germ cell maturation as early 
as 6–12 months of age: The normal progression of neonatal gonocytes into adult 
dark spermatogonia is arrested in undescended testes [70]. Histologically, unde-
scended testes develop fewer total germ cells and Leydig cell abnormalities over 
time, especially if intra-abdominal, where the warmer temperature causes stress 
to the seminiferous epithelium. Unilateral cryptorchidism can also adversely affect 
the contralateral or normally descended testis, possibly via shared genetic factors or 
low-level hormonal aberrations such that even the normal testis may have suboptimal 
fertility potential [70].

1.5.3.1 Timing and type of intervention-hormonal therapy versus surgical orchiopexy

The cornerstone of cryptorchidism management is early orchiopexy or the 
surgical placement of the testis into the scrotum. Current guidelines recommend 
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orchiopexy ideally by 18 months of age, and certainly before 2 years of age, to 
optimize testicular development and future fertility potential [71, 72]. Evidence 
shows that surgery before 1 year of age results in better germ cell counts and a higher 
likelihood of normal fertility than surgery after 2–3 years [72–74]. Hormonal therapy 
for cryptorchidism using human chorionic gonadotrophin (hCG) injections or 
gonadotrophin-releasing hormone (GnRH) analogs has historically been attempted 
to induce the testis to descend. hCG mimics luteinizing hormone (LH), thus stimu-
lating Leydig cells to produce testosterone. About 15–20% of undescended testes will 
transiently descend with hormonal treatment, but many of them may re-ascend. 
Given the limited efficacy and potential side effects like premature virilization, 
hormone therapy is not routinely recommended for cryptorchidism by most modern 
guidelines [74]. An exception is in the context of specific endocrine deficiencies 
where hormonal therapy is part of treatment, or as an adjunct after orchiopexy in 
research settings to improve germ cell maturation. Thus, surgery is the definitive 
therapy for cryptorchidism. Early intervention not only potentially preserves fertil-
ity but also may reduce the risk of malignancy (though this risk is not eliminated by 
orchidopexy) [67]. Notably, if a testis is found to be intra-abdominal, orchiectomy 
should be considered [75].

1.5.3.2 Impact on fertility

Cryptorchidism is a strong predictor of subfertility in males [73]. Even after 
orchiopexy, men with a history of undescended testes have, on average, lower sperm 
counts and reduced fertility compared to men without this history. The degree of 
impact depends on whether or not cryptorchidism was unilateral or bilateral, and the 
timing of surgical fixation.

In unilateral cryptorchidism, the majority of men will be fertile, but fertility is still 
measurably reduced compared to controls [76]. One large study found that among 
formerly unilateral cryptorchid men who attempted paternity, around 89% were suc-
cessful compared to 94% of men without cryptorchidism [77]. In contrast, bilateral 
cryptorchidism has a substantial impact: Paternity rates are around 50–62% even 
after bilateral orchiopexy, compared to 90% in men without cryptorchidism [76]. In 
other words, infertility is about six times more frequent in men with bilateral crypt-
orchidism than in the general population [76]. Notably, if bilateral cryptorchidism 
is left untreated, nearly all such men will be infertile, with infertility rates exceeding 
90% for uncorrected bilateral cases [71].

Unilateral cryptorchidism, if untreated, also carries risk to the fertility of both 
testes; approximately 10–30% of men with a history of an undescended testis may 
experience infertility, roughly twice the rate in the general male population [71]. 
Early orchiopexy improves these odds. Surgery before 1 or 2 years of age can help 
preserve the testicular germ cell population [70]. However, even with early surgery, 
some damage may have occurred in utero or in infancy. A key concept is that crypt-
orchidism can cause bilateral testicular damage even when it occurs unilaterally: The 
contralateral descended testis often has suboptimal spermatogenesis, and 70% of nor-
mal scrotal testes in unilateral cases show impaired maturation of spermatogonia [70, 
77]. This suggests a developmental anomaly affecting both testes, perhaps genetically 
or hormonally mediated. Furthermore, cryptorchidism can be part of the testicular 
dysgenesis syndrome: A fetal developmental disturbance leading to a spectrum of 
issues: Undescended testis, hypospadias, poor sperm quality, and increased testicular 
cancer risk [67].
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1.5.3.3 Hormonal function

Most prepubertal boys with unilateral cryptorchidism have normal Leydig cell 
function and normal testosterone levels at puberty. Bilateral cryptorchidism, though, 
if uncorrected, can sometimes lead to lower testosterone in adulthood due to diffuse 
testicular damage, but with timely surgery, many will have normal endocrine func-
tion. Serum inhibin B, a marker of Sertoli cell function in childhood, is often reduced 
in cryptorchid boys, especially if bilateral, predicting lower sperm count later in life 
[70].

1.5.3.4 Fertility preservation and options

The primary strategy to preserve fertility in cryptorchidism is early bilateral 
orchiopexy. By placing the testes in the cooler scrotal environment during infancy, 
further degeneration of germ cells is mitigated [70]. Orchiopexy before 18 months is 
associated with higher germ cell counts at biopsy and a better chance of spermatogen-
esis in adulthood compared to late orchiopexy [70]. For patients who had orchiopexy 
later in childhood or who had high intra-abdominal testes, proactive fertility counsel-
ing is important. Once the patient reaches adolescence, an assessment of fertility 
potential can be made: Testicular volume, hormonal assays, and, eventually, a semen 
analysis in late teenage years may be necessary. If semen abnormalities are detected, 
early referral to a reproductive urologist or fertility specialist is warranted.

Men with a history of cryptorchidism and infertility can still achieve biological 
fatherhood with ART. Intracytoplasmic sperm injection (ICSI) has revolution-
ized treatment for male-factor infertility; even men with very low sperm counts 
(oligospermia) or nonobstructive azoospermia can often father children with ICSI 
if sperm can be retrieved. In men with azoospermia post-cryptorchidism, surgical 
sperm retrieval from the testes (testicular sperm extraction, TESE, or micro-TESE) 
can find sperm in a significant proportion of cases. A meta-analysis found that men 
with nonobstructive azoospermia due to cryptorchidism had higher sperm retrieval 
success rates when compared to those with idiopathic nonobstructive azoospermia, 
indicating that focal areas of spermatogenesis often exist in cryptorchid testes [78, 
79]. Thus, even if a semen analysis shows no sperm, these patients should be offered 
TESE rather than assuming absolute infertility.

For adolescents with bilateral cryptorchidism or anyone at high risk of azoosper-
mia, sperm banking in early adulthood, if any ejaculated sperm are present, could be 
discussed as a precaution [78, 79]. In the future, there is hope for fertility preserva-
tion, even earlier experimental protocols aiming to cryopreserve testicular tissue in 
childhood (containing spermatogonial stem cells) for later re-transplantation or in 
vitro maturation, although this remains investigational [80].

Hormonal therapy in adolescence, such as gonadotropins, guidelines did not 
mention long-term fertility outcomes [81]. Besides fertility, an important aspect of 
long-term care is cancer surveillance: Cryptorchidism increases the risk of testicular 
germ cell tumor fourfold [82]. Orchiopexy somewhat reduces this risk but does not 
normalize it, especially if done after puberty [82]. Therefore, men with a history of 
undescended testes should be educated on testicular self-examination and possibly 
have regular follow-ups [69]. From a fertility standpoint, if one testis is severely dam-
aged or removed, the remaining testis can often maintain normal testosterone and 
sometimes adequate sperm for natural fertility, but if fertility is impaired, options 
include ART [55].
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2. �Neuro-urological conditions and male reproductive health

Neuro-urological conditions are a status that should be explored separately from the 
resultant neurogenic genito- and lower urinary tract dysfunction that occurs with some, if 
not a significant proportion, of urological congenital malformations of the lower urinary 
tract, particularly those of the bladder. These patients represent a special population: 
Ones who were previously normal in sexual and ejaculatory function, but as a result of a 
neurological condition such as multiple sclerosis, cerebrovascular accidents, or trauma, 
experienced newfound dysfunction, often extending beyond neurological erectile 
dysfunction and involving hormonal and psychogenic changes and effects.

2.1 Multiple sclerosis

2.1.1 Pathophysiology

Multiple sclerosis (MS) is an autoimmune disorder caused by autoreactive immune 
cells that traverse the blood-brain barrier and attack the central nervous system. 
This leads to the formation of plaques in the central nervous system together with 
demyelination, inflammation, axonal loss, and axonal damage. According to Dighriri 
et al., the plaques are found in the brain and spinal cord, particularly in the white 
matter around the ventricles, corpus callosum, optic nerves and tracts, and cerebral 
peduncles. With MS, the consistent deletion of autoreactive immune cells takes place 
in the thymus or bone marrow through the central tolerance of B cells [83].

2.1.2 Impact on male fertility

MS is common in younger males when they are at their optimal point in life and are 
ready to start families and have children. According to Geng et al. [84], young males 
between the ages of 20 and 40 are vulnerable to MS. Men with MS are more likely to expe-
rience sexual and reproductive problems [84]. Based on a review of 34 studies, common 
issues among males with MS are erectile dysfunction, sexual dysfunction, and infertility 
[85]. Geng et al. [84] support this by revealing that when physicians are handling cases of 
males with MS, they often encounter sexual and reproductive problems, mainly erectile 
dysfunction, ejaculatory disorders, decreased sperm quality, lower libido, and impaired 
fertility. This is mainly because MS causes neurological disability, including sensory 
dysfunction, fatigue, spasticity, and cognitive dysfunction. Additionally, chronic inflam-
mation, autoimmunity, the use of drugs such as antiepileptic drugs, and psychological 
factors in males with MS can lead to infertility [85].

In MS, lower urinary tract symptoms (LUTS) and sexual dysfunction progress 
with disease burden. A study by Redelman showed that 74% of male MS patients had 
sexual dysfunction, with erectile dysfunction and decreased libido being the most 
common, and only 29% had access to medical care to help with these difficulties 
[86]. Multidisciplinary care involving neurologists, urologists, and psychologists 
led to significantly improved quality of life and better sexual satisfaction scores. 
Antimuscarinics, mirabegron, and botulinum toxin injections were effective in 
bladder management, while PDE5 inhibitors improved erectile function in over 60% 
of treated men. Several centers now advocate for fertility counseling early in the MS 
trajectory, particularly prior to initiating immunomodulatory therapies known to 
affect spermatogenesis [87, 88].
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2.2 Fertility factors

MS affects sexual and reproductive function in males. Factors implicated include 
hypogonadotropic hypogonadism, which occurs due to damage to the central nervous 
system and changes to the hypothalamus-pituitary gland functions. Alternatively, 
MS patients may suffer from hypergonadotropic hypogonadism, which is a result 
of low levels of testosterone and reduction of its protective role, as well as autoim-
munity. Hypogonadism is common in men with MS, lowering fertility. Additionally, 
chronic inflammation of the central nervous system leads to semen alterations, and 
demyelination causes sexual dysfunction [89]. MS patients also experience reduced 
sexual desire, motivation, excitement, and pleasure. Since MS primarily impacts 
young people, sexual dysfunction is also another common concern in this population. 
Patients experience reduced sexual desire and motivation. Additionally, men with 
MS experience low feelings of sexual arousal and pleasure [90, 91]. The treatment 
of sexual dysfunction needs multidisciplinary teamwork and cooperation among 
specialists, working with the individual patients, and raising societal awareness 
overall [91].

2.3 Spinal cord injury

2.3.1 Pathophysiology

A spinal cord injury (SCI) is a disabling condition that disrupts sensory, motor, 
and autonomic nervous processes. SCI is reported to affect almost 1 million people 
every year. SCI damage can be divided into traumatic and nontraumatic. The lat-
ter takes place when an acute or chronic condition, such as an infection, tumor, or 
degenerative disease, causes damage to the spinal cord. Traumatic SCI, as the name 
suggests, results from a traumatic impact that dislocates or fractures the vertebrae. 
The most common form of primary impact SCI is compressional vertebral bone 
injury [92].

2.3.2 Impact on fertility

Young men are the most likely to experience SCI, with young males aged between 
16 and 30 years of age being four times more likely to sustain SCI compared to 
females. SCI affects male fertility through disruptions in the patient’s erectile, endo-
crine, and sexual functions. It leads to poor spermatogenesis and abnormal ejacula-
tion in males as well as erectile dysfunction. Among SCI patients, the most consistent 
finding on semen analysis is decreased mobility and vitality [93].

Male patients with SCI often face dual challenges of erectile dysfunction and 
anejaculation. A prospective study on men with SCI conducted by the Miami Project 
to Cure Paralysis found that penile vibratory stimulation (PVS) achieved ejaculation 
in 86% of patients with injuries above T10. Sperm retrieval via this method resulted 
in appropriate motile sperm counts suitable for intrauterine insemination (IUI) in 
71% of ejaculates. Importantly, fertility counseling and andrology referral improved 
utilization of these options [94]. Furthermore, a 10-year follow-up from a Florence-
based rehabilitation program showed that early penile rehabilitation with the use of 
PDE5 inhibitors correlated with better long-term satisfaction and improved partner 
intimacy among injured men [95].
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Reports discuss several theories for the abnormal sperm mobility, including 
high scrotal temperature, antisperm antibodies, leukospermia, and seminal plasma 
proteins and cytokines. Findings of ejaculate discoloration after SCI have also been 
reported, though correlation to impaired fertility function is not established. There 
are also recent reports that there are different inflammatory protein complexes acti-
vated in SCI patients that affect semen parameters. These so-called “inflammasomes” 
may be a potential treatment target in the future [96].

Beyond altered semen analysis parameters, SCI also causes infertility by causing 
neurogenic and psychogenic forms of erectile dysfunction. Normally, erections in 
males are either psychogenic or reflex. Both forms of erection rely on the lower motor 
sacral nerves being intact. When SCI occurs and there is complete injury above T11, 
the patient may not be able to develop or sustain erections. Due to SCI, the highly 
coordinated processes of erection, emission, and ejaculation can be disrupted at any 
step, and without any medical intervention, can result in sexual dysfunction and 
infertility [93, 97].

2.3.3 Factors to consider

Based on the impact of SCI on male fertility, it is apparent that SCI affects almost 
every aspect of the male reproductive process. SCI also leads to decreased sperm 
motility regardless of the patient having a normal sperm count, as well as abnormal 
semen ejaculation and emission. Therefore, when developing treatment strategies for 
men with SCI, we must target these various dysfunctions (Table 1).

2.4 Cerebrovascular accident

2.4.1 Pathophysiology

A cerebrovascular accident (CVA) or a “stroke” is a medical state attributed to acute 
compromise of the cerebral perfusion or vasculature. The primary cause of strokes 
is hypertension; however, in young adults, carotid dissection, clotting disorders, and 
substance abuse are other common causes [98].

2.4.2 Impact on fertility

Stroke is considered a global health issue, with high mortality and disability rates 
[99]. Men of reproductive age and potential who experience a stroke generally are 
affected by hyposexuality, which is a decline in desire for sexual activity. After a 
stroke, a patient can face challenges of insecurity and recovery, which lowers their 
desire for sex. Medications such as antidepressants can also decrease the individual’s 
sex drive. Following a stroke, libido usually decreases, and the prevalence of low 
sexual desire is reported to be between 17 and 42%. Additionally, erectile dysfunction 
is higher in males who have suffered a stroke [100, 101]. Nevertheless, this association 
was related to the age of the patient and the age at which the CVA may have occurred, 
rather than associations with other classically causative and modifiable cardiovascular 
risk factors of erectile dysfunction [102].

Post-stroke patients frequently report urinary urgency, incontinence, and reduced 
libido. A cohort study by Montalvan et al. involving 150 men post-CVA showed that 
59% had new-onset sexual dysfunction within months of surviving. Erectile dysfunc-
tion was significantly associated with total infarctions of the anterior circulation and 
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previous CVAs [103]. While spontaneous could occur in some cases, the introduction 
of PDE5 inhibitors, pelvic floor physiotherapy, and psychosexual support programs 
led to improved outcomes [101]. Importantly, stroke rehabilitation clinics that 
included sexual health screening and urology referral reported higher patient satis-
faction and improved partner dynamics, especially in younger men seeking fertility 
after stroke recovery [100, 104].

2.5 Management

Erectile dysfunction, reduced libido, ejaculatory dysfunction, and fatigue are the 
common issues for males with MS (Figure 2). In 2021, a European case study revealed 
that 70% of men with MS reported anejaculation and 50% had abnormal sperm 
parameters [87]. One of the main barriers is the need to manage these conditions 
through multisystem involvement. Managing MS needs the integration of neurol-
ogy, endocrinology, urology, and psychology. Getting to coordinate each of these 
units is a challenge in the management of MS. In addition, there is the psychological 
impact, which will be discussed somewhere else in the chapter. Management of sexual 
dysfunction among males with MS starts with a comprehensive assessment, including 
neurological evaluation, sexual history, and the use of tools such as the International 
Index of Erectile Function (IIEF-5). In instances of anejaculation or retrograde 
ejaculation, penile vibratory stimulation (PVS) and electroejaculation (EEJ) are 
noninvasive and effective methods for sperm retrieval, mainly in those aiming to 
attain fertility [105].

Hormonal evaluation is essential, and testosterone replacement therapy may be 
beneficial in men with MS-related hypogonadism. Psychosexual therapy, including 

Congenital anomaly Impact on fertility Management options Role of ART

CAKUT (e.g., renal 
agenesis, ureteral 
duplication)

Hypogonadism, 
abnormal seminal 
vesicles, ejaculatory duct 
obstruction

Urological reconstruction, 
endocrine management

Case dependent

Bladder exstrophy Ejaculatory dysfunction, 
shortened penis, abnormal 
semen parameters

Surgical reconstruction 
(bladder neck, epispadias 
repair), hormonal support

Often needed, e.g., 
ICSI

Prune belly syndrome Cryptorchidism, 
azoospermia, hypoplastic 
vas deferens

Orchiopexy, hormonal 
therapy, sperm retrieval 
(micro-TESE)

Frequently required

Posterior urethral valves Secondary damage to 
testes, possible retrograde 
ejaculation

Valve ablation, long-term 
renal and testicular 
monitoring

Sometimes needed 
depending on 
ejaculatory function

Hypospadias Indirect, mostly erectile 
dysfunction if not repaired

Reconstruction Case dependent

Cryptorchidism Variable, impaired 
sometimes despite 
orchidopexy

Orchidopexy, orchidectomy May be needed

Spina Bifida/
Myelomeningocele

Anejaculation, erectile 
dysfunction, low sperm 
count

Penile prosthesis, 
vibroejaculation or 
electroejaculation, sperm 
retrieval

Commonly required 
for biological 
fertility

Table 1. 
Summary of male congenital genito-urinary anomalies and fertility management.
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cognitive-behavioral therapy and relationship counseling, plays a valuable role in 
addressing tertiary sexual dysfunction.

In patients with CVA, managing sexual dysfunction presents various challenges, 
including the patient’s reluctance to discuss the issue, feeling embarrassed, and 
limited time and knowledge among healthcare professionals. Based on a study of the 
return of patients who have suffered a stroke to sexual activity, the majority of the 
males who participated in the study reported initial difficulty going back to normal 
sexual activities, and two-thirds stated it took 7 weeks to engage in a sexual activity 
again [7]. The management of sexual dysfunction in males following a stroke needs a 
multidisciplinary approach. The approach addresses the complex interplay between 
hormonal, neurological, vascular, and psychological factors. The first step involves 
thorough assessment through validated tools such as IIEF-5 and hormonal profiling to 
identify hypogonadism or other endocrine abnormalities [101, 106].

Psychological support is central, as post-stroke depression, anxiety, and altered 
body image significantly led to sexual difficulties. As a result, cognitive-behavioral 
therapy (CBT) and couples counseling are recommended as first-line interventions. 
Next, pharmacological therapy, mainly phosphodiesterase-5 (PDE5) inhibitors such 
as sildenafil or tadalafil, is considered the center of treatment for erectile dysfunc-
tion, provided there are no contraindications such as concurrent nitrate use [107]. For 
patients unresponsive to medications, non-pharmacological options such as vacuum 
erection devices, intracorneal injections, or surgical implantation of penile prostheses 
can be used.

Figure 2. 
Suggested flowchart of workup of neurological patients with reproductive issues.
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In the management process of male patients recovering from spinal cord injury, 
studies reveal that most men felt their injury had affected their sexual sense [105]. 
However, there are barriers to sexual health. For example, evidence suggests one main 
issue is the lack of inpatient and community-based sexual rehabilitation centers [108]. 
Secondly, there is little consensus about how and who ought to address the issues of 
sexual dysfunction and infertility in men with spinal cord injuries [108]. Therefore, 
effective management is necessary for males with spinal cord injuries who also face 
sexual dysfunction issues.

In the management of factors such as erectile dysfunction, PDE5 inhibitors such 
as sildenafil or tadalafil are effective in men with preserved sacral reflexes. If PDE5 
inhibitors are ineffective, vacuum erection devices, intracavernosal injections of 
prostaglandins, or penile prostheses may be applied [109]. Ejaculatory dysfunction, 
especially in those with upper motor neuron lesions, can often be managed using PVS. 
For those who do not respond to PVS, EEJ under anesthesia can be used to retrieve 
sperm for assisted reproductive techniques. In men looking for fertility, ART, such 
as intrauterine insemination (IUI), in vitro fertilization (IVF), or intracytoplasmic 
sperm injection (ICSI), are employed depending on semen quality [109].

3. �Spinal dysraphism

Spinal dysraphism is a special congenital group of disorders that presents with a 
distinct set of neurological genitourinary symptoms and conditions. Its pathophysiol-
ogy, signs and symptoms, and sequelae differ from other urological congenitalisms 
and neuro-urological conditions, though management principles, particularly with 
respect to fertility and sexual function, may essentially overlap [110, 111].

3.1 Pathophysiology

Spinal dysraphism refers to a group of diverse conditions that have different 
imaging patterns. It involves a spectrum of congenital anomalies that cause a defective 
neural arch through which neural elements are herniated, causing a variety of clinical 
manifestations [112]. Congenital anomalies are defined as functional or structural 
abnormalities that take place during the intrauterine life. Spinal dysraphism, it results 
from aberrations in the closely connected embryological process taking place between 
gestational weeks two and six, namely, gastrulation (2–3 weeks), primary neurulation 
(3–4 weeks), and secondary neurulation (5–6 weeks) [113]. In the first 2 months of 
gestation, the neural plate is formed around the 18th day, which is followed by neural 
folds and their fusion. By day 28, the expansion of the neural tube and its subsequent 
closure occur. Open defects take place when the caudal neuropore fails to close. The 
spinal cord formation is set by the secondary neurulation process. Defects at this 
phase cause occult dysraphism. The level of coordination between these processes 
elucidates why the abnormal development of one structure will be linked to the 
maldevelopment of the other [113].

The clinical manifestations of spinal dysraphism are classified into two: Visible 
lesions and closed spinal dysraphism (CSD). The latter lacks external lesions. In CSD, 
the overlying skin is intact; however, the spinal cord is anchored to different tissues 
beginning from the skin, subcutaneous tissue, and adipose tissue. A combination of 
genetic and environmental factors causes spinal dysraphism. In the visible lesions, 
neural tissue is exposed through a defect in the skin and vertebrae. Common types 
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include myelomeningocele, which is a herniation of the spinal cord and meninges, 
and myelocele, an exposed spinal cord without meninges. The estimated incidence 
of spinal dysraphism is approximately 1–3/1000 live births [113]. On a positive note, 
the condition has been on the decline around the world in the past few decades due to 
improved nutrition among women. Improved antenatal care, folic acid supplementa-
tion, and improved ultrasound for prenatal screening are some of the factors contrib-
uting to the decline of spinal dysraphism around the globe.

The pathophysiology of spinal dysraphism has various consequences, including 
neurological dysfunction, hydrocephalus, tethered cord syndrome, and high infec-
tion risk. Within the neurological dysfunction is where male infertility comes in. This 
is because spinal dysraphism can cause weakness or paralysis of the lower limbs and 
sensory defects.

3.2 Impact on male fertility

Overall, infertility is a result of defects in spermatogenesis or failure of the sperm to 
move. In connection with spinal dysraphism, few studies have been done to evaluate the 
impact of spinal dysraphism on male fertility. In one study involving 12 men with spinal 
dysraphism, the researchers found that only one of the six men who participated in the 
study was able to successfully become a father [114]. In a different study, 13% out of a 
sample of 18 men with spinal dysraphism engaged in sexual intercourse, and only one 
person achieved fatherhood [115]. These data reveal a significant connection between 
spinal dysraphism and male infertility. While patients have intact libido, men with spinal 
dysraphism face barriers to fatherhood, including erectile dysfunction, poor sperm qual-
ity, anejaculation, and social and/or physical limitations [110].

Spermatogenetic defects are one of the broadly classified causes of infertility. 
Spermatogenetic defects mostly lead to poor sperm quality and may be linked to a marked 
decrease in spermatogenetic cells. Based on a study by Hulting et al., semen examined 
from nine males with spinal dysraphism, aged between 22 and 39, showed that 5 of the 9 
men had enough sperm. The other four had extremely low sperm count, and only one of 
the five men had more than 10,000 live sperm on semen evaluation [116]. The findings 
of this study, albeit small, reveal that neurological dysfunction declines the production of 
sperm in men, which creates the link between spinal dysraphism and male infertility.

Aside from spermatogenetic defects, the other class of factors that lead to male infer-
tility the failure of sperm to transport. Within this class is erectile dysfunction. The level 
of neurological lesion impacts the rate of erectile dysfunction. For example, 36% of men 
with lesions at or below T10 and 86% of men with lesions above T10 suffer from erectile 
dysfunction [117]. Men with spinal dysraphism mostly have successful erections and 
are able to engage in sexual intercourse. However, when asked, only a small number are 
satisfied with the level of rigidity. This therefore suggests that the majority of perceived 
erections may be small for intercourse and thus delivery of sperm.

Still, sperm delivery is a form of ejaculatory dysfunction. Many patients with spinal 
dysraphism suffer from ejaculatory dysfunction, which includes conditions such as retro-
grade ejaculation and anejaculation. Men with spinal dysraphism do experience ejacula-
tion; however, the delivery is weak and mostly a drip-like emission [114]. Furthermore, 
about 20% of men with spinal dysraphism lack sensory innervation, hence they fail to 
perceive ejaculation. Men with tethered cords as a result of spinal dysraphism may experi-
ence retrograde ejaculation due to bladder neck incompetence [114].

In a study involving men aged between 13 and 28 suffering from spinal dysra-
phism, the subjects reported they felt that their physical condition was a hindrance 
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to sexual intercourse. In this case, the physical condition involves being bound to 
a wheelchair, having to use crutches, and wearing leg braces. Other impediments 
to sexual intercourse are psychological, including patients feeling they lack self-
confidence and being dependent on others, which makes them unable to pursue and 
maintain romantic relationships. Last, urinary incontinence creates embarrassment, 
which may contribute to poor social performance and high anxiety when it comes to 
sexual interactions.

For patients with spinal dysraphism, the main factor to consider is the level of 
spinal cord lesions, which determines the extent of deficits, fertility, and sexual 
function [118]. Many studies have linked lower spinal cord lesions with less severe 
neurological deficits and thus more sexual function. According to research, 64% of 
men with lesions at T10 or lower had erections, while 14% with lesions above T10 also 
had erections. Studies show that infertility in men with spinal dysraphism is higher in 
men with higher lesions. This is possibly attributed to more than just ejaculatory and 
erectile dysfunction, since these men were also at a high risk of azoospermia [111]. In 
a study by Reilly and Oates, 10 men with erectile dysfunction had azoospermia fol-
lowing electroejaculation. Their testicular biopsies showed Sertoli cell histology [119].

Another factor to consider is hydrocephalus, which affects more than 85% of 
infants with spinal dysraphism. Hydrocephalus causes infertility and dysfunction. 
People with hydrocephalus have fewer relationships, and they have less sexual 
activity. Men with hydrocephalus reported reduced sexual excitement, ejaculation, 
orgasm, and erection compared to those without [118].

The fertility options for men with spinal dysraphism include pharmacological and 
surgical strategies aimed at targeting specific aspects of infertility. In erectile dys-
function, men with spinal dysraphism can use PDE5 inhibitors to improve erections. 
In a randomized study, men with erectile dysfunction due to spinal dysraphism were 
administered 20 and 50 mg sildenafil an hour before sex, which led to significant 
improvements in erectile function [120]. In the same study, researchers revealed that 
the patients also experienced sexual confidence.

In ejaculatory dysfunction, which is also a significant cause of infertility, urolo-
gists use rectal probe electroejaculation under general anesthesia. This method is con-
sidered effective for collecting semen, from which viable sperm can be isolated [118]. 
For men experiencing retrograde ejaculation, the surgical retrieval of sperm from 
the genitourinary tract, which includes the testicle, epididymis, and vas deferens, is 
considered more effective in order to collect sperm for ART. The surgical approach for 
both erectile and ejaculatory dysfunction also aims to enhance penile sensation.

Last, there is the ART approach, which involves the manipulation of embryos to 
enhance the chances of successful fertilization. There are various methods of ARTs, 
and they all need some level of baseline spermatogenesis [118]. With the innovation 
of in vitro fertilization, an embryo can be derived from two gametes in a controlled 
lab. Furthermore, intrauterine insemination, which is also another form of ART, has 
the probability of enhancing success in fertilization.

4. �Contemporary management approaches

Management of these patient populations extends beyond organic treatment of 
erectile dysfunction or hormonal imbalances and often requires approaches that 
involve and target a more holistic approach to optimize outcomes of more traditional 
managements.
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4.1 Personalized nutrition as a supportive strategy

Men with congenital urological anomalies, a history of reconstructive surgery, 
or neuro-urological conditions often face fertility challenges. Creating an adequate 
nutritional plan may support their reproductive health [121, 122]. Furthermore, 
affecting hormone levels and spermatogenesis [121]. A personalized nutrition 
approach to an individual’s needs correcting micronutrient deficiencies or metabolic 
issues that impair fertility [121]. For example, genetic differences in nutrient metabo-
lism (nutrigenetics) may impact sperm quality and DNA-based dietary plans are 
being explored to enhance male fertility individually [121].

Adherence to a healthy diet pattern, antioxidant diet is associated with 
improving semen parameters, better metabolic health, reduced oxidative stress 
and sustaining an optimal body weight [122]. Genetic testing, microbiome analy-
sis, and personalized coaching help doctors to create custom diet and supplement 
plans [122]. These plans target specific issues, such as oxidative stress or hormonal 
imbalances that may affect fertility [122]. This personalized strategy complements 
by creating an optimal environment for spermatogenesis and overall reproductive 
health [121, 122].

4.2 Lifestyle modifications to enhance fertility and reproductive health

Other lifestyle modifications play role in male fertility. Regular physical activity is 
highly beneficial. A study shows that resistance exercise significantly improved semen 
volume, sperm count, motility, and morphology in men [123]. Obesity is linked with 
low testosterone levels and poor sperm quality [122, 124]. On the other hand, weight 
loss through diet and exercise can normalize reproductive hormones and improve 
semen parameters [122, 124]. Healthy diet and regular exercise are both important 
for good fertility. Consuming a good amount of seafood, fruits, and vegetables while 
avoiding processed meats, sugary drinks, and fatty diet help to improve sperm quality 
and increase chance of getting pregnant [124].

Avoiding harmful substances is important as well. Cigarette smoking and 
heavy alcohol use have a toxic effects on sperm by increasing DNA fragmenta-
tion, reducing count and motility [123, 125]. However, studies show that quitting 
smoking can lead to notable improvements in sperm concentration, count, and 
motility within months [123].

Men are advised to cease tobacco use and limit their alcohol intake to support 
fertility [125]. Other factors include stress and sleep; chronic psychological stress and 
sleep deprivation may disrupt the hormonal regulation of spermatogenesis, there 
for, stress reduction techniques and good sleep hygiene are recommended for men 
experiencing infertility [125].

4.3 Preventive strategies beyond nutrition and lifestyle

Limiting environmental and occupational exposures is essential, as excessive heat 
(e.g., from hot tubs) and toxins like pesticides and heavy metals negatively affect 
spermatogenesis [123]. When exposure is unavoidable, protective measures and 
routine sperm quality monitoring should be implemented [123].

Proactive management of comorbid medical conditions such as diabetes or 
hypertension is vital, as these conditions can impair fertility through hormonal 
and vascular pathways. Optimizing treatment of these diseases by managing 
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insulin resistance improves sperm count and motility [123, 125]. Additionally, 
treatment of urogenital infections also helps protect fertility by preventing repro-
ductive tissue damage [123].

Antioxidant supplements, such as vitamins C and E, coenzyme Q10, and car-
nitine, help reduce oxidative stress and improve sperm health, especially when 
oxidative stress is confirmed through tests [121]. Patients with serious physical or 
nerve problems, such as spinal cord injury or blocked ejaculatory ducts, should 
be referred early for fertility preservation methods, such as sperm collection and 
freezing. This ensures they have future options for starting a family, including 
treatments like IVF [123, 125].

4.4 Challenges and considerations in implementation

Personalized nutritional plans and lifestyle modification may pose difficulties. 
Men with neuro-urological disabilities or chronic illness may find regular exercise 
or meal preparation difficult and will need modified programs [126]. Limited time, 
financial constraints, and uncertainty regarding the effectiveness of lifestyle changes 
are also barriers some patients encounter [126]. Incorrect information about fertility 
diet and supplements adds further challenge [126]. Misinformation about fertility 
diets and supplements adds confusion [126]. To overcome these barriers, it requires 
clear education to explain how lifestyle changes can improve fertility [126]. A combi-
nation of professionals is required to offer great care; this includes experts in dietetics, 
physical therapy, psychology, and reproductive medicine [126]. Of course, personal 
preference and cultural background will increase a patient’s sense of responsibil-
ity [126]. Additionally, insurance benefits can greatly assist in implementation and 
improve patient outcomes.

5. �Surgical reconstruction and impacts on male reproductive health 
fertility

Surgical reconstruction is a cornerstone in the management of congenital and 
acquired genital anomalies in males, aiming to restore urinary, sexual, and repro-
ductive function. While the technical aspects of phalloplasty and penile prosthesis 
implantation are well studied, their implications for fertility—both biological and 
psychosocial—are often underappreciated. Recent advancements in surgical tech-
nique, prosthetic technology, and assisted reproductive medicine have allowed for 
limited but meaningful fertility success in this cohort, particularly when patients are 
managed in multidisciplinary settings that include reconstructive urologists, androlo-
gists, and fertility counselors.

Phalloplasty, whether performed for congenital absence, traumatic loss, or 
gender-affirming surgery, typically involves use of radial forearm free flap (RFFF), 
anterolateral thigh (ALT) flap, or musculocutaneous latissimus dorsi flap. While 
these neophalluses can support a neourethra and accommodate prosthetic implanta-
tion, they lack internal reproductive structures, limiting the potential for natural 
ejaculation [127, 128]. Despite these limitations, patient-reported outcome measures 
(PROMs) from tertiary reconstructive centers consistently show high levels of psy-
chosocial benefit, albeit the reports are of small sample size due to the rarity of these 
conditions [129, 130]. Beyond the esthetic and functional capacity of the neophallus, 
biological paternity is possible in phalloplasty patients via TESE and ICSI.
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Penile prosthesis implantation, most commonly the three-piece inflatable type, 
serves as a definitive solution for erectile dysfunction in patients with congenital 
anomalies, neurogenic bladder, or post-reconstructive sexual dysfunction. While 
these implants restore penetrative ability, they do not affect ejaculatory function or 
correct upstream reproductive tract anomalies. Nevertheless, PROMs consistently 
indicate high satisfaction rates with respect to sexual activity, self-esteem, and 
partner intimacy. In a systematic review of 11 studies and 475 men with spinal cord 
injury, up to 90% of prosthesis recipients reported improved sexual satisfaction, 
with similar findings reported by their partners [131]. Although fertility rates were 
not directly assessed, the improved sexual function created a platform for pursuing 
assisted ejaculation or sperm retrieval methods.

Fertility-focused PROMs, while less frequently reported, suggest that psychologi-
cal readiness for parenthood increases following reconstructive milestones. In several 
studies, adolescent males with bladder exstrophy who underwent penile and urethral 
reconstruction were significantly more likely to inquire about fertility options than 
those who deferred reconstruction [132, 133]. Qualitative interviews revealed that 
restoration of body image and functional anatomy promoted discussions about 
fatherhood, often for the first time [134, 135]. This reinforces the concept that 
surgical reconstruction may act as a psychosocial gateway to future fertility planning, 
especially in patients who previously felt excluded from normative reproductive 
expectations. It is also important to emphasize that, while natural fertility remains 
rare in this group, multidisciplinary pathways—including cryopreservation, hor-
monal optimization, electroejaculation, and microsurgical sperm retrieval—can yield 
meaningful results [136, 137].

In essence, phalloplasty and penile prosthesis implantation significantly 
enhance sexual function and quality of life, and while they do not directly restore 
fertility, they facilitate its pursuit through psychosocial and anatomical empower-
ment. Integrating fertility assessment, patient-reported outcome tracking, and 
access to ART into surgical planning is essential to ensure that the reconstructive 
journey addresses not just form and function but also the fundamental human 
desire for parenthood.

6. �Transition urology and the role of multidisciplinary teams in 
optimizing reproductive and fertility outcomes

As survival rates improve and life expectancy increases among children with 
congenital urological and neuro-urological conditions, the focus of care must evolve 
accordingly. These patients are no longer limited to pediatric milestones alone; they 
grow into adolescence and adulthood with complex, often lifelong anatomical and 
functional challenges. Transition urology has emerged to meet this need, offering 
a structured framework that ensures continuity of care across the pediatric-adult 
divide. More than just a logistical handover, this process entails a shift in care philoso-
phy—from a parent-driven, protective healthcare model to one that is patient-cen-
tered, autonomous, and holistic. It also entails tailoring care to reduce complications 
as survival increases, monitoring for potential malignancies, as well as preparing 
the adult with urological congenitalism for sexuality and potential fertility (Basics 
of transition urology). The transition period is therefore a critical window where 
reproductive and fertility health must be actively reviewed, discussed, and optimized 
as part of a wider long-term care plan [138–140].
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Adolescence is a period when sexuality, identity, and fertility potential begin to 
carry greater personal and social significance. Yet, for many patients with congenital 
urological anomalies such as bladder exstrophy, posterior urethral valves, prune belly 
syndrome, or neurogenic bladder, fertility counseling is often delayed, fragmented, 
or absent altogether. Formal transition clinics provide a much-needed platform to 
address these gaps. Structured programs that introduce the concept of fertility pres-
ervation early—through hormonal profiling, semen analysis, and timely referrals to 
reproductive specialists—empower patients with informed choices. For patients with 
neuro-urological conditions such as multiple sclerosis or spinal cord injuries, transi-
tion clinics also serve to coordinate assessments of erectile function, ejaculation, and 
sperm viability, facilitating early planning for ART when indicated. This anticipatory 
approach allows for proactive management rather than reactionary care in adulthood 
[138–141].

Critically, the success of any transition model relies on the presence and func-
tionality of a well-coordinated multidisciplinary team. Pediatric patients are often 
managed within unified, integrated pediatric centers. In contrast, adult services 
tend to be more fragmented, requiring collaboration between different departments, 
institutions, and specialists. Urologists with expertise in functional, reconstructive, 
and neuro-urology must collaborate with nephrologists, endocrinologists, colorectal 
surgeons, fertility specialists, psychologists, continence nurses, and social workers. 
This collaborative model is essential not only for complex surgical planning and 
bladder function preservation but also for long-term reproductive health. Fertility 
optimization is no longer a luxury in this cohort—it is a necessary domain of care, 
particularly in light of emerging evidence on subfertility rates and ejaculatory dys-
function in males with congenital urological anomalies [138–144].

Several structured transition urology models have been reported internationally, 
with notable success in managing congenital male urological conditions and lifelong 
neuro-urological disorders. The University of Oklahoma Health Sciences Center 
model is among the most well-defined, employing a staged approach (T1–T4) begin-
ning in early adolescence. This model gradually introduces patients and their families 
to adult care processes, with shared consultations between pediatric and adult urolo-
gists before formal handover. Their 9-year prospective experience in patients with 
congenital neurogenic bladder reported a transition success rate of 96%, reinforcing 
the value of early planning, structured readiness assessments, and continuity in 
urological oversight [143].

Similarly, a recently published collaborative model between the Royal Children’s 
Hospital and the Royal Melbourne Hospital in Victoria, Australia, exemplifies a 
regionally adapted yet robust framework. Initiated by age 15, the process includes 
needs-based multidisciplinary meetings, joint outpatient clinics attended by both 
pediatric and adult urologists, and collaborative operating for complex cases. Among 
their cohort of transitioned patients, most of whom had conditions such as spina 
bifida, posterior urethral valves, and bladder exstrophy, over 90% remained in spe-
cialist adult urology care. A substantial proportion required further surgical interven-
tion or renal support, affirming the importance of specialized adult services familiar 
with congenital and neuro-urological conditions [138]. These models highlight that 
when transition is coordinated, multidisciplinary, and patient-centered, long-term 
urological outcomes—including fertility and sexual function—can be preserved and 
optimized well into adulthood.

Our experience, and that of the aforementioned and other structured pro-
grams internationally, confirms that the integration of transition pathways with 
97



Integrative Male Reproductive Health – Risk, Mechanisms, and Interventions

28

multidisciplinary involvement leads to improved outcomes. From many transition 
urology models, transition success rates exceed 90%, yet significant propor-
tions of patients still require many surgical revisions, fertility interventions, or 
enhanced psychosocial support during the early years of adult follow-up. The 
ability to maintain a seamless continuum of care during this vulnerable stage of 
life ensures that patients are not lost to follow-up or left with unresolved issues 
impacting their reproductive future. In essence, transition and adolescent urology 
serve not only to uphold the surgical and functional gains of childhood but to 
facilitate adult autonomy, sexual health, and the potential for biological parent-
hood—goals that are deeply meaningful to patients and should be central to 
modern urological care [138, 143–145].

In neuro-urological patients with acquired conditions such as multiple sclerosis, 
spinal cord injury, and cerebrovascular accidents, multidisciplinary care is equally 
crucial. These patients often experience overlapping dysfunctions—including erectile 
dysfunction, ejaculatory disorders, fatigue, spasticity, and mood disturbances—that 
directly or indirectly impair fertility and sexual well-being. A siloed urological 
approach is insufficient. Instead, urologists must coordinate care with neurologists for 
disease-modifying therapies, physiatrists for motor rehabilitation, endocrinologists 
for testosterone optimization, and mental-health professionals for the management 
of depression and intimacy-related distress. Fertility specialists must be engaged early 
to assess reproductive potential and offer options for cryopreservation or assisted 
reproduction. This integrated model is not just ideal—it is essential to adequately 
address the multifactorial impact of neuro-urological disease on sexual and reproduc-
tive health [84, 85, 89, 90, 93, 99, 100, 138, 146–149].

Moreover, tailored counseling and adaptive interventions should form the cor-
nerstone of long-term follow-up in this population. Men with spinal cord injuries, 
for example, may require a combination of phosphodiesterase inhibitors, intra-
cavernosal injections, and penile prostheses not only to restore sexual function 
but also to facilitate independence in catheterization or intercourse. Similarly, 
post-stroke patients with psychogenic or vascular erectile dysfunction require 
nuanced care pathways that align with their neurological recovery. The collabora-
tive input of rehabilitation physicians, speech and occupational therapists, and 
sexuality counselors ensures that treatment plans are not only medically sound 
but also sensitive to the broader context of the patient’s functional status and 
personal aspirations. Multidisciplinary fertility care is therefore not an adjunct to 
neuro-urology—it is a vital extension of it [138, 141–143].

7. �Ethical and psychosocial dimensions of care

Patients with congenital and neuro-urological disease experience a unique chal-
lenge, which extends beyond the anatomical, functional, and sexual dysfunction. The 
ongoing psychosocial challenge requires a proper identification of the problem and 
dedicated management once applicable [150–152]. On the other hand, the decision-
making in this specific age group is also different whether regarding pediatric patients 
facing a potentially affected fertility/sexuality or even an adult patient with impaired 
mental capacity to make a decision.

In this part, we raise the importance of the ethical and psychosocial aspects of this 
population.
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7.1 Ethical considerations in fertility preservation (FP)

FP can be offered for any patient with potentially affected fertility, including 
spina bifida, Cerebral palsy, Disorders of sex development, Prune Belly syndrome, 
Hypospadias, Bladder exstrophy-epispadias, and complex spinal cord injuries [153]. 
Obtaining informed consent for FP in pediatric patients presents a unique challenge; 
prepubertal boys are not legally or mentally able to provide full informed consent 
for FP options in which the parents or guardians are the main decision makers at 
that point. Thus, involving the parents or guardians in the discussion of FP is crucial 
[154]. This could be challenging due to the unknown desire to preserve fertility in this 
age group especially in the presence of invasive FP techniques such as testicular tissue 
cryopreservation in cases of impaired ejaculation [155]. Assessing decision-making 
capacity is also an important step prior to initiation of this discussion. For example, 
in the case of traumatic brain injury, that might impair the cognitive abilities of 
the individual. Therefore, it is crucial to involve the partner or representative in an 
ongoing discussion about whether FP should be done or not [156]. Timing to initiate 
FP discussion with the patient or guardians is also crucial. The European association 
of urology guidelines stated that “Patients and caregivers should be informed not 
only about the impact of gonadotoxic treatments on future fertility, but also about 
fertility-preservation options and their risk-benefit ratio. There are also a number 
of non-oncological congenital anomalies where fertility preservation can become an 
issue” [157].

When applicable, semen fluid-based cryopreservation by masturbation or penile 
vibration is the best option. However, in very difficult circumstances, electroejacula-
tion can be discussed. Options like testicular tissue cryopreservation should only be 
discussed in specific cases by a multidisciplinary team [157].

7.2 Psychosocial impact of infertility and sexual dysfunction

The psychosocial effect of infertility and sexual dysfunction is well recog-
nized. Depression and anxiety are highly related to infertility in both men and 
women. In a review of 377 related articles, the prevalence of depression, anxiety, 
and poor QoL is highly relevant to infertility [158]. A systematic review of 309 
studies that involved 512 infertile couples concluded that psychiatric intervention 
improved marital status and sexual satisfaction [159]. Erectile dysfunction plays 
an important role in the psychosocial status of the patient. A systematic review 
of 40 articles, which involved 32 randomized controlled trials comparing the 
psychosocial status of patients treated for erectile dysfunction, showed a great 
impact of erectile dysfunction and emphasized the importance of treatment on 
patients’ QoL [160].

7.3 Strategies for providing holistic care

The co-existence of sexual dysfunction, infertility, and psychosocial effects 
of the patient’s disease highly affects the patient’s QoL, and understanding this 
critical point gives a higher chance to improve it. Once the psychological diagnosis 
is made, a multidisciplinary approach will help to decrease the psychological 
burden on the patient and his/her family, improve fertility potential, and lower 
the financial burden on the family and the healthcare system by decreasing the 
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investigations or procedures that are not in need. This multidisciplinary approach 
should include the primary treating physician, urologist, reproductive endocri-
nologist, social worker, and psychiatrist [159, 161].

8. �Future directions and research needs

Nowadays, technologies are well on route to fill the gaps in the management of 
men with congenital defects and neuro-urological diseases affecting their fertility 
and their sexual function. Though promising, stem cell therapy, artificial intelligence 
(AI), and advanced microsurgical techniques are largely experimental and require 
further research [162].

Studies on animals indicate that stem cell transplant can regenerate sperm-
producing tissue and improve fertility parameters; however, there is limited data 
on outcomes in humans and further studies are needed [163].

In the diagnosis and treatment of infertility, AI has made progress. For instance, 
AI can analyze huge data in the form of hormonal profiles and sperm micro-imaging 
to determine possible fertility outcomes [164]. AI self-management software can also 
improve semen analysis by assisting in leading a healthier lifestyle, while other plat-
forms can provide assistance in making decisions about the diagnosis and treatment 
of male infertility diseases such as varicoceles [164]. However, these tools require 
validation to ensure they enhance clinical results without any bias.

Robotic-assisted microsurgery offers benefits due to its accuracy. Robotic systems 
can eliminate tremor and provide magnified 3D vision for procedures such as vasec-
tomy reversal or varicocelectomy [165]. Studies suggest that these techniques are 
feasible [165]. However, further trials must confirm whether robot-assisted surgery 
truly improves success rates or cost-effectiveness over other methods.

In neuro-urology, new treatments are emerging that aim to overcome nerve 
damage and restore lost or impaired functions. For example, in men with com-
plete spinal cord injury, epidural spinal cord stimulation has enabled the recovery 
of both ejaculatory reflexes and natural reproduction beyond ejaculation [166]. 
This discovery is only a preliminary observation; it indicates that current tech-
nologies in neuromodulation will greatly benefit men who suffer from infertility 
due to neurological disease [166].

Genetic editing, such as that of the CRISPR/Cas9 system, mainly works by 
removing damaged genes and replacing them with healthy ones [162]. Currently, it is 
experimental in animals and could allow us to understand the genetic causes of male 
infertility [162]. Eventually, this may help to correct certain infertility problems in 
men [162]. Safety and ethical issues must be carefully considered before these tech-
nologies can be used clinically. Future studies will need to fill these gaps and ensure 
that these treatments for male infertility are not only safe but also beneficial, acces-
sible, and affordable.

9. �Conclusion

In summary, congenital anomalies of the upper and lower urinary tract as well as 
neuro-urological conditions can affect male sexual function and fertility. Early diag-
nosis and prompt treatment can contribute significantly to preserving sexual func-
tion and fertility as well as quality of life. Progress in surgical techniques and ART has 
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improved patient outcomes. However, it is still essential that the physician treat each 
patient on the basis of their specific anatomical presentations and clinical history. 
For lower urinary tract malformations that typically involve the bladder, a broad 
program of reconstruction combined with fertility preservation measures is essential. 
Structured care provided by a multidisciplinary team is necessary if one wants to have 
both the defects repaired and the fertility issue resolved. Anatomical anomalies such 
as hypospadias, diphallus, or undescended testis directly affect the fertility and sexual 
function of those affected. Early corrective surgery followed by continuous monitor-
ing into adulthood yields the best results.

For neurogenic patients with multiple sclerosis, spinal cord injuries and CVAs, and 
in other neurogenic populations such as those born with spinal dysraphisms, sexual 
dysfunction and infertility challenges pose a complex problem, not just from a physi-
ological dimension alone, but also a psychological one. A coordinated and integrated 
treatment plan that combines drug therapies with ART and supportive care programs 
is important for improving sexual performance, fertility results and the overall qual-
ity of life of the patient. Personalized nutrition and lifestyle changes provide impor-
tant support for male fertility. Extensive research is yet lacking and lagging in these 
fields for the betterment of the male productive health in these patient populations.
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Chapter 4

Emerging Therapies Targeting 
Male Reproductive Aging Processes
Shabnoor Iqbal and Usman Mir Khan

Abstract

Testicular aging represents a complex biological process characterized by 
progressive structural and functional decline, leading to diminished testosterone 
production and impaired reproductive capacity. This phenomenon exerts systemic 
consequences, contributing to sexual dysfunction, metabolic syndrome, osteopo-
rosis, and neurocognitive impairments. Advanced paternal age further compounds 
reproductive risks, correlating with increased de novo mutations and elevated inci-
dence of genetic disorders in offspring. Current treatments, including testosterone 
replacement therapy (TRT), improve bone density and metabolic health but do not 
fully reverse aging effects. Emerging strategies target inflammation and oxidative 
stress, with COX-2 inhibitors (e.g., NS398) enhancing testosterone synthesis and 
antioxidants (e.g., vitamins D, C, E, zinc, and selenium) improving sperm quality. 
Additionally, novel pharmacotherapies for male sexual dysfunction—such as PDE5 
inhibitors (sildenafil, vardenafil), Maxi-K channel activators (NS1619), and nitric 
oxide donors (L-arginine, MED2005)—show potential in improving erectile func-
tion and semen parameters. However, responses vary, and dopamine agonists (e.g., 
cabergoline) are effective only in hyperprolactinemia-related infertility. Combination 
therapies integrating hormonal and antioxidant treatments may optimize outcomes, 
but further research is needed to refine dosing, mechanisms, and long-term safety. A 
personalized, pathophysiology-driven approach is essential for managing age-related 
testicular dysfunction and preserving male reproductive health.

Keywords: testicular aging, testosterone decline, male infertility, oxidative stress, PDE5 
inhibitors, antioxidant therapy, personalized treatment

1. �Introduction

The testes serve dual physiological functions as both endocrine organs and sites of
gametogenesis. Their primary endocrine product, testosterone, is synthesized under 
the regulatory control of the hypothalamic-pituitary-gonadal axis. This steroid hor-
mone exerts systemic effects, influencing cardiovascular physiology, musculoskeletal 
integrity, metabolic regulation, neurological processes, and reproductive capacity 
[1]. As men age, their testes undergo significant degenerative changes. These include 
a decline in testosterone production, a deterioration of the testicular environment, 
a loss of function in Leydig cells, and reduced efficiency in sperm production [2]. 
The reduction in testosterone can start at different points throughout adulthood and 
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is linked to a variety of clinical symptoms. These may include metabolic imbalance, 
sexual dysfunction, decreased bone strength, emotional instability, and memory 
or cognitive issues—all of which contribute to a decline in overall well-being and 
quality of life [3]. Research suggests that nearly 20% of men aged 60 and above 
experience clinically low testosterone levels, with prevalence increasing to about 
50% in those over 80 years. On a broader scale, testicular aging affects male fertility 
rates and shifts in workforce composition, thereby contributing to the economic and 
social pressures associated with an aging global population [4]. A comprehensive 
understanding of the complex biological mechanisms underlying testicular aging—
including endocrine dysregulation, oxidative stress accumulation, cellular senes-
cence, and microenvironmental alterations—is essential for developing targeted 
interventions to preserve male reproductive and systemic health in aging populations 
[5]. Contemporary research is overcoming current therapeutic limitations through 
innovative approaches combining multi-omics profiling, cellular senescence inter-
ventions, and regenerative technologies to develop precision treatments for testicular 
aging. These advancements address critical demographic challenges posed by aging 
populations and the systemic health consequences of gonadal dysfunction. The 
hypothalamic-pituitary-testicular axis undergoes progressive dysregulation with 
aging, characterized by decreased GnRH pulsatility, reduced pituitary secretion 
of LH and FSH, and declining Leydig cell responsiveness. These changes lead to 
impaired testosterone synthesis and spermatogenesis, exacerbated by deteriorating 
testicular microenvironments and altered sperm proteomes that diminish fertility 
potential. Concurrently, age-related attenuation of hormonal feedback mechanisms 
perpetuates endocrine imbalance, contributing to multisystem manifestations, 
including cardiovascular risk, musculoskeletal deterioration, metabolic dysfunction, 
and cognitive decline [6, 7].

1.1 Sperm profile, fertility, and age

Aging has been recognized as a contributing factor to reduced fertility in both 
males and females. While women experience a sharp decline in reproductive capacity 
between the ages of 35 and 40, the decline in male fertility is generally more gradual. 
Ford et al. [8] observed that men over 35 years of age had roughly half the adjusted 
probability of achieving conception within a year, compared to those younger than 
25 years, in a study involving untreated couples. Evidence from assisted reproductive 
techniques, including in vitro fertilization (IVF) and intrauterine insemination (IUI), 
reveals that increased paternal age correlates with a heightened risk of miscarriage 
and decreased implantation and pregnancy success rates [9–11]. Even in cycles using 
donor oocytes—where maternal age is standardized—advanced paternal age has been 
linked to diminished fertilization rates, reduced embryo quality, and lower chances 
of live birth [12–14]. These observations imply that aging in males may compromise 
sperm fertilization capacity and the ability to support healthy embryonic develop-
ment [15]. However, the extent to which conventional semen parameters—such as 
sperm count, motility, and morphology—are affected by age remains contentious, 
with some studies reporting significant deterioration, while others find minimal or no 
change [16–18]. A potential reason for this discrepancy is variation in ejaculatory fre-
quency, which often changes with age and may skew semen quality assessments [19]. 
Moreover, standard semen analysis may not fully capture the nuanced effects of aging 
on sperm function. For instance, aging has been associated with alterations in the 
sperm proteome, which may influence proteins critical for motility and fertilization 
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processes [20, 21]. Integrative studies involving proteomics and metabolomics have 
also shown that older paternal age correlates with changes in protein expression 
related to oxidative stress and metabolic control [21].

The hypothalamic-pituitary-testicular axis, illustrated in Figure 1, demonstrates 
progressive age-related dysregulation characterized by three key alterations: (1) 
diminished hypothalamic GnRH pulsatility, (2) attenuated pituitary LH/FSH secre-
tion, and (3) declining testicular Leydig cell responsiveness. This endocrine disrup-
tion leads to impaired testosterone production and spermatogenic dysfunction, 
compounded by testicular microenvironment deterioration and sperm proteome 
alterations. Clinically, these changes manifest as both reproductive decline (evidenced 
by reduced fertility rates and poorer assisted reproduction outcomes in older males) 
and systemic effects, including metabolic disturbances, cardiovascular risks, and 

Figure 1. 
Age-related decline in the male hypothalamic-pituitary-gonadal (HPG) axis and its clinical consequences.
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cognitive changes. This chapter will concentrate specifically on experimental research 
and meta-analytical findings related to testicular aging, with an emphasis on assess-
ing the impact of diverse therapeutic strategies.

2. �Age-related changes in male fertility

Although testicular structure, semen production, and overall reproductive capa-
bility are generally maintained in men beyond the age of 50, advancing paternal age 
has emerged as a notable factor contributing to declining male fertility. Men over the 
age of 50 demonstrate significantly reduced sperm motility, increased morphological 
abnormalities, and a higher prevalence of flagellar defects compared to younger men 
aged 21–25. The decline in fertility potential becomes even more pronounced when 
both partners are older than 40 years of age [22–24].

Sociodemographic factors, including widespread access to contraception, 
delayed age at marriage or cohabitation, increased educational attainment, and 
career prioritization—particularly among women—have collectively contributed 
to a global trend of postponing parenthood. This postponement is associated with 
diminished reproductive potential, not only due to the biological impacts of aging 
on gametes but also due to the accumulation of comorbidities and altered reproduc-
tive behaviors that accompany aging. Consequently, the risk of age-related invol-
untary childlessness rises as the median age at first childbirth continues to increase 
worldwide [25, 26].

Scientific evidence indicates that increasing paternal age contributes to a greater 
likelihood of spontaneous genetic alterations in reproductive cells, with particular 
susceptibility observed in the fibroblast growth factor receptor genes (FGFR2, 
FGFR3) and the RET proto-oncogene. These molecular changes are etiologically 
linked to various monogenic conditions following autosomal dominant inheritance 
patterns, notably craniosynostosis syndromes (Apert, Crouzon, Pfeiffer) and specific 
endocrine tumor syndromes. Additionally, epidemiological studies demonstrate that 
offspring conceived by older males face elevated risks of numerical chromosomal 
aberrations (including sex chromosome aneuploidies and trisomies 13/18) as well as 
neuropsychiatric developmental disorders ranging from autism spectrum conditions 
to major psychiatric illnesses. Congenital heart defects involving septal formation 
abnormalities and persistent fetal circulatory structures also occur with greater 
frequency in children born to advanced-age fathers [27, 28].

2.1 Sexual malfunction

Sexual dysfunction in all its forms is a major reason why men seek therapy at 
men’s health clinics. The foundation for the logical categorization of human sexual 
disorders was established by Masters and Johnson’s seminal studies of the human 
sexual response cycle, which showed that both men and women exhibit predictable 
physiological reactions to sexual stimulation [29]. Consequently, based on the stage 
of the sexual response cycle in which the aberration occurs, sexual illnesses have been 
divided into:

1.	Disease of hypoactive sexual drives

2.	Ejaculation and orgasm disorders
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3.	Erectile dysfunction

4.	Pain disorders

Effective management of male sexual dysfunction requires accurate classification, 
as each category is associated with distinct underlying causes, diagnostic criteria, and 
therapeutic strategies. Historically, the classification of sexual disorders was shaped 
by the Diagnostic and Statistical Manual of Mental Disorders (DSM), which reflected 
a predominantly psychogenic interpretation of male sexual dysfunction. However, 
developing clinical insights and the advent of oral phosphodiesterase type 5 (PDE5) 
inhibitors have shifted the perspective. Erectile dysfunction is now recognized not 
merely as a psychological issue but often as a marker of broader systemic health 
problems. As a result, the role of the primary care provider has become increasingly 
central in the initial evaluation and management of male sexual disorders [30].

2.2 Pathophysiology of age-related reduction of testosterone

The gradual reduction in androgen synthesis observed during male aging stems 
principally from dysfunction within the neuroendocrine regulatory system connect-
ing the hypothalamus, pituitary gland, and gonads. This multifaceted dysregulation 
involves both altered hormone metabolism and impaired signaling cascades through-
out the endocrine axis. Key pathophysiological changes include: (1) attenuation of 
GnRH pulse generator activity, (2) loss of synchronous LH secretion patterns from 
the anterior pituitary, and (3) decreased responsiveness of testicular interstitial 
cells to gonadotropic stimulation. Additionally, the diurnal variation in androgen 
secretion—characteristically prominent in younger individuals—shows significant 
dampening with advancing age, exacerbating the hormonal deficiency state [31, 32]. 
Clinically, two distinct patterns emerge among aging males with hypogonadism: A 
minority demonstrate primary gonadal failure with biochemical evidence of elevated 
gonadotropins, contrasting with low circulating androgens, while the majority pres-
ent with secondary hypogonadism showing inappropriately normal or low LH levels 
despite testosterone deficiency. This latter presentation typically reflects systemic 
metabolic disturbances (particularly adiposity-related endocrine dysfunction) or 
chronic disease states rather than primary testicular pathology [33].

2.3 Age-related testosterone level

Several breakthrough epidemiological investigations, including the Osteoporotic 
Fractures in Men Study (MrOS), European Male Aging Study (EMAS), and 
Framingham Heart Study (FHS), have employed liquid chromatography-tandem 
mass spectrometry (LC-MS/MS)—considered the reference methodology—to assess 
circulating androgen levels in male populations. These studies consistently reveal that 
declining concentrations of both total and unbound testosterone in aging males are 
predictably correlated with multiple clinical manifestations: diminished sexual desire, 
compromised erectile capacity, and reduced nocturnal penile tumescence. The same 
hormonal alterations show significant associations with sarcopenia, self-reported 
physical limitations, and heightened vulnerability to mobility impairments and 
accidental falls [34, 35].

The metabolic consequences of androgen deficiency extend to several pathophysi-
ological domains, demonstrating strong correlations with central obesity, impaired 
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glucose homeostasis, and a greater likelihood of developing diabetes mellitus. Further 
analyses indicate connections between hypogonadism and accelerated biological 
aging markers (including leukocyte telomere shortening), osteopenia, deterioration 
of trabecular bone structure, and greater fracture susceptibility. Population-level 
mortality data suggest that these endocrine changes may influence both cardiovascu-
lar outcomes and overall survival. Sex-stratified Mendelian randomization analyses of 
UK Biobank participants reveal divergent metabolic risk profiles based on genetically 
influenced androgen levels: while men with a genetic predisposition to lower testos-
terone show increased type 2 diabetes susceptibility, women with genetically elevated 
testosterone exhibit comparable metabolic risk. Notably, the same genomic studies 
identify a potential oncogenic association between androgen-related genetic variants 
and prostate malignancy in male subjects [35–37].

Overall, the studies conclude that age-related male fertility decline is charac-
terized by reduced sperm motility, increased morphological abnormalities, and 
flagellar defects after age 50, driven by oxidative stress and mitochondrial dysfunc-
tion (Table 1) [22–24]. Sociodemographic shifts, such as delayed parenthood, 
exacerbate these declines, while advanced paternal age elevates risks of de novo 
mutations (e.g.,*FGFR2/FGFR3*) and neurodevelopmental disorders in offspring 

Category Age-related changes Physiological mechanisms References

Semen 
parameters

↓ Sperm motility, ↑ morphological 
abnormalities, ↑ flagellar defects after 
age 50

Oxidative stress 
accumulation, DNA 
fragmentation, 
mitochondrial dysfunction

[22–24]

Genetic risks ↑ De novo mutations (FGFR2, FGFR3, 
RET), ↑ chromosomal aberrations, 
↑ neurodevelopmental disorders in 
offspring

Epigenetic alterations, 
reduced DNA repair 
efficiency in spermatogonial 
stem cells

[27, 28]

Sexual 
dysfunction

↓ Libido, erectile dysfunction, 
orgasmic disorders

↓ Testosterone, endothelial 
dysfunction, ↑ pro-
inflammatory cytokines

[29, 30]

Hormonal 
decline

↓ Total/free testosterone, dampened 
diurnal rhythm

HPT axis dysregulation: 
↓ GnRH pulsatility, ↓ LH 
sensitivity, Leydig cell 
senescence

[31–33]

Metabolic 
effects

↑ Central obesity, insulin resistance, 
type 2 diabetes risk

Androgen deficiency → ↑ 
visceral adiposity → pro-
inflammatory state

[35–37]

Musculoskeletal Sarcopenia, osteopenia, ↑ fracture risk ↓ Testosterone → impaired 
protein synthesis, ↑ bone 
resorption

[34, 35]

Systemic health ↑ Cardiovascular risk, ↓ survival Telomere shortening, 
chronic inflammation, 
vascular dysfunction

[34, 35]

↓ = decrease/reduction; ↑ = increase/elevation; GnRH = gonadotropin-releasing hormone; LH = luteinizing hormone; 
HPT axis = hypothalamic-pituitary-testicular axis; FGFR2 = fibroblast growth factor receptor 2; FGFR3 = fibroblast 
growth factor receptor 3; RET = REarranged during Transfection proto-oncogene.

Table 1. 
Summary of age-related declines in male reproductive and systemic health, including key physiological 
mechanisms.
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due to epigenetic and DNA repair deficits (Table 1) [27, 28]. Concurrently, 
sexual dysfunction (e.g., erectile disorders) and testosterone decline—linked to 
hypothalamic-pituitary dysregulation—worsen metabolic, musculoskeletal, and 
cardiovascular health (Table 1) [29–37].

3. �Intervention to restore age-related testicular complications

Numerous investigations have reported that various interventions can modulate 
the pathophysiological processes affecting the human testis. Nonetheless, the major-
ity of these studies have focused primarily on the effects of exposure to toxic agents—
such as chemotherapeutic drugs (busulfan, cyclophosphamide), environmental 
contaminants (bisphenol A, cadmium), antiretroviral medications (lopinavir), 
and physical insults like microwave radiation—or on testicular damage associated 
with pathological conditions, including diabetes, idiopathic infertility, ischemia-
reperfusion injury, and testicular torsion. To date, there remains a paucity of evidence 
supporting effective therapeutic approaches for the restoration of testicular function 
in the context of male aging [38].

3.1 Testosterone replacement therapy

Clinical evidence indicates that androgen supplementation therapy offers signifi-
cant advantages for males with confirmed testosterone deficiency. This intervention 
demonstrates measurable improvements in skeletal physiology, as evidenced by 
enhanced bone formation markers and increased mineral density. The treatment 
modality additionally shows protective effects against urogenital complications, 
potentially reducing urinary frequency, infection susceptibility, and bladder dysfunc-
tion while conferring cardiovascular benefits. Neuropsychiatric manifestations of 
hypogonadism—including depressive symptoms, emotional dysregulation, and age-
related cognitive decline in elderly populations—may show substantial improvement 
with hormonal normalization [39, 40].

Clinical research investigating androgen replacement in aging males has dem-
onstrated significant therapeutic benefits across multiple physiological systems. A 
controlled trial involving testicular cancer survivors with Leydig cell impairment 
(n = 69) revealed that a 12-month intervention with exogenous testosterone yielded 
measurable improvements in skeletal health parameters compared to placebo, with 
particular enhancement in bone mineral density metrics and elevated P1NP levels—a 
specific marker of bone formation activity [41] Complementary demographic research 
tracking 270 Chinese males across a 50-year age spectrum established a clear inverse 
relationship between chronological aging and bioavailable androgen concentrations, 
with free testosterone levels declining progressively after the peak reproductive 
years [42]. Current therapeutic guidelines endorse testosterone supplementation for 
confirmed cases of primary hypogonadism, particularly when resulting from intrin-
sic Leydig cell dysfunction that impairs endogenous steroidogenesis and metabolic 
regulation. Metabolic studies demonstrate a delayed treatment response pattern, where 
initial glucose homeostasis parameters remain unchanged during early therapy but 
show significant improvement in insulin sensitivity after sustained 12-month admin-
istration [43]. Cardiovascular monitoring in testosterone-deficient males (mean age 
54 years) receiving parenteral testosterone undecanoate revealed clinically relevant 
blood pressure stabilization within a 4-month treatment window, suggesting potential 
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protective effects against androgen-related hypertension [44]. Geriatric applications 
show particular promise, with an RCT demonstrating preserved musculoskeletal integ-
rity in octogenarian participants, including maintained femoral bone density and lean 
body mass composition despite advanced age and obesity [45]. Hematologic benefits 
extend beyond simple anemia correction, with trial data indicating broader erythro-
poietic effects that may prevent hematinic deficiencies in at-risk populations [46].

The contemporary understanding of testosterone replacement therapy (TRT) and 
prostate cancer (PCa) risk presents a complex and often contradictory evidence base. 
Morgentaler et al. [47] fundamentally challenged the traditional androgen hypothesis by 
demonstrating that TRT does not increase PCa risk in healthy men, proposing instead 
the saturation model wherein prostate cancer cell androgen receptors become maxi-
mally stimulated at testosterone concentrations of approximately 200 ng/dL. Notably, 
Wallis et al. [48] conducted a large population-based study (n = 38,570) that revealed 
significant effect modification by baseline prostate-specific antigen (PSA) levels. While 
confirming no overall increased PCa risk (HR = 1.01, 95% CI 0.90–1.13), their analysis 
demonstrated a 47% higher PCa incidence (HR = 1.47, 95% CI 1.04–2.08) among 
men with baseline PSA >4 ng/mL initiating TRT. This finding directly contradicts the 
saturation model’s universal applicability and suggests either (1) biological stimula-
tion of pre-existing occult cancers by TRT in high-PSA men or (2) detection bias from 
intensified monitoring. Importantly, Morgentaler’s studies systematically excluded 
this high-PSA population, potentially underestimating TRT-associated risks in clinical 
practice. Further contradicting the saturation hypothesis, longitudinal data from the 
Finnish prostate cancer screening cohort by Siltari et al. [49] identified a concerning 
76% increase in metastatic PCa risk among former TRT users. This finding implies that 
TRT cessation, rather than continuous therapy, may paradoxically stimulate cancer 
progression—a phenomenon unexplained by current receptor saturation models. The 
temporal pattern of risk elevation (peaking within 2 years post-TRT initiation in Wallis’ 
study and appearing after discontinuation in the Finnish cohort) suggests complex, 
time-dependent biological interactions not captured by existing paradigms. Clinical 
guidelines reflect these contradictions. While, according to Khera et al. [50], American 
Urological Association now permits TRT for men with treated, stable PCa based on the 
saturation model, it simultaneously acknowledges insufficient evidence for active sur-
veillance patients. This cautious approach contrasts with the FDA’s maintained warnings 
about TRT in all PCa populations, highlighting persistent uncertainty. The guidelines’ 
emphasis on quarterly PSA monitoring for TRT recipients with PCa history indirectly 
concedes that the saturation model cannot fully assure safety without surveillance.

In conclusion, contemporary evidence suggests that TRT may be safely considered 
for hypogonadal men with stable, treated prostate cancer, as it demonstrates no 
increased PCa risk in most cases. However, caution remains for men with elevated 
PSA (>4 ng/mL) (Wallis) and for former TRT users, highlighting the importance of 
careful patient selection, PSA monitoring, and shared decision-making (AUA 2022 
guidelines). These findings represent a paradigm shift in TRT management, but 
further research is needed to clarify long-term outcomes.

3.1.1 Long-term effects and safety considerations of testosterone replacement therapy

3.1.1.1 Clinical applications and safety considerations

The administration of exogenous testosterone represents a well-established 
therapeutic approach for males with confirmed hypogonadism—a clinical condition 
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marked by suboptimal endogenous testosterone production. This intervention 
demonstrates efficacy in ameliorating characteristic manifestations of androgen defi-
ciency, including persistent fatigue, diminished sexual desire, and progressive loss of 
lean muscle mass. However, clinicians must carefully evaluate each patient’s medical 
history and current health status before initiating treatment, weighing potential 
benefits against possible adverse effects, particularly in the context of extended 
therapeutic regimens. A critical consideration in testosterone supplementation is 
its potential to worsen existing sleep-disordered breathing, necessitating vigilant 
monitoring throughout treatment. Effective management requires sustained col-
laboration between healthcare providers and patients to ensure optimal outcomes. A 
comprehensive meta-analysis encompassing 51 clinical investigations revealed several 
significant hematologic alterations associated with androgen therapy:

Erythrocytic effects: Elevated hemoglobin concentrations (mean increase: 0.80 g/
dL; 95% CI 0.45–1.14) and hematocrit levels (mean increase: 3.18%; 95% CI 1.35–5.01)

Lipid metabolism: Modest reduction in high-density lipoprotein cholesterol (mean 
decrease: 0.49 mg/dL; 95% CI −0.85 to −0.13)

Notably, the analysis found no statistically significant association between tes-
tosterone replacement and all-cause mortality, prostate-related clinical outcomes, 
or major cardiovascular events. Contemporary research consistently supports the 
oncological safety of properly administered androgen therapy in appropriately 
screened individuals. Multiple study designs—including randomized controlled trials 
and large-scale epidemiological investigations—demonstrate comparable outcomes 
between treated and untreated males regarding:

•	 Prostate gland volume measurements,

•	 Longitudinal prostate-specific antigen trajectories,

•	 Incidence rates of benign prostatic hyperplasia progression,

•	 Development of prostate malignancies.

•	 These findings collectively suggest that, when implemented with appropriate 
patient selection and monitoring protocols, testosterone replacement does not 
appear to increase prostate cancer risk in men without pre-existing prostatic 
pathology [51].

3.1.1.2 Monitoring protocol

Following the initiation of testosterone supplementation, systematic surveillance 
is critical to optimize therapeutic outcomes while minimizing risks. The recom-
mended monitoring protocol includes:

3.1.1.2.1 Prostate health assessment

•	 Digital rectal examination (DRE) and prostate-specific antigen (PSA) testing 
at 3 and 6 months post-initiation, followed by annual evaluations in patients 
without prior malignancy,

•	 More frequent monitoring may be warranted in high-risk populations.
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•	 Comprehensive Laboratory Surveillance

•	 Hematologic parameters: Hemoglobin and hematocrit levels to assess for 
erythrocytosis,

•	 Metabolic profile: Lipid panel (total cholesterol, LDL, HDL, triglycerides) and 
liver function tests,

•	 Hormonal evaluation: Testosterone levels (though clinical symptom improve-
ment remains the primary efficacy indicator).

•	 Special considerations in prostate cancer survivors

•	 Patients with a history of treated prostate cancer may be candidates for testoster-
one therapy only after demonstrating:

•	 No biochemical or clinical evidence of residual disease,

•	 Stable PSA levels over an appropriate surveillance period,

•	 Thorough discussion of potential risks and benefits [52].

3.1.1.3 Cardiovascular risk assessment

Current evidence does not substantiate an increased cardiovascular risk with 
testosterone replacement therapy. Emerging data suggest potential cardioprotec-
tive effects, though further investigation is needed to elucidate these relationships 
[53]. However, before starting a TRT plan, which should be customized based on the 
patient’s unique medical history and concerns, the doctor should completely go over 
all the advantages and hazards with the patient.

3.2 Corticosteroids hormonal therapy

Low-dose corticosteroids have garnered attention due to their immunomodula-
tory effects, particularly in the context of idiopathic male infertility. Prednisolone, 
in particular, has demonstrated the capacity to suppress persistent inflammatory cell 
infiltration—a histopathological feature frequently observed in testicular biopsies of 
infertile males. This localized inflammation is often associated with the development 
of anti-sperm antibodies (ASA), which can compromise sperm function by impairing 
motility, disrupting zona pellucida binding, or hindering oocyte penetration, ulti-
mately reducing the chances of successful fertilization [54].

Corticosteroids are proposed to enhance male fertility primarily through 
modulation of the immune system and attenuation of inflammatory responses. By 
downregulating immune-mediated damage, they may reduce factors that negatively 
affect sperm function and embryo implantation. For instance, prednisolone has 
been reported to improve in vitro fertilization (IVF) outcomes and fertility rates 
in men with anti-sperm antibodies (ASA), suggesting a potential role in mitigating 
immunologic barriers to fertilization. Additionally, corticosteroids may help resolve 
chronic inflammation in the male reproductive tract, which is often exacerbated by 
autoimmune conditions and contributes to impaired spermatogenesis and testicular 
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dysfunction [55]. Previous evidence suggests that, in the absence of ASA, cortico-
steroids may not significantly improve the reproductive health of men. The chronic 
corticosteroid treatment has resulted in adverse side effects, such as hormonal imbal-
ances, including low testosterone levels [56, 57].

Although they may have short-term advantages, the possibility of adverse con-
sequences, including immunosuppression, should be carefully considered [58]. It is 
crucial to weigh the possible advantages and disadvantages of corticosteroid medica-
tions, especially because of the other options for treating male infertility, such as ART 
[58, 59]. In conclusion, further studies are needed to assess the efficacy of low-dose 
corticosteroids, even if they may provide some therapeutic benefits in the treatment 
of idiopathic male infertility.

3.3 Antioxidant and anti-inflammatory therapies

3.3.1 Anti-inflammatory therapeutics

Emerging preclinical research has investigated the therapeutic potential of 
NSAIDs in mitigating age-related testicular dysfunction through various experimen-
tal approaches. In vitro studies utilizing aged Leydig cell cultures demonstrate that 
selective COX-2 inhibition with compounds like NS398 can restore steroidogenic 
capacity by suppressing pro-inflammatory prostaglandin pathways, leading to 
enhanced testosterone biosynthesis [60]. Complementary in vivo investigations 
in aging rodent models reveal that pharmacological COX-2 blockade with specific 
inhibitors (e.g., DFU) not only elevates serum testosterone levels but also upregulates 
key steroidogenic proteins, such as StAR [60]. Mechanistic studies have identified 
PGF2α as a negative regulator of hCG-stimulated androgen production in hamster 
Leydig cells, while elevated COX-2 expression appears to be a consistent feature of 
both aged testicular tissue and senescent steroidogenic cells. While numerous NSAIDs 
(ibuprofen, aspirin, indomethacin, and paracetamol) have been evaluated for their 
effects on testicular function in younger populations, significant research gaps persist 
regarding their specific impacts on age-related gonadal decline, warranting further 
investigation [60–64].

3.3.2 Antioxidant therapeutics

3.3.2.1 Role of oral antioxidants in male reproductive health

Numerous studies have investigated the effects of common oral antioxidants—
such as carnitine, vitamins D, C, and E, along with zinc, selenium, and folate—on 
sperm quality parameters, including motility, morphology, and concentration. While 
most research has focused on infertility in younger males, fewer studies have explored 
the therapeutic potential of these antioxidants in aging animal models [65].

3.3.2.1.1 Vitamin D₃ and testicular aging

Vitamin D₃ supplementation has shown promise in counteracting male reproduc-
tive aging. In a D-galactose-induced aging rat model, elderly rats received subcutane-
ous vitamin D₃ at doses ranging from 40 to 400 IU/kg twice weekly for 6 weeks [66]. 
This intervention aimed to evaluate its protective effects against testicular aging, 
which is associated with:
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•	 Reduced cellular proliferation,

•	 Increased apoptosis,

•	 Elevated oxidative stress,

•	 Higher levels of advanced glycation end-products (AGEs) in serum and testicular 
tissue,

•	 Upregulation of the AGE receptor (AGER).

•	 Treatment with vitamin D₃ (typically at 100–500 IU/kg/day in related studies) 
demonstrated significant benefits, including:

•	 Enhanced testicular cell proliferation,

•	 Reduced apoptosis,

•	 Improved antioxidant defenses,

•	 Decreased oxidative damage.

Additionally, vitamin D₃ suppressed AGER expression while increasing vitamin 
D receptor (VDR) levels in the testes. Although AGEs remained elevated in aged 
animals, circulating vitamin D₃ levels were notably reduced. These findings suggest 
that vitamin D₃ may delay testicular aging by regulating cellular turnover, oxidative 
stress, and AGE-related signaling pathways [66].

3.3.2.1.2 Impact on testicular function and spermatogenesis

In the same D-galactose-induced aging model (typically administered 100–
150 mg/kg/day), vitamin D₃ supplementation (100–500 IU/kg/day) significantly 
improved:

•	 Testicular histology,

•	 Serum testosterone levels,

•	 Sperm quality.

•	 Both in vivo and in vitro studies revealed that vitamin D₃ modulates steroido-
genic markers in the testes. Key observations included:

•	 Increased CYP19A1 (aromatase) expression,

•	 Reduced androgen receptor (AR) levels in both aged and healthy testes,

•	 A potential estrogen-mediated mechanism supporting spermatogenesis in aging 
males.
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•	 Notably, vitamin D₃ did not negatively affect spermatogenesis in healthy rats, 
indicating its ability to maintain hormonal equilibrium between estrogenic and 
androgenic activity. This balance may play a crucial role in protecting against 
age-related testicular decline [67].

3.3.2.2 Melatonin’s multifaceted role in testicular function and aging

Melatonin is a potent antioxidant with broad-spectrum protective effects across 
species. Initially evolved to counteract oxidative stress from atmospheric oxygen 
fluctuations, it exhibits anti-inflammatory, anti-apoptotic, and anti-cancer properties 
[68]. As a neurohormone primarily secreted by the pineal gland, melatonin crosses 
the blood-testis barrier to directly modulate testicular functions [69].

3.3.2.2.1 Melatonin and age-related testicular decline

Studies in Syrian hamsters reveal an age-dependent reduction in testicular mela-
tonin levels. Investigations comparing young (6 weeks), adult (15 weeks), and old 
(2 years) hamsters demonstrated that aging correlates with:

•	 Declining steroidogenesis: Reduced expression of steroidogenic markers,

•	 Increased oxidative stress: Elevated NOX, TBARS, and corticosterone, alongside 
diminished antioxidant enzyme activity (SOD, CAT, GSH-PX).

Notably, melatonin supplementation (0.5–10 mg/kg/day, intraperitoneal/oral) 
restored steroidogenic activity and antioxidant capacity in aged testes without alter-
ing endogenous melatonin or MT1 receptor levels. This suggests that oxidative stress, 
rather than melatonin deficiency, drives testicular aging [70].

3.3.2.3 �Melatonin’s variable effects on age-related physiological changes: 
Experimental evidence

Several studies have investigated melatonin’s impact on aging processes in rodent 
models, revealing both protective effects and limitations. In aged Wistar rats, daily 
subcutaneous administration of 10 mg/kg melatonin over 3 weeks demonstrated 
tissue-specific outcomes. While treatment effectively reduced germ cell apoptosis (as 
evidenced by decreased TUNEL-positive cells) and enhanced seminiferous tubule 
morphology, it showed no significant effect on age-associated lipid peroxidation 
markers [71]. This differential response highlights the context-dependent nature of 
melatonin’s antioxidant properties.

Further examination of melatonin’s anti-aging potential was conducted by 
Akbulut and colleagues using a rat model of gastric aging. Their experimental design 
compared young (4-month-old) and aged (20-month-old) animals, with treatment 
groups receiving either PBS or melatonin (10 mg/kg, i.p.) for 21 days. Key findings 
included:

•	 Significant reduction in gastric mucosal cell proliferation across all age groups,

•	 Enhanced telomerase activity in both young and aged animals,
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•	 No improvement in glutathione (GSH) levels despite elevated malondialdehyde 
(MDA) in aged gastric tissue.

These results suggest that while melatonin may influence cellular aging mecha-
nisms such as telomerase activity, its ability to combat oxidative damage in certain 
tissues may be limited [72].

Recent mechanistic studies have provided insight into melatonin’s protective 
role against environmental toxicants. Wang et al. [73] demonstrated that melatonin 
administration (2 mg/kg/day, i.p.) protected against cadmium-induced testicular 
injury in a mouse model through SIRT3-mediated pathways. Their comprehensive 
approach included:

•	 In vivo cadmium exposure (0.8 mg/kg/day for 7 days) with melatonin co-treat-
ment in a rat model,

•	 Parallel in vitro experiments using TM3 Leydig cells (8.725 μg/ml cadmium ± 11 
μg/ml melatonin),

•	 Genetic manipulation (SIRT3 overexpression and knockdown) to confirm 
SIRT3’s essential role in mediating melatonin’s protective effects.

The research established that melatonin’s regulation of the autophagy-apoptosis 
balance is dependent on SIRT3 expression, offering potential therapeutic targets for 
testicular protection. Light exposure conditions appear to modify melatonin’s endo-
crine effects, as shown in studies of testicular steroidogenesis. When administered to 
rats maintained under normal light-dark cycles (12:12 LD), melatonin (25 μg/100 g) 
significantly inhibited 17β-HSD and Δ5-3β-HSD enzyme activities. However, this 
suppressive effect was absent in animals exposed to constant light, despite unchanged 
serum testosterone levels [74].

3.3.2.4 Novel insights into photoperiodic regulation of testicular aging

Recent studies reveal contrasting therapeutic outcomes between photoperi-
odic regulation and antioxidant interventions for testicular aging, with Matzkin 
et al.’s [61] photoperiod manipulation in Syrian hamsters demonstrating superior 
efficacy by naturally restoring physiological melatonin levels (2.3 ± 0.4 pg./mg) 
and achieving comprehensive rejuvenation through 62% IL-1β reduction, 73% 
M1 macrophage decrease, and 2.1-fold claudin-11 increase, whereas conventional 
antioxidant approaches such as vitamin D₃ supplementation (100–500 IU/kg) and 
high-dose melatonin (10 mg/kg) showed limited systemic effects, inconsistent 
oxidative stress modulation, and tissue-specific responses without circadian 
integration. While photoperiodic regulation simultaneously addressed circadian, 
immune, redox, and stem cell aging axes, antioxidants exhibited single-pathway 
efficacy with variable results—melatonin improved telomerase activity but failed 
to reduce gastric MDA, and vitamin D₃ enhanced local testicular parameters 
without normalizing macrophage profiles. These findings suggest physiological 
light-cycle interventions may offer more holistic anti-aging benefits compared 
to pharmacological antioxidants, highlighting the need for combined approaches 
that leverage circadian entrainment while optimizing redox balance for complete 
testicular rejuvenation.
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3.3.2.4.1 Methodological advancements of study (Matzkin et al)

•	 Utilization of naturally aged specimens (24–28 months) rather than chemically 
induced models,

•	 Observation across three complete spermatogenic cycles for comprehensive 
assessment,

•	 Development of an ecologically valid photoperiod manipulation protocol.

This work resolves long-standing controversies in reproductive aging research by 
demonstrating that:

•	 Melatonin’s therapeutic effects require intact photoperiodic regulation,

•	 Physiological hormone concentrations are sufficient for testicular rejuvenation,

•	 Previous inconsistencies in pharmacological studies stem from disrupted circa-
dian integration.

The study establishes a novel conceptual framework that unifies four critical 
aspects of male reproductive aging:

•	 Photoperiod sensitivity,

•	 Immune privilege maintenance,

•	 Redox homeostasis,

•	 Stem cell niche preservation.

The finding of Matzkin et al.’s study has important clinical implications for treat-
ing age-related infertility while providing a methodological paradigm that could be 
adapted to investigate other circadian-regulated aspects of reproductive physiology. 
The photoperiod manipulation approach represents a significant advancement over 
traditional supplementation studies, offering more physiologically relevant insights 
into hormonal regulation [61].

Vitamin D₃ demonstrates efficacy in enhancing steroidogenesis, reducing 
oxidative stress, and modulating AGE-related pathways in aging models, suggest-
ing its role in preserving testicular function. Melatonin, while exhibiting broad 
antioxidant and anti-inflammatory properties, shows context-dependent effects, 
with notable benefits in restoring steroidogenesis and cellular integrity, but a 
limited impact on lipid peroxidation in certain tissues. Crucially, photoperiodic 
regulation of endogenous melatonin proves superior to exogenous supplementation, 
underscoring the importance of circadian biology in therapeutic strategies. These 
findings collectively emphasize the need for tailored antioxidant interventions that 
consider hormonal balance, oxidative stress pathways, and physiological timing to 
effectively address male reproductive aging. Future research should focus on trans-
lational approaches that integrate these insights into clinical practice for age-related 
infertility.
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3.4 Emerging pharmacotherapies for male sexual function

Aging is a complex biological process characterized by a progressive decline 
in cellular function and an increased susceptibility to age-related diseases. This 
decline is influenced by multiple factors, including telomere attrition, DNA damage, 
mitochondrial dysfunction, and cellular senescence. These factors contribute to the 
development of various age-related complications, which can significantly impact the 
health and well-being of males.

3.4.1 Phosphodiesterase-5 inhibitor (selective)

PDE5 inhibitors, including tadalafil and sildenafil, serve as first-line pharmaco-
logical interventions for erectile dysfunction, demonstrating efficacy in restoring 
sexual function. Concurrently, male infertility has emerged as a growing public 
health concern in industrialized societies, where psychological, environmental, and 
physiological stressors contribute to reproductive challenges. These compounds may 
offer dual therapeutic benefits by addressing both erectile dysfunction and potential 
fertility impairments through mechanisms involving vascular and cellular effects in 
the male reproductive system [74]. Males trying to conceive are increasingly adopting 
PDE5 inhibitors due to their easy accessibility and the high prevalence of male sexual 
disorders in couples with fertility issues. The possible effects of PDE5 inhibitors on 
male fertility and semen parameters have thus been the subject of numerous investi-
gations [75, 76]. A prospective clinical trial (Rago et al. [77]) evaluated vardenafil’s 
impact on 205 infertile men using a three-arm design: a control group (n = 65) 
receiving no treatment, an acute intervention group (n = 73) administered a single 
10 mg dose, and an extended treatment group (n = 67) receiving 10 mg every other 
day for 15 days. Pre- and post-intervention analyses demonstrated that vardenafil 
significantly improved both erectile function (measured by IIEF-5 scores) and semen 
parameters, with acute dosing enhancing sperm motility and extended treatment fur-
ther increasing sperm concentration. These findings suggest vardenafil may benefit 
male fertility beyond its primary erectile dysfunction indication, potentially through 
pleiotropic effects on reproductive physiology.

A 12-week randomized clinical trial evaluated the effects of daily vardenafil 
(Group A, n = 25), sildenafil (Group B, n = 25), and L-carnitine (Group C, n = 25) 
administration versus untreated controls (Group D, n = 22) in 75 men with oligoas-
thenospermia. Both PDE5 inhibitor groups demonstrated significant post-treatment 
increases in serum insulin-like peptide 3 (INSL3) levels (p < 0.01), along with 
improvements in sperm concentration (mean increase of 12.5 × 106/mL), motility 
(28–32% enhancement), and normal morphology (8–11% increase), suggesting 
these agents may enhance Leydig cell secretory function and subsequently improve 
semen parameters, while no comparable effects were observed in the L-carnitine or 
control groups [78].

A controlled laboratory study evaluated the dose- and time-dependent effects of 
sildenafil citrate (0.1–4.0 mg/mL) on sperm motility in 85 asthenozoospermic speci-
mens using standardized incubation protocols and computerized motility assessment. 
The results demonstrated a significant concentration-response relationship (p < 0.05), 
with optimal motility enhancement observed at intermediate concentrations (1.0–
2.0 mg/mL) that persisted throughout the 3-hour evaluation period. These findings 
suggest that phosphodiesterase-5 inhibition may directly improve sperm kinematic 
parameters through cyclic nucleotide-mediated mechanisms, supporting further 
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investigation of sildenafil’s potential role in managing male factor infertility, although 
clinical applications require additional validation of safety and efficacy in vivo [79].

A prospective randomized double-blind crossover trial examined the acute 
impacts of two phosphodiesterase-5 inhibitors on semen characteristics in 18 young 
males with confirmed infertility. Participants received single doses of either sildenafil 
citrate (50 mg) or tadalafil (20 mg) in randomized sequence, with seminal analysis 
performed 60–120 minutes post-administration using standardized laboratory 
protocols. The investigation revealed divergent pharmacological effects: sildenafil 
administration was associated with a 30% relative improvement in progressive sperm 
motility (median increase from 28.5% to 37.0%), while tadalafil exposure resulted 
in a 25% reduction (median decrease to 21.5%) compared to baseline values. These 
contrasting outcomes suggest drug-specific modulation of sperm kinematic proper-
ties, potentially mediated through differential pharmacokinetic profiles or distinct 
intracellular signaling mechanisms. Although the crossover design and blinding 
procedures minimized potential bias, the preliminary nature of these findings—par-
ticularly the unanticipated negative association with tadalafil—necessitates confirma-
tion through larger-scale clinical trials with extended observation periods to establish 
clinical relevance and elucidate the underlying biological pathways [80].

A systematic evaluation of nine randomized controlled trials (n = 1248 partici-
pants) demonstrated that phosphodiesterase-5 inhibitors (sildenafil, tadalafil, and 
vardenafil) significantly enhance multiple semen parameters in infertile men, show-
ing a 38–42% improvement in sperm concentration (p < 0.001), 25–30% increase 
in progressive motility (p < 0.001), and 15–18% higher rates of morphologically 
normal sperm (p = 0.005), while reducing abnormalities by 20–22% (p < 0.001). 
These consistent findings across multiple agents suggest a class effect supporting their 
potential therapeutic application for male factor infertility, though further research 
is needed to optimize clinical protocols [81]. While the precise mechanisms remain 
under investigation, current evidence suggests PDE5 inhibitors may improve sperm 
quality through multiple pathways: (1) enhanced testicular perfusion via vasodila-
tion of gonadal vasculature, optimizing the spermatogenic microenvironment; (2) 
direct modulation of sperm function through cGMP-mediated signaling pathways 
that regulate motility and capacitation; and (3) potential effects on sperm membrane 
physiology and mitochondrial function. These proposed mechanisms require further 
validation through controlled studies to establish optimal dosing regimens, treatment 
duration, and safety profiles, particularly regarding long-term reproductive outcomes 
in infertile populations [82].

3.4.2 Phosphodiesterase-5 inhibitors (non-selective)

Pentoxifylline and related methylxanthines function as non-selective phos-
phodiesterase inhibitors and have been shown to improve sperm motility in vitro, 
which can enhance fertilization success in assisted reproductive technologies (ART). 
Their mechanism involves increasing intracellular cyclic adenosine monophosphate 
(cAMP) levels, thereby stimulating sperm movement. However, systemic administra-
tion of these agents may not reproduce the same effects observed in vitro, likely due to 
dilution and distribution throughout the body, which can lower drug concentrations 
at the target site and potentially induce off-target effects in other tissues [83].

Consequently, non-selective PDE5i have a limited function as stand-alone thera-
pies for male infertility, even if they could be helpful in some ART regimens, espe-
cially in sperm preparation for procedures such as intrauterine insemination (IUI)—a 
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type of assisted reproductive technology (ART) used to treat infertility—or in vitro 
fertilization (IVF). To better address the underlying causes of infertility, additional 
study is required to improve their usage in fertility treatments and investigate poten-
tial combinations with other medications [82].

3.4.3 Maxi-K channel activator

Large-conductance calcium-activated potassium (BK or Maxi-K) channels, which 
are expressed in arterial and corporal smooth muscle tissues, represent promising 
therapeutic targets for the treatment of erectile dysfunction (ED). An earlier study 
tested PDE5 inhibitors (sildenafil, 1 μM) alongside KCa channel activators (NS1619 
for BKCa, 10 μM; NS309 for SKCa/IKCa, 1 μM) in human penile arteries, demonstrat-
ing that combining these agents synergistically enhanced vasodilation—particularly 
in diabetic tissues where PDE5 inhibition alone was impaired. In diabetic animal 
models, this dual therapy restored erectile responses at similar doses, with sildenafil 
(1–3 mg/kg) paired with KCa openers (NS1619, 1–3 mg/kg) significantly improving 
blood flow and erection metrics compared to monotherapy. These findings suggest 
that low-dose KCa activators (1–10 μM in vitro, 1–3 mg/kg in vivo) can potentiate 
PDE5 inhibitors, offering a promising strategy for diabetic ED resistant to standard 
treatments [84]. This study by Kun et al. [85] investigated the effects of NS11021, 
a novel large-conductance calcium-activated potassium (BK) channel opener, on 
erectile function in rats. The researchers demonstrated that NS11021 (administered 
at doses of 0.1–10 μM in vitro and 1–3 mg/kg intravenously in vivo) significantly 
enhanced erectile responses by increasing the relaxation of corpus cavernosum 
smooth muscle through BK channel activation. The compound was shown to poten-
tiate both electrical field stimulation-induced and nitric oxide-mediated erectile 
responses in rat penile tissue, while having minimal effects on systemic blood pres-
sure at erectile-enhancing doses. These findings suggest that BK channel openers 
like NS11021 could represent a promising new therapeutic approach for erectile 
dysfunction, particularly for cases involving impaired smooth muscle relaxation, 
with potential advantages over conventional phosphodiesterase-5 inhibitors in terms 
of targeting the underlying ion channel mechanisms of penile erection. The study 
provided important preclinical evidence for developing BK channel modulators as 
potential treatments for erectile dysfunction. This study by Király et al. [86] inves-
tigated the role of large-conductance calcium-activated potassium (BK) channels in 
mediating vascular relaxation in human penile arteries. The researchers demonstrated 
that BK channels contribute significantly to both nitric oxide (NO)-dependent and 
endothelium-derived hyperpolarization (EDH)-type relaxation pathways in these 
vessels. Using pharmacological inhibitors (iberiotoxin, 100 nM) and activators 
(NS1619, 10 μM) of BK channels, the study showed that these channels work syner-
gistically with NO signaling to regulate penile blood flow. Importantly, the findings 
revealed that BK channels maintain their functionality even when NO pathways are 
impaired, suggesting their potential as alternative therapeutic targets for erectile 
dysfunction, particularly in cases where conventional NO-based treatments are inef-
fective. The study provided crucial evidence for the dual involvement of BK channels 
in both major vasorelaxation mechanisms in human penile vasculature.

Collectively, these studies demonstrate that BK (Maxi-K) channel activators 
represent a promising therapeutic strategy for erectile dysfunction (ED), particu-
larly in cases resistant to conventional PDE5 inhibitors (e.g., diabetic ED). Key 
findings include:
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1.	Synergistic effects: Combining PDE5 inhibitors (sildenafil, 1 μM) with BK chan-
nel openers (NS1619/NS11021, 1–10 μM in vitro; 1–3 mg/kg in vivo) enhances 
vasodilation and erectile function, especially in diabetic models where NO 
signaling is impaired.

2.	Dual mechanisms: BK channels contribute to both NO-dependent and endothe-
lium-derived hyperpolarization (EDH)-mediated relaxation in human penile 
arteries, maintaining functionality even when NO pathways are compromised.

3.	Targeted therapy: BK activators (e.g., NS11021) selectively promote corporal 
smooth muscle relaxation without significant systemic blood pressure effects, 
offering a potential advantage over PDE5 inhibitors.

These findings support the development of BK channel-targeted therapies as 
novel treatments for ED, particularly for patients with vascular complications or 
poor response to existing drugs. Further clinical studies are needed to validate their 
efficacy and safety in humans.

3.4.4 Guanylate cyclase activator

Guanylate cyclase (GC) activators hold significant therapeutic promise for male 
health by directly stimulating cGMP production, offering distinct advantages for 
treating erectile dysfunction (ED), particularly in cases resistant to conventional 
PDE5 inhibitors such as sildenafil. By targeting soluble GC (sGC), these compounds 
(e.g., BAY 60-4552, riociguat) enhance cavernosal smooth muscle relaxation and 
penile blood flow even when nitric oxide bioavailability is compromised, as com-
monly occurs in diabetes, hypertension, and aging-related endothelial dysfunction. 
Preclinical and clinical studies demonstrate that GC activators can synergize with 
PDE5 inhibitors to restore erectile function in treatment-resistant ED, while also 
conferring cardiovascular benefits through improved endothelial function and blood 
pressure regulation. This study by Albersen et al. [87] investigated a novel therapeutic 
approach for PDE5 inhibitor-resistant erectile dysfunction by examining the com-
bined effects of BAY 60-4552 (a soluble guanylate cyclase stimulator) and vardenafil 
(a PDE5 inhibitor) on human corpus cavernosum tissue, demonstrating that the 
two agents act synergistically (at concentrations of 0.1–10 μM and 0.001–1 μM, 
respectively) to enhance smooth muscle relaxation through complementary mecha-
nisms—with BAY 60-4552 increasing cGMP production and vardenafil preventing its 
degradation—thereby effectively restoring erectile tissue responsiveness in previously 
treatment-resistant cases and suggesting a promising dual-target strategy for manag-
ing PDE5 inhibitor-refractory erectile dysfunction. This study by Silva et al. [88] 
demonstrated that chronic administration (4 weeks) of the soluble guanylyl cyclase 
(sGC) activator BAY 60-2770 (1 mg/kg/day) effectively restored erectile function in 
obese mice by bypassing impaired nitric oxide signaling and directly stimulating the 
NO-sGC-cGMP pathway in penile tissue. The treatment specifically improved both 
neurogenic and endothelium-dependent erectile responses without causing sys-
temic hypotension, highlighting its tissue-selective action. These findings provided 
important preclinical evidence that sGC activators like BAY 60-2770 could offer a 
promising therapeutic approach for metabolic syndrome-associated erectile dysfunc-
tion, particularly in cases where conventional PDE5 inhibitors fail due to underlying 
endothelial dysfunction. The study further suggested that prolonged sGC activation 
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might reverse, rather than just temporarily alleviate, the vascular pathology contrib-
uting to obesity-related erectile dysfunction.

In conclusion, these compounds demonstrate tissue-selective effects, improving 
cavernosal relaxation and penile blood flow without causing systemic hypotension, 
suggesting their potential as next-generation therapies for metabolic and vascular ED, 
where conventional PDE5 inhibitors often fail. The findings highlight sGC activa-
tors’ unique ability to address the root vascular pathology in ED rather than just the 
symptoms, positioning them as particularly valuable for patients with underlying 
endothelial damage.

3.4.5 Nitric oxide donors

Nitric oxide (NO) serves as the principal mediator of erectile function, primarily 
released from cavernous nerve terminals and, to a lesser extent, from endothelial 
cells of penile arteries. The amino acid precursor L-arginine stimulates endothe-
lial NO synthesis through its role as a substrate for nitric oxide synthase. Clinical 
investigation of a novel combination therapy (8 g L-arginine aspartate plus 200 mg 
adenosine monophosphate) demonstrated significant therapeutic efficacy in a phase 
II trial involving 26 patients with erectile dysfunction. Treated subjects exhibited 
statistically significant improvements in both erection hardness scores (EHS) and 
International Index of Erectile Function-5 (IIEF-5) questionnaire results compared 
to placebo controls. The therapeutic formulation showed excellent tolerability, with 
no reports of serious adverse events during the study period [89]. This randomized 
clinical trial by El-Wakeel et al. [90] evaluated the efficacy of combining sildenafil 
citrate (50 mg on-demand) with L-arginine (1000 mg twice daily) versus sildenafil 
monotherapy (50 mg on-demand) in patients with organic erectile dysfunction. 
Over 12 weeks, the combination group demonstrated significantly greater improve-
ments in IIEF-5 scores and penile hemodynamics (Doppler ultrasound) compared 
to sildenafil alone, attributable to their complementary mechanisms: L-arginine 
enhanced nitric oxide (NO) synthesis by providing substrate for endothelial NO 
synthase, while sildenafil preserved cGMP via PDE5 inhibition. The selected 
L-arginine dose (1000 mg BID) was optimized for bioavailability and synergy 
with sildenafil without compromising tolerability—no severe adverse events were 
reported in either group. These findings support the therapeutic advantage of 
dual-pathway targeting (NO production + cGMP preservation) in organic ED, par-
ticularly for cases involving endothelial dysfunction, while maintaining the safety 
profile of standard sildenafil therapy.

The referenced study, conducted by Futura Medical Developments Ltd. and 
registered on ClinicalTrials.gov (NCT04008732), evaluated the bioavailability 
of MED2005, a topical glyceryl trinitrate (GTN) gel for erectile dysfunction, at 
different doses (0.2%, 0.4%, and 0.6% GTN) in comparison to Nitrostat® (0.4 mg 
sublingual nitroglycerin), a standard treatment for angina. The trial aimed to 
assess how effectively each dose of MED2005 delivered nitroglycerin into systemic 
circulation compared to the rapid absorption of Nitrostat. By analyzing pharmaco-
kinetic and pharmacodynamic responses, researchers sought to determine whether 
the topical gel could provide localized vasodilation (enhancing penile blood flow) 
at therapeutic doses while minimizing systemic side effects, such as hypotension. 
This study was crucial in establishing the optimal dose of MED2005 for further 
clinical development as a potential on-demand treatment for erectile dysfunction, 
particularly in patients who may not tolerate oral phosphodiesterase-5 (PDE5) 
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inhibitors due to cardiovascular risks. The full trial details, including methodol-
ogy and outcomes, are available through the U.S. National Library of Medicine’s 
clinical trial registry [91].

This randomized crossover study by Ralph et al. [92] evaluated the efficacy and 
safety of MED2005, a topical glyceryl trinitrate (GTN) gel administered at doses of 
0.2%, 0.4%, and 0.6%, for treating erectile dysfunction (ED). The double-blind, 
placebo-controlled trial involved men with mild-to-moderate ED who applied 
either MED2005 (at varying concentrations) or a placebo gel before sexual activ-
ity. Results demonstrated dose-dependent improvements, with the 0.4% and 0.6% 
doses showing significantly better erectile function compared to placebo, including 
higher success rates for penetration and maintaining erections. While all doses were 
generally well-tolerated, the most common side effect was mild headaches (attributed 
to systemic GTN absorption), which increased slightly with higher concentrations. 
The study suggests that MED2005, particularly at the 0.4% dose, could serve as an 
effective on-demand treatment alternative for ED patients, offering rapid onset 
(~5–15 minutes) and potential advantages for those who cannot take oral phosphodi-
esterase-5 inhibitors [92].

In conclusion, nitric oxide (NO) donors such as L-arginine and glyceryl trinitrate 
(GTN) play a significant role in the management of erectile dysfunction by enhancing 
endothelial NO availability and promoting vasodilation. Clinical evidence supports their 
efficacy, particularly when used in combination therapies or as topical formulations like 
MED2005, offering rapid onset and favorable safety profiles. These approaches provide 
promising alternatives or adjuncts to traditional PDE5 inhibitors, especially for patients 
with endothelial dysfunction or those who are unable to tolerate oral medications.

3.4.6 Dopamine agonists

Infertility and hyperprolactinemia are caused by a pituitary adenoma that secretes 
prolactin. When pulsatile GnRH production is inhibited by high prolactin levels, it 
can result in male infertility and hypogonadism. Dopamine agonists were suggested 
as a therapy for pituitary tumors and infertility. Cabergoline and bromocriptine were 
used as therapeutics in the past. Nonetheless, it was demonstrated that cabergoline 
suppresses prolactin production better than bromocriptine and restores prolactin 
levels to normal in 70% of individuals who are resistant to it [93]. Cabergoline, 
administered at doses ranging from 0.125 to 1.0 mg twice weekly, is the treatment 
of choice for hyperprolactinemia due to its superior efficacy in normalizing serum 
prolactin levels and reducing prolactinoma size. Patients who fail to achieve nor-
moprolactinemia at the highest tolerated dose exhibit less than a 50% reduction in 
tumor volume, or do not experience restoration of fertility are considered resistant 
to dopamine agonist therapy. In such cases, therapeutic strategies typically involve 
dose escalation or transitioning from bromocriptine to cabergoline. However, bro-
mocriptine has not demonstrated significant efficacy compared to placebo in the 
management of idiopathic oligozoospermia [94]. In conclusion, dopamine agonists 
such as cabergoline have demonstrated high efficacy in the management of infertility 
associated with hyperprolactinemia; however, their therapeutic benefit in cases of 
idiopathic male infertility remains limited. Advancing a comprehensive understand-
ing of the diverse etiologies underlying male infertility is crucial for the development 
of targeted and effective treatment strategies. Further research is warranted to 
elucidate the specific roles of dopamine agonists and to explore additional therapeutic 
approaches in the context of idiopathic infertility [82].
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3.4.7 Kallikrein

Research has identified bradykinin and kallidin as biologically active peptides that 
participate in localized inflammatory responses through kallikrein-mediated cleavage 
of kininogen substrates. In reproductive biology, this enzymatic system appears to 
influence sperm movement characteristics, as evidenced by laboratory investigations. 
Clinical research employing rigorous methodology has substantiated these findings—
a randomized, double-blind crossover study administering 600 kallikrein units daily 
over 2 months reported measurable enhancements in semen quality metrics, accom-
panied by a notable increase in conception probability from a baseline of 18–38% 
among participants [95]. Our research team has previously documented beneficial 
effects of kallikrein administration on male fertility parameters [96]. Of particular 
concern are reports indicating exacerbation of inflammatory pathologies in the 
prostate and epididymal tissues following treatment [97]. These findings collectively 
underscore the dual nature of kallikrein intervention—while offering promising 
fertility enhancement for select patients, the therapy carries measurable clinical risks. 
This dichotomy necessitates the development of personalized treatment protocols 
that carefully weigh potential benefits against possible complications. Future investi-
gations should prioritize establishing evidence-based guidelines for patient selection, 
dosage optimization, and safety monitoring to facilitate responsible clinical applica-
tion of this therapeutic approach [82].

3.4.8 Indomethacin

Research indicates that prostaglandins exert inhibitory effects on testicular 
function, suppressing both steroid hormone production and spermatogenesis 
while impairing sperm motility in laboratory settings. These observations suggest 
prostaglandins may serve as physiological regulators that negatively modulate male 
reproductive capacity, implying that their pharmacological inhibition could poten-
tially enhance fertility outcomes. Clinical investigations support this hypothesis—a 
well-designed study by Barkay and colleagues demonstrated that therapeutic admin-
istration of either indomethacin (75 mg daily) or ketoprofen significantly elevated 
circulating levels of FSH, LH, and testosterone. This hormonal modulation was 
associated with measurable improvements in semen quality parameters, including 
enhanced sperm motility and concentration, ultimately achieving a 35% pregnancy 
rate among treated subjects [98]. While these findings position prostaglandin inhibi-
tion as a promising intervention for certain forms of male infertility, particularly in 
cases characterized by elevated prostaglandin activity, several important consider-
ations remain. The current evidence base necessitates further rigorous investigation 
to: (1) identify optimal candidate selection criteria, (2) develop targeted treatment 
protocols, and (3) establish comprehensive risk-benefit profiles for specific patient 
populations [82]. Future research directions should focus on elucidating the precise 
mechanisms underlying these therapeutic effects while developing clinically relevant 
biomarkers to guide treatment decisions.

3.4.9 Alpha-blockers

Preclinical investigations using rodent models have demonstrated that pharmaco-
logical blockade of alpha-adrenergic receptors can stimulate testicular spermatogen-
esis and elevate sperm counts in the epididymis, suggesting that these receptors may 
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regulate male reproductive physiology [99]. Mechanistic studies reveal that alpha-
adrenergic antagonists modulate sperm transport dynamics within both the testicular 
and epididymal compartments, potentially influencing male fertility parameters 
[100]. Clinical translation of these findings has identified terazosin, a selective 
alpha-1 blocker, as a candidate treatment for idiopathic oligozoospermia, with human 
trials reporting measurable improvements in seminal parameters, particularly in 
sperm concentration [101]. While these preliminary results indicate therapeutic 
promise for alpha-blockers in specific male infertility cases, the current evidence 
base remains insufficient to establish definitive clinical guidelines. Further research 
is required to fully characterize the risk-benefit profile of these agents and determine 
their precise role in fertility management protocols [82].

Emerging pharmacotherapies for male sexual function and infertility target diverse 
physiological pathways, reflecting the multifactorial nature of these conditions. 
Phosphodiesterase-5 inhibitors (both selective and non-selective) have demonstrated 
consistent efficacy in improving erectile function and, in some cases, enhancing 
semen parameters such as sperm motility, concentration, and morphologies. New 
therapeutic strategies, such as Maxi-K channel activators and soluble guanylate cyclase 
stimulators, offer promising alternatives or adjuncts, particularly for individuals with 
treatment-resistant or vascular-related erectile dysfunction. Nitric oxide donors, 
either as dietary supplements or topical agents, provide additional benefits through 
enhanced endothelial function and a rapid onset of action. Dopamine agonists like 
cabergoline remain the gold standard for hyperprolactinemia-associated infertility but 
show limited benefit in idiopathic cases. Other agents, such as kallikrein, indometha-
cin, and alpha-blockers, have shown variable outcomes and highlight the importance 
of patient-specific factors in therapeutic decision-making. Overall, while several 
pharmacologic agents show potential in improving male sexual function and fertil-
ity, further high-quality clinical studies are essential to establish optimal treatment 
regimens, clarify mechanisms of action, and ensure long-term safety and efficacy.

Overall, the studies conclude that emerging pharmacotherapies for male sexual 
dysfunction and infertility, as summarized in Table 2, target diverse physiological 
pathways, with selective PDE5 inhibitors (e.g., sildenafil, vardenafil) demonstrating 
dual benefits for erectile function and semen parameters, including improved sperm 
motility, concentration, and morphologies, though drug-specific variability exists, as 
tadalafil unexpectedly reduced motility in one study. Novel approaches like Maxi-K 
channel activators (e.g., NS1619, 1–3 mg/kg) and guanylate cyclase stimulators (e.g., 
BAY 60-2770, 1 mg/kg/day) show promise for PDE5 inhibitor-resistant cases, par-
ticularly in diabetic ED, by synergizing with existing therapies or bypassing impaired 
NO signaling, while nitric oxide donors like topical MED2005 (0.4% GTN gel) and 
oral L-arginine (1000 mg BID) offer rapid-onset alternatives for endothelial dysfunc-
tion. In contrast, dopamine agonists (e.g., cabergoline, 0.125–1.0 mg twice weekly) 
are effective only for hyperprolactinemia-associated infertility, and kallikrein (600 
kU/day) improves pregnancy rates but carries inflammatory risks, whereas indo-
methacin (75 mg/day) and alpha-blockers like terazosin show variable efficacy in 
idiopathic cases, underscoring the need for personalized, mechanism-driven thera-
pies and further clinical validation, as comprehensively outlined in Table 2.

3.5 Emerging combination therapies in male infertility management

Contemporary approaches to male infertility treatment increasingly focus 
on multimodal therapeutic strategies that integrate hormonal modulation with 
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Therapy type Mechanism of action Route and doses Main findings References

PDE5 inhibitors 
(selective)

Inhibits PDE5 → ↑ cGMP → smooth muscle 
relaxation → improved penile blood flow.

•	 Vardenafil: 10 mg single dose

•	 Sildenafil: 50 mg single dose

•	 Tadalafil: 20 mg single dose

•	 Improved sperm motility, concentration, and 
morphology.

•	 Increased serum INSL3 (Leydig cell function).

•	 Sildenafil enhanced sperm motility in vitro; 
tadalafil reduced it.

[77, 79–81]

PDE5 inhibitors 
(non-selective)

Non-specific PDE inhibition → ↑ cAMP → 
improved sperm motility.

•	 Pentoxifylline: In vitro use in ART 
(dose not specified)

•	 Limited systemic efficacy; useful in ART for 
sperm preparation.

•	 No standalone benefit for male infertility.

[82, 83]

Maxi-K channel 
activators

Opens BK channels → smooth muscle 
hyperpolarization → vasodilation.

•	 NS1619/NS11021: 1–10 μM (in 
vitro), 1–3 mg/kg (in vivo)

•	 Synergistic with PDE5 inhibitors in diabetic 
ED.

•	 Effective in NO-deficient conditions.

•	 Minimal systemic hypotension.

[84–86]

Guanylate cyclase 
activators

Directly stimulates sGC → ↑ cGMP → 
vasodilation.

•	 BAY 60-4552/BAY 60-2770: 
0.1–10 μM (in vitro), 1 mg/kg/day 
(in vivo)

•	 Restored erectile function in obese/PDE5-
resistant ED.

•	 Tissue-selective (no systemic hypotension).

[87, 88]

Nitric oxide donors •	 L-arginine: ↑ NO synthesis.

•	 GTN (MED2005): Releases NO → 
vasodilation.

•	 L-arginine: 1000 mg BID + 
sildenafil 50 mg

•	 MED2005: 0.2%, 0.4%, 0.6% 
topical gel.

•	 L-arginine + sildenafil improved IIEF-5 scores.

•	 MED2005 (0.4% dose) showed rapid onset 
(~5–15 min) and efficacy in mild–moderate 
ED.

[89–92]

Dopamine agonists Suppresses prolactin → restores GnRH 
pulsatility → improves hypogonadism/
infertility.

•	 Cabergoline: 0.125–1.0 mg twice 
weekly.

•	 Effective for hyperprolactinemia-induced 
infertility.

•	 No benefit in idiopathic oligozoospermia.

[93, 94]

Kallikrein ↑ Kinins → modulates sperm motility. •	 600 kU/day for 60 days. •	 Improved sperm parameters/pregnancy rates 
(18% → 38%).

•	 Risk of worsening inflammation.

[95–97]
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Therapy type Mechanism of action Route and doses Main findings References

Indomethacin Inhibits prostaglandins → ↑ FSH/LH/
testosterone → improved spermatogenesis.

•	 75 mg/day •	 Increased sperm motility/concentration; 35% 
pregnancy rate.

•	 Limited clinical evidence.

[98]

Alpha-blockers Blocks α-adrenergic receptors → ↑ sperm 
concentration.

•	 Terazosin: Dose not specified •	 Beneficial in idiopathic oligozoospermia.

•	 Mechanism unclear; requires further study.

[99–101]

↓ = decrease/reduction ↑ = increase/elevation; PDE5 = phosphodiesterase type 5 (enzyme inhibition improves erectile function); cGMP = cyclic guanosine monophosphate (secondary messenger 
in vasodilation); cAMP = cyclic adenosine monophosphate (secondary messenger in sperm motility); ART = assisted reproductive technology (in vitro sperm preparation); BK channels = big 
potassium channels (smooth muscle relaxation); NO = nitric oxide (vasodilation and erectile function); sGC = soluble guanylate cyclase (enzyme activated by NO); GTN = glyceryl trinitrate 
(topical NO donor); IIEF-5 = International Index of Erectile Function 5-item (ED severity assessment); GnRH = gonadotropin-releasing hormone (regulates reproductive hormones); 
FSH = follicle-stimulating hormone (spermatogenesis regulation); LH = luteinizing hormone (testosterone production); INSL3 = insulin-like peptide 3 (Leydig cell biomarker); ED = erectile 
dysfunction (primary condition treated); BID = Bis in die (twice daily, dosing frequency).

Table 2. 
Emerging pharmacotherapies for male sexual dysfunction: Comparative mechanisms of action, administration routes, dosing regimens, and clinical outcomes.
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complementary pharmacological agents. Current clinical evidence suggests that 
co-administration of conventional hormonal treatments with antioxidant supple-
ments yields superior outcomes in idiopathic cases compared to monotherapy 
approaches. Particularly noteworthy are treatment regimens combining tamoxifen 
citrate with bioactive plant-derived compounds, such as Ecklonia bicyclis and 
Tribulus terrestris. These synergistic combinations have demonstrated clinically 
meaningful improvements across multiple semen parameters, including substantial 
enhancements in both sperm density and kinetic characteristics. Importantly, 
such combined protocols show greater efficacy in achieving successful conception 
outcomes relative to isolated tamoxifen administration, as documented in recent 
clinical investigations [102].

3.5.1 Antioxidant combination vs. hormonal combination therapies

Current therapeutic approaches for male infertility increasingly explore syn-
ergistic combinations of pharmacological agents. Several randomized controlled 
trials have examined protocols combining antioxidants (vitamin E, L-carnitine) 
with anti-estrogen medications (clomiphene), demonstrating variable effects on 
semen parameters and conception rates [103, 104]. While some commercial antioxi-
dant formulations containing N-acetylcysteine and multivitamin complexes show 
modest improvements in select sperm quality markers, these changes frequently 
fail to correlate with increased natural conception probabilities [105]. Similarly, 
supplementation regimens incorporating zinc, selenium, and various vitamins 
yield inconsistent results, with some studies reporting enhanced sperm motility 
and concentration while others show limited clinical impact [106]. The hormonal 
combination of tamoxifen citrate with testosterone undecanoate has emerged as a 
more promising intervention for idiopathic oligozoospermia. A placebo-controlled 
trial involving 212 affected men revealed that 6 months of combined therapy 
significantly improved total sperm count, motility, and morphology compared to 
placebo. Most notably, the treatment group achieved a 3.3-fold higher spontaneous 
pregnancy rate (33.9% vs. 10.3%), suggesting genuine therapeutic potential for 
this specific combination [107]. Current therapeutic strategies for male infertility 
focus on optimizing endogenous hormone regulation through targeted pharmaco-
logical interventions. Selective estrogen receptor modulators (SERMs), including 
clomiphene citrate (25–50 mg administered either daily or on alternate days) 
and tamoxifen citrate (10–20 mg twice daily), represent first-line options that 
enhance pituitary gonadotropin secretion to promote testicular testosterone syn-
thesis and spermatogenic function. For patients exhibiting hormonal imbalances 
characterized by elevated estradiol or suboptimal testosterone-to-estradiol ratios, 
aromatase inhibitors such as anastrozole (1 mg daily) or letrozole (2.5 mg daily) 
offer an alternative mechanism to restore physiological androgen levels [108, 109]. 
Importantly, exogenous testosterone administration remains contraindicated due to 
its well-documented suppression of the hypothalamic-pituitary-gonadal axis, which 
reduces intratesticular testosterone concentrations and impairs sperm production. 
Despite this evidence, clinical practice surveys reveal persistent off-label testoster-
one use among both general urologists and fertility specialists, underscoring the 
need for improved therapeutic guidelines [110]. The current evidence suggests that 
while various antioxidant and hormonal combinations may improve semen param-
eters, only specific regimens (particularly tamoxifen-testosterone undecanoate) 
demonstrate consistent pregnancy outcome benefits. Optimal treatment strategies 
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should prioritize agents that stimulate rather than suppress endogenous hormone 
production, with careful consideration of individual patient characteristics in 
idiopathic male infertility cases.

3.5.2 Emerging combinations

Recent advances in reproductive medicine have led to the development of novel 
combination therapies targeting specific etiologies of male factor infertility. Clinical 
studies demonstrate that co-administration of anastrozole with clomiphene citrate 
yields superior outcomes compared to anastrozole monotherapy, with statistically 
significant improvements in post-treatment sperm concentration parameters [111]. 
Similarly, promising results have emerged from protocols combining human chori-
onic gonadotropin (hCG) with letrozole in obese patients with idiopathic infertility, 
showing measurable enhancements across multiple semen parameters, including 
sperm morphology, concentration, and progressive motility [112]. These combination 
approaches offer several potential advantages:

1.	Synergistic mechanisms targeting multiple pathways,

2.	Improved efficacy compared to single-agent regimens,

3.	Potential for dose reduction of individual components,

4.	Better tolerance profiles.

However, current evidence presents notable limitations:

•	 Variability in treatment response among patient subgroups,

•	 Lack of standardized dosing protocols,

•	 Insufficient data on long-term outcomes,

•	 Limited cost-effectiveness analyses.

Future research directions should prioritize:

1.	Multicenter randomized controlled trials with adequate power,

2.	Standardization of treatment protocols,

3.	Development of predictive biomarkers,

4.	Comprehensive safety assessments,

5.	Patient stratification based on clinical characteristics.

These combination strategies represent a paradigm shift in male infertility treat-
ment, moving beyond empirical monotherapy toward personalized, pathophysiol-
ogy-based approaches. While preliminary results are encouraging, rigorous clinical 
validation remains essential before their widespread implementation [82].
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3.6 Lifestyle interventions

Lifestyle interventions and molecular therapies represent distinct but increasingly 
intertwined approaches to health and disease management. Lifestyle interventions 
focus on modifying daily habits and behaviors to improve overall health and well-
being. These interventions typically encompass dietary changes, increased physical 
activity, stress management techniques, and avoidance of harmful behaviors, such as 
smoking and excessive alcohol consumption. Molecular therapies, on the other hand, 
target specific biological pathways or molecules involved in disease processes. These 
therapies often involve drugs, gene therapies, or other interventions designed to 
correct or modulate specific molecular mechanisms [113]. Age-related physiological 
changes manifest across multiple organ systems, with endocrine alterations present-
ing particular clinical significance. Research has established a correlation between 
declining androgen levels and elevated depressive symptomology in aging male 
populations [114]. Epidemiological evidence further reveals that hypovitaminosis 
D represents an independent risk factor for late-onset mood disorders in this demo-
graphic. The interdependent relationship between vitamin D status and testosterone 
bioavailability suggests a potential mechanistic link, in which vitamin D sufficiency 
may confer psychological benefits through endocrine modulation. These findings 
support clinical recommendations for vitamin D supplementation or controlled 
sunlight exposure as preventive strategies against affective disorders in middle-aged 
and elderly men [115].

Participants showed contradictory views about their aging bodies in a research 
examining how males between the ages of 65 and 83 viewed changes in appearance, 
physical function, and health as they aged. According to the findings, older men 
expressed a variety of concerns about specific changes in their bodies as they aged, 
highlighting the need to address these changes while maintaining a realistic awareness 
of the complex emotions associated with aging. Participants showed a dedication to 
exercise and a nutritious diet in spite of their reservations. Therefore, raising aware-
ness and educating males about psychological adaptability during the aging process is 
crucial [116].

Effective adaptation to the aging process requires men to maintain active engage-
ment in both social interactions and physical pursuits. A comprehensive understand-
ing of how males navigate physiological transformations within their interpersonal 
relationships is essential for developing appropriate support systems [117]. Central 
to this understanding is the assessment of hormonal factors, particularly androgen 
levels, which necessitates multimodal evaluation approaches to capture the complex 
interplay of biological and psychosocial elements [118]. Body image perception 
demonstrates gender-specific patterns, with body mass index (BMI) serving as the 
primary metric for physical appearance satisfaction across both sexes. However, 
research reveals that men tend to evaluate their attractiveness more strongly through 
functional physical capabilities rather than purely esthetic considerations [119]. 
The psychological impact of aging presents significant quality-of-life implications, 
particularly when negative self-perceptions develop. Targeted mental health inter-
ventions should therefore be prioritized for aging males experiencing psychological 
distress, with a focus on enhancing coping mechanisms and promoting positive aging 
perspective [120].

The gradual loss of muscle mass, beginning as early as age 30 and accelerating 
after 50, significantly impacts daily function in aging men [121]. Research highlights 
the protective role of physical activity, with active individuals showing a lower risk of 
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age-related symptoms (adjusted OR = 0.8, 95% CI: 0.6–1.0) compared to sedentary 
peers (adjusted OR = 0.7, 95% CI: 0.6–0.9), alongside improvements in somatic 
(p < 0.01) and sexual health (p = 0.04) on the Aging Males’ Symptoms (AMS) scale 
[122]. Additionally, aerobic exercise preserves vascular function in older men by 
reducing oxidative stress and maintaining nitric oxide bioavailability, supporting 
endothelial health [123].

For aging men, a combination of regular exercise and targeted nutritional supple-
mentation helps maintain reproductive function. Engaging in 150 minutes of moder-
ate aerobic activity (e.g., brisk walking) weekly, in addition to 2–3 days of resistance 
training, improves testosterone levels, erectile function, and metabolic health [124, 
125]. Mind-body practices such as yoga or tai chi (twice weekly) further support 
hormonal balance by reducing stress. Nutritionally, vitamin D3 (1000–2000 IU/day) 
enhances testosterone and semen quality, particularly in deficient individuals, while 
a combination of antioxidants—including zinc (15–30 mg), vitamin E (200–400 IU), 
vitamin C (500–1000 mg), CoQ10 (100–300 mg), omega-3 s (1000–2000 mg 
EPA + DHA), and B vitamins (400 mcg folate +2.4 mcg B12)—supports testicular 
function and reduces oxidative stress [126–131].

4. �Conclusion

Testicular aging involves progressive structural and functional decline, leading 
to reduced testosterone production and significant clinical consequences, including 
sexual dysfunction, metabolic disturbances, bone density loss, mood alterations, and 
cognitive changes, while advanced paternal age correlates with decreased fertility 
and increased risks of genetic mutations (particularly in FGFR2, FGFR3, and RET 
genes), chromosomal abnormalities, and developmental disorders in offspring. The 
underlying pathophysiology reflects hypothalamic-pituitary-testicular axis dysregu-
lation, diminished steroidogenic capacity, and impaired feedback mechanisms, often 
coinciding with metabolic complications, such as central adiposity and insulin resis-
tance. Current management approaches include testosterone replacement therapy for 
hypogonadism, which demonstrates benefits for bone, urological, and cardiovascular 
health, alongside investigational agents targeting various pathways, such as phospho-
diesterase inhibitors, dopaminergic compounds, and anti-inflammatory medications. 
Emerging evidence supports combined antioxidant-hormonal regimens as promising 
interventions for preserving spermatogenesis, though optimal treatment requires 
personalized strategies based on clinical evidence and individual patient factors, 
emphasizing the need for continued research to refine therapeutic approaches for 
aging male reproductive health.

Abbreviations

AMPK	 AMP-activated protein kinase
AR	 androgen receptor
ART	 assisted reproductive technology
ASD	 autism spectrum disorder
BAX	 Bcl-2 associated X protein
BCL-2	 B-cell lymphoma 2
BMI	 body mass index
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CAT	 catalase
CoQ10	 coenzyme Q10
DHA	 docosahexaenoic acid
DHEA	 dehydroepiandrosterone
DNA	 deoxyribonucleic acid
DSM	 diagnostic and statistical manual of mental disorders
ED	 erectile dysfunction
ELISA	 enzyme-linked immunosorbent assay
EMAS	 European male aging study
EPA	 eicosapentaenoic acid
FGFR2	 fibroblast growth factor receptor 2
FGFR3	 fibroblast growth factor receptor 3
FHS	 framingham Heart Study
FSH	 follicle-stimulating hormone
GnRH	 gonadotropin-releasing hormone
GPx	 glutathione peroxidase
H&E	 hematoxylin and eosin (staining)
HPG	 hypothalamic-pituitary-gonadal (axis)
HPT	 hypothalamic-pituitary-testicular (axis)
ICSI	 intracytoplasmic sperm injection
IUI	 intrauterine insemination
IVF	 in vitro fertilization
LC–MS/MS	 liquid chromatography-tandem mass spectrometry
LD	 long day (photoperiod)
LH	 luteinizing hormone
MDA	 malondialdehyde
MrOS	 osteoporotic fractures in men study
mTOR	 mechanistic target of rapamycin
NAC	 N-acetylcysteine
NO	 nitric oxide
OS	 oxidative stress
PDE5	 phosphodiesterase type 5
RETS	 rearranged during transfection proto-oncogene
ROS	 reactive oxygen species
SD	 short day (photoperiod)
SDH	 succinate dehydrogenase
SOD	 superoxide dismutase
T2DM	 type 2 diabetes mellitus
TRT	 testosterone replacement therapy
TUNEL	 terminal deoxynucleotidyl transferase dUTP nick-end labeling
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Abstract

Testicular sperm extraction (TESE) and microdissection TESE (mTESE) have 
revolutionized the treatment of male infertility, particularly in cases of non-obstructive 
azoospermia (NOA). These surgical techniques facilitate sperm retrieval for use in 
assisted reproductive procedures (ART) such as intracytoplasmic sperm injection (ICSI). 
While mTESE improves retrieval rates by targeting active spermatogenic regions, both 
procedures can disrupt the hypothalamic-pituitary-gonadal (HPG) axis, leading to 
hormonal fluctuations, including transient or prolonged testosterone (T) deficiency. The 
resulting hormonal imbalance increases the risk of erectile dysfunction, hypogonad-
ism, and psychological distress, especially in men with preexisting conditions such as 
Klinefelter syndrome (KS). This chapter explores the physiological and psychological 
impacts of TESE and mTESE, emphasizing their effects on erectile function, testosterone 
levels, and mental health. The review highlights alternative strategies, including selec-
tive estrogen receptor modulators (SERMs), gonadotropins, aromatase inhibitors, and 
emerging therapies such as Leydig stem cell transplantation, to preserve spermatogenesis 
while addressing hormonal deficiencies. This chapter brings together recent research on 
hormonal recovery treatments and explores the importance of psychological support in 
managing infertility-related distress. It addresses gaps in the existing literature by offering 
insights into specific patient populations and incorporating emerging technologies, such 
as artificial intelligence and biomarkers, into the discussion.

Keywords: TESE, mTESE, sexual dysfunction, testosterone, sexual distress, 
mental health

1. �Introduction

The intricate relationship between advanced fertility procedures and male reproduc-
tive health has emerged as a critical area of study within urology and andrology. Among 
the most transformative techniques in this field, testicular sperm extraction (TESE) and 
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microdissection testicular sperm extraction (mTESE) have become indispensable tools 
for addressing infertility in men with azoospermia [1]. Both TESE and mTESE involve 
surgical manipulation of testicular tissue to retrieve spermatozoa for use in intracyto-
plasmic sperm injection (ICSI). While TESE employs random sampling of testicular 
tissue, mTESE utilizes microsurgical techniques to enhance sperm retrieval rates by 
targeting areas of active spermatogenesis [2].

Despite their clinical benefits, such invasive techniques can disrupt the hypotha-
lamic–pituitary-gonadal (HPG) axis, leading to hormonal fluctuations with potential 
consequences for sexual health. Testosterone (T), FSH, and LH—key regulators of 
spermatogenesis and male sexual function—are particularly vulnerable to distur-
bances caused by these procedures [3, 4]. Testosterone decline, for example, has 
been linked to erectile dysfunction and hypogonadism, a condition characterized 
by insufficient testosterone production with associated symptoms [5]. These effects 
underscore the need to better understand the interplay between hormonal changes 
and functional outcomes in men undergoing TESE or mTESE. This understanding is 
further complicated by findings that unsuccessful sperm retrieval is often associated 
with greater hormonal and psychological disruptions, including increased prevalence 
of erectile dysfunction and hypogonadism [6].

Furthermore, there is a relationship between sexual dysfunction and male 
infertility. Infertile men have a significantly higher prevalence of sexual dysfunction 
compared to fertile men, particularly in the domains of erectile function, orgasm, 
and sexual desire. A meta-analysis, which included controlled studies, demonstrated 
a notable difference in the International Index of Erectile Function (IIEF) scores 
between infertile and fertile men, highlighting the negative impact of infertility on 
sexual health [7]. Research underscores the multifaceted burden of infertility, extend-
ing beyond reproductive challenges to encompass profound effects on mental health, 
self-esteem, and marital satisfaction [8, 9].

TESE and mTESE have enabled many men to achieve biological parenthood, but 
their effects on hormone levels, erectile function, and the risk of hypogonadism 
remain unclear. This review explores how these procedures influence hormonal bal-
ance, particularly their impact on erectile function and the likelihood of developing 
hypogonadism. Additionally, factors such as baseline infertility status may further 
contribute to a decline in sexual function after TESE or mTESE. By examining these 
relationships, this research aims to provide a clearer understanding of the physiologi-
cal and hormonal effects of these procedures, with a focus on male sexual health. 
Furthermore, this chapter brings together recent research on hormonal recovery 
treatments and explores the importance of psychological support in managing 
infertility-related distress. It addresses gaps in the existing literature by offering 
insights into specific patient populations and incorporating emerging technologies, 
such as artificial intelligence and biomarkers, into the discussion.

2. �Methods

A thorough literature review was conducted using three major databases: Medline 
via PubMed, Web of Science, and Scopus. The search strategy incorporated specific 
keywords such as “erectile dysfunction” combined with terms like “post-treatment,” 
“hypogonadism,” “azoospermia,” “testosterone (T),” “FSH,” “LH,” “hormones,” 
“TESE,” and “mTESE.” To broaden the scope of the review, reference lists from 
relevant studies were carefully analyzed to identify additional pertinent research.
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The review focused on studies involving adult males undergoing TESE or mTESE 
for azoospermia and infertility. Priority was given to research that provided com-
prehensive details on these two surgical techniques. Eligible study designs included 
randomized controlled trials (RCTs) and prospective and retrospective studies, 
with a preference for English-language publications to ensure consistency in data 
interpretation.

To maintain a clear focus, exclusion criteria were applied. Studies examining 
sperm retrieval methods other than TESE or mTESE were excluded to keep the 
review centered on these specific procedures. Research that did not directly address 
fertility-related complications was also omitted. Additionally, duplicate studies were 
systematically identified and removed to enhance the accuracy and reliability of the 
findings.

A narrative review methodology was deliberately selected instead of a systematic 
review to facilitate a more comprehensive and adaptable synthesis of the literature. 
This approach allows for a broader exploration of pathophysiological mechanisms, 
diagnostic strategies, and clinical implications. Unlike systematic reviews, which 
adhere to rigid inclusion criteria and predefined protocols, a narrative review enables 
the incorporation of diverse sources, expert perspectives, and emerging concepts that 
may not yet be extensively examined within a standardized framework.

3. �Overview of TESE and mTESE

TESE and mTESE are advanced surgical techniques utilized to retrieve sperm, 
especially in individuals diagnosed with azoospermia, a condition characterized by 
the absence of sperm in the ejaculate [10]. Non-obstructive azoospermia (NOA), the 
main focus of these procedures, poses unique challenges due to its underlying etiology 
of defective spermatogenesis rather than physical obstructions in the male reproduc-
tive tract. NOA, commonly associated with chromosomal abnormalities, hormonal 
imbalances, or testicular histopathological conditions such as Sertoli cell-only syn-
drome and maturation arrest, necessitates techniques capable of identifying viable 
areas of spermatogenesis [11]. TESE, characterized by its random biopsy approach, 
risks oversampling non-spermatogenic tissue and inadvertently causing greater 
tissue damage. Conversely, mTESE, guided by a surgical microscope, targets active 
spermatogenic regions, substantially improving retrieval rates with minimal disrup-
tion to testicular architecture [12]. By reducing unnecessary tissue removal, mTESE 
exemplifies a targeted strategy that benefits individuals with compromised testicular 
function. This contrast underscores the superiority of mTESE’s refined methodology 
over the more rudimentary TESE approach [11].

The benefits of mTESE are most pronounced in individuals with challenging 
histopathological conditions, such as Sertoli cell-only syndrome or maturation arrest. 
For instance, in men with incomplete Sertoli cell-only syndrome, mTESE has dem-
onstrated an 8 out of 11 success rates in sperm retrieval, equivalent to TESE, but with 
the added advantage of preserving testicular tissue integrity [13]. Similarly, in cases of 
maturation arrest, where spermatogenic activity is limited, mTESE achieves compa-
rable success rates while reducing potential tissue trauma.

Several factors, including patient-specific characteristics and preoperative hor-
monal profiles, play a critical role in the success rates of TESE and mTESE. However, 
success rates remain unpredictable with traditional clinical and hormonal predictors 
like age, testicular volume, and hormone levels. For example, lower levels of FSH and 
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higher T/LH ratios have been significantly associated with positive sperm retrieval 
outcomes, emphasizing the prognostic value of hormonal assessments prior to 
surgery [14, 15]. Larger testicular volumes have also been positively correlated with 
higher success rates due to increased presence of functional spermatogenic tissue [16]. 
These findings demonstrate the importance of a thorough preoperative evaluation, 
including hormonal profiling and genetic screening for conditions such as Klinefelter 
syndrome (KS), to optimize surgical outcomes [17]. Procedural success is also heavily 
influenced by technical expertise, further underscoring the necessity of specialized 
surgical centers for performing these intricate procedures [18]. The interplay between 
patient characteristics and surgical techniques underscores the multifaceted nature of 
successful sperm retrieval.

Emerging non-invasive biomarkers such as anti-Müllerian hormone (AMH), 
TEX101, microRNAs, and proteomics offer promising avenues for predicting sperm 
retrieval success [19, 20]. Additionally, advanced imaging techniques like high-fre-
quency ultrasound and functional MRI demonstrate potential in assessing testicular 
structure and function [21]. Recent studies have investigated the role of color-coded 
duplex ultrasound in predicting sperm retrieval success in men with NOA, though 
its accuracy remains uncertain. Ohta et al. examined the potential of high-frequency 
ultrasound to assess seminiferous tubules using detailed B-mode testicular images. 
Comparing these images with histological samples, they found thar ultrasound 
offered a stereoscopic perspective due to greater image depth [22]. Certain features, 
like reduced tubule diameter and visible gaps, appeared to indicate testicular damage 
and conditions like Sertoli cell-only syndrome.

Studies by Çelik et al. and Karakus et al. demonstrated that in MRI testis evalu-
ation, elevated choline and creatine metabolite signals strongly correlate with 
successful sperm retrieval [23, 24]. Specifically, choline levels above 1.46 ppm and 
creatine above 1.43 ppm were associated with high sensitivity and specificity for 
positive outcomes. Conversely, reduced choline and creatine signals were consistently 
found in patients with unsuccessful retrieval. MRI, particularly diffusion-weighted 
imaging and magnetization transfer techniques, has shown potential in evaluating 
male infertility and forecasting the outcomes of TESE procedures. These advanced 
imaging methods allow for the analysis of parameters such as the apparent diffu-
sion coefficient and magnetization transfer ratio, which can help identify testicular 
hypospermatogenesis [25]. Additionally, proton magnetic resonance spectroscopy has 
been studied as a non-invasive tool for assessing spermatogenesis in NOA patients. 
Elevated phosphocholine levels were noted in normal testes compared to SCOS cases 
[1]. Although differences in apparent diffusion coefficient and fractional anisotropy 
have been observed, no link to sperm retrieval rates (SRR) has been confirmed. 
Despite these encouraging results, current evidence is limited to small cohorts, and 
broader validation is needed before routine clinical adoption [1, 3, 4].

Despite advances in surgical sperm retrieval techniques, like TESE and micro-
TESE, studies assessing their success often face notable limitations. Many rely on 
retrospective designs, which can introduce selection bias and limit the ability to 
establish causality. Sample sizes are frequently small and heterogeneous, making it 
difficult to generalize findings across broader patient populations [15]. Additionally, 
there is often a lack of standardized criteria for defining success, with some studies 
focusing solely on sperm retrieval while others consider downstream fertility outcomes. 
Hormonal and genetic parameters used as predictors are not always consistent or 
universally validated [16]. Moreover, patient factors such as age, testicular histology, 
and prior medical treatments are sometimes underreported or poorly controlled [19]. 
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These gaps hinder the development of accurate predictive models and limit the 
clinical application of research findings. Future studies could overcome these limita-
tions using prospective designs, larger cohorts, and standardized outcome measures. 
Addressing these issues through larger, prospective, and standardized studies is 
essential for improving patient counseling and optimizing outcomes in male infertil-
ity treatment.

3.1 �Artificial intelligence (AI) in reproductive urology: Predictive models for 
mTESE and beyond

Artificial intelligence (AI) is becoming an essential tool in predicting outcomes for 
men undergoing mTESE, especially those with NOA. Recent studies have shown that 
machine learning models can analyze a combination of patient-specific variables—
such as hormone levels, testicular volume, and medical history—to estimate the 
likelihood of retrieving sperm during mTESE [26]. One study developed a predictive 
model using an AI platform that required no coding, demonstrating an area under the 
curve (AUC) of 72.5%, with 85% prediction accuracy in a small validation group [26]. 
The testosterone-to-estradiol (T/E2) ratio emerged as a significant contributor to 
prediction, although not statistically conclusive on its own. Another study employed 
logistic regression models to predict pregnancy outcomes following ICSI with fresh or 
cryopreserved sperm. The AUCs reached 0.977 and 0.759, respectively. Surprisingly, 
logistic regression outperformed other machine learning methods, suggesting that 
simpler models may sometimes be more effective [27]. A third study used a random 
forest model trained on over 1800 patients to predict sperm retrieval rates (SRR), 
achieving AUCs of 0.76 (development) and 0.75 (validation). Key variables included 
etiology, AMH, and testicular volume. The model was linked to clinical pregnancy 
and live birth rates, providing a basis for personalized decision-making [28]. Another 
approach integrates AI not only for prediction but also during the surgical process 
itself, improving real-time identification of sperm in tissue samples through image 
recognition and reducing human error [29]. Bachelot et al. tested eight machine 
learning models to predict sperm retrieval outcomes using preoperative clinical data. 
Among them, the random forest model performed best, achieving an AUC of 0.90 
and 100% sensitivity. Inhibin B levels and the presence of varicocele emerged as 
strong predictive factors [30]. These AI-driven models provide clinicians and patients 
with better preoperative counseling and could lead to more personalized, evidence-
based treatment strategies, improving both decision-making and outcomes in male 
infertility care [31].

Especially for complex cases, like salvage m-TESE, machine learning techniques 
have shown great promise in identifying a set of predictors such as associated with 
successful sperm retrieval, including testicular histology, hormone levels, and intra-
operative findings. These predictive models help clinicians estimate the likelihood 
of success before surgery and personalize treatment plans. Research has also shown 
that patients with hypospermatogenesis or favorable hormone profiles, particularly 
lower FSH and higher testosterone levels, are more likely to benefit from salvage 
m-TESE. Studies using logistic regression and ROC analysis confirm the value of 
these predictors [32, 33].

The application of advanced computational techniques shows considerable potential 
in enhancing the ability to predict sperm retrieval success after TESE/mTESE in men 
diagnosed with NOA. Innovative models utilizing methods such as random forests and 
support vector machines are increasingly being explored for their capacity to identify 
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relevant biomarkers, support clinical decision-making, and evaluate treatment effec-
tiveness. However, several key challenges remain. These include the need for thorough 
validation through robust studies, addressing inherent limitations within current model-
ing frameworks, navigating legal and regulatory complexities in certain regions, and the 
lack of prospective randomized trials. Furthermore, issues such as small sample sizes 
and the emergence of novel predictors must be carefully managed. Addressing these 
gaps presents a significant opportunity to improve diagnostic precision, tailor treatments 
more effectively, and ultimately enhance patient care in the field of male infertility.

3.2 Ethical and financial considerations about TESE/mTESE

Ethical considerations, cost, and accessibility remain key barriers to the wide-
spread adoption of these innovations [31]. Ethical considerations include informed 
consent and ensuring patients fully understand the risks, benefits, and potential 
outcomes. The emotional and psychological impact on individuals and couples must 
be addressed, especially when outcomes are uncertain. Privacy and confidentiality 
when handling reproductive material are essential. There are also broader concerns 
about the use of assisted reproductive technologies, including the welfare of potential 
offspring. Equity of access to these procedures and respect for diverse cultural or 
personal values around fertility treatment are important ethical aspects [15].

For men facing NOA, procedures like TESE/mTESE offer a potential pathway to 
biological fatherhood. mTESE is generally preferred by specialists due to its superior 
sperm retrieval success, with rates reaching approximately 52%, compared to around 
35% for traditional TESE [34]. Despite its clinical advantages, the financial implica-
tions are considerable. Data from the United States show that without comprehensive 
insurance coverage, many patients are left to cover substantial costs out of pocket. 
mTESE alone can cost between $2500 and $9000, while a single IVF/ICSI cycle may 
approach $18,000. Adding yearly sperm storage fees, often over $1300, can make this 
route prohibitively expensive for many couples [35].

Research by Han and colleagues highlighted that among various surgical options, 
frozen micro-TESE stands out as the most financially favorable. It presents a 
significantly lower estimated net loss of approximately $9624, representing a sub-
stantial improvement compared to the losses associated with traditional fresh TESE 
approaches. Notably, the study’s findings remained consistent across different budget 
scenarios and IVF-related expenses [35]. On another front, hormone-based medical 
treatments—especially in men with hypogonadotropic hypogonadism—have shown 
promise in improving surgical outcomes or even making surgery unnecessary by 
stimulating natural sperm production. However, for other types of NOA, particularly 
those with unclear causes or linked to hormonal imbalances, evidence supporting 
these treatments is inconsistent. Given these challenges, there is an increasing need 
to improve financial accessibility and develop more personalized treatment strategies 
that include non-surgical options when appropriate [36].

4. �Male erectile function after TESE or mTESE procedures

Despite its advantages, mTESE is not without drawbacks, as postoperative hypo-
gonadism remains a significant concern. A notable example is the development of 
testosterone deficiency in 13.5% of eugonadal men undergoing mTESE, emphasiz-
ing the procedure’s potential to induce hormonal deficiencies, even in individuals 
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with initially normal profiles [37]. This risk is particularly pronounced in patients 
with predisposing factors such as low baseline testicular volume, prior testosterone 
replacement therapy (TRT), or chromosomal abnormalities [38]. While mTESE mini-
mizes tissue trauma relative to TESE, its capacity to exacerbate hormonal imbalances 
in vulnerable populations necessitates tailored approaches to both surgical planning 
and postoperative care.

4.1 Prevalence and causes of sexual dysfunction in infertile men

Sexual dysfunction includes a range of disorders such as erectile dysfunction 
(ED), premature ejaculation, hypoactive sexual desire disorder, orgasmic dysfunc-
tion, and ejaculatory disorders. All males undergoing procedures such as TESE or 
mTESE usually present major fertility problems. Studies indicate that hypoactive 
sexual desire and lack of sexual satisfaction are the most common sexual dysfunc-
tions in infertile men, with reported prevalence rates ranging from 8.9 to 68.7% [39]. 
Erectile dysfunction and premature ejaculation occur in approximately one in six 
infertile men, while orgasmic dysfunction affects around one in ten [8].

Several psychological and physiological factors contribute to the high prevalence 
of sexual dysfunction among infertile men. Psychological burdens, such as anxiety, 
depression, and stress related to fertility concerns, can negatively affect sexual perfor-
mance [8]. The emotional burden of infertility, including frustration and self-esteem 
issues, often results in decreased sexual satisfaction. Studies show that infertility-
related stress can trigger or worsen ED, premature ejaculation (PE), and hypoactive 
sexual desire disorder (HSDD) [40]. In some cases, the pressure to conceive during 
specific time frames (such as ovulation) can further exacerbate sexual difficulties.

Men diagnosed with azoospermia often experience a greater psychological impact, 
leading to higher rates of sexual dysfunction. The distress of receiving an infertility 
diagnosis can lead to temporary or prolonged ED, loss of libido, and impaired orgas-
mic function [41].

Additionally, general health disturbances, including cardiovascular diseases, 
metabolic disorders, and hormonal imbalances, may contribute to both infertility and 
sexual dysfunction. Erectile dysfunction in infertile men may also serve as an early 
marker of poor overall health, highlighting the importance of comprehensive health 
evaluations in affected individuals [42]. Furthermore, medications used to treat 
systemic illnesses, including antihypertensives, antidepressants, and chemotherapy 
drugs, can negatively affect both sperm quality and sexual performance.

4.2 Erectile dysfunction due to post-TESE hormonal alterations

The examination of hormonal changes following TESE and mTESE procedures 
reveals critical insights into the transient and potentially long-term effects on the 
HPG axis. A significant decline in T levels has been consistently observed immediately 
after these surgical interventions, attributed primarily to the disruption of Leydig 
cell function due to testicular tissue trauma. This decline is typically transient, with 
recovery generally reported within 12 to 18 months [43, 44]. The immediate postop-
erative drop in T levels can be substantial; for example, a reduction from 3.81 ng/mL 
to 3.05 ng/mL within the first postoperative week has been documented [45]. While 
such changes are often reversible, individuals with preexisting conditions, including 
chromosomal abnormalities such as Klinefelter syndrome or low baseline T levels, 
may experience delayed recovery or even permanent hormonal disturbances [46, 47]. 
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These findings highlight the importance of long-term hormonal monitoring to 
identify and manage any complications, such as hypogonadism, that could adversely 
impact quality of life [32].

Compensatory elevations in FSH and LH levels are another common postopera-
tive alteration, reflecting the body’s feedback response to surgically induced Leydig 
cell dysfunction and tissue trauma. This rise in gonadotropin levels is a direct con-
sequence of the damaged testicular tissue’s compromised ability to produce testos-
terone, forcing the HPG axis to amplify hormonal signaling in an effort to restore 
testicular function [17, 32]. The extent of these hormonal changes often varies and is 
influenced by baseline hormonal levels and testicular histopathology, such as severe 
conditions like Sertoli-cell-only syndrome [17, 46]. This variability underscores the 
necessity of individualized preoperative evaluations, with particular attention to FSH 
and LH levels, as these can serve as predictors of the hormonal response to surgical 
intervention [48]. Although FSH and LH levels generally stabilize over time as the 
recovery process progresses, the degree of stabilization can significantly influence 
long-term outcomes, including sexual health and overall endocrine stability [32]. 
Compensatory elevations in FSH and LH levels after TESE or mTESE procedures are 
presented in Figure 1.

Patients with lower baseline testosterone levels or genetic conditions like 
Klinefelter syndrome are particularly susceptible to prolonged hormonal imbalances 
following TESE and mTESE [47]. Individuals with Klinefelter syndrome, character-
ized by primary hypogonadism, typically present with elevated FSH and LH levels 
and diminished T production due to testicular dysfunction [48]. These patients are 
at heightened risk for developing postoperative hypogonadism, which necessitates 
proactive management strategies, including preoperative hormonal optimization and 
genetic screening [49]. While T supplementation has been considered to mitigate the 
risk of prolonged disturbances, its efficacy in this context remains inconclusive and 
warrants further investigation.

Figure 1. 
Compensatory elevations in FSH and LH levels after TESE or mTESE procedures.
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Eliveld et al. confirmed that men with Klinefelter syndrome face the highest risk 
of developing hypogonadism after TESE, with approximately 36% requiring TRT 
[6]. In contrast, only 3–4% of men with NOA or obstructive azoospermia (OA) 
develop clinical hypogonadism requiring treatment. The symptoms of hypogonadism 
observed in men after TESE included reduced energy levels, lower libido, decreased 
muscle strength, erectile dysfunction, and depressed mood. These symptoms mani-
fest at varying degrees depending on the individual’s baseline T levels and their body’s 
ability to compensate post-TESE. In men with Klinefelter syndrome, the drop in T 
was more pronounced due to their already compromised Leydig cell function [50]. 
A decline in T levels is directly associated with symptoms of hypogonadism, espe-
cially at levels ranging between 8 and 12 nmol/L [51]. On average, TRT was initiated 
8 months post-TESE, but cases ranged from 1 to 15 months. Importantly, some men 
with new-onset low T levels did not exhibit clinical symptoms and, therefore, did not 
require TRT [6].

Factors contributing to uncompensated hypogonadism after surgical sperm retrieval 
remain unclear. In NOA patients, inconsistent FSH changes may result from scar-
ring, vascular damage, or local germ cell loss. Peritubular scarring may also affect 
Leydig cell function and germ cell numbers [52]. The differing responses in FSH and 
LH levels post-micro-TESE suggest that men with typical 46,XY chromosomes may 
adapt better than those with 47, XXY (Klinefelter syndrome). Research indicates that 
men with KS may have impaired pituitary responsiveness or a less effective testicular 
response compared to idiopathic NOA cases [53]. Additionally, extensive tubular 
hyalinization in Klinefelter syndrome may reduce peritubular scarring, explaining 
why postoperative FSH and LH levels show minimal variation.

In idiopathic NOA, T levels typically decline postoperatively, reaching the lowest 
levels around 6 months, with a mean decrease of 78 ng/dL (2.7 nmol/L). Recovery to 
baseline usually occurs by 18 months, with T returning to ≥93.1% of preoperative lev-
els in most cases, depending on histology (e.g., 93.1% for maturation arrest and 80.6% 
for Sertoli cell-only syndrome) [54]. In contrast, men with KS experience a more 
profound and prolonged drop in testosterone. Six months post-mTESE, KS patients 
may exhibit a mean T decline of 118 ng/dL (4.1 nmol/L), and recovery is delayed, 
often not reaching baseline until 26 months postoperatively [54]. Notably, only 50% 
of KS patients demonstrate testosterone recovery at 12 months [54]. In Figure 2, there 
is a graphical comparison of the hormonal recovery timeline in the different patients’ 
groups. In a separate study, 36% of eugonadal NOA patients (TT > 300 ng/dL) devel-
oped biochemical hypogonadism (TT ≤ 300 ng/dL) at an average of 26 months post-
mTESE. These findings underscore the need for individualized endocrine follow-up, 
especially for KS patients who have smaller testicular volume and intrinsic Leydig cell 
dysfunction, placing them at greater risk of permanent hypogonadism [55].

Long-term monitoring of hormonal profiles is essential, particularly for individu-
als with unsuccessful sperm retrieval or predisposing conditions, to identify and 
address persistent imbalances and their implications for sexual and overall health. 
Regular endocrinological assessments enable the early identification of hypogonad-
ism, allowing timely interventions to mitigate potential systemic issues such as 
osteoporosis or erectile dysfunction [32].

4.3 Psychological reasons for erectile dysfunction after TESE procedure

Research has indicated that postoperative erectile dysfunction (ED) is more preva-
lent among patients with unsuccessful sperm retrieval following these procedures. 
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For example, 26% of men in the TESE-negative group reported new-onset ED 
6 months after the intervention, compared to only 0.4% in the TESE-positive group 
[56]. This disparity underscores the significant interplay between TESE outcomes and 
sexual health. It is evident that the success of sperm retrieval extends beyond fulfill-
ing reproductive goals, influencing overall sexual well-being. Hormonal disruptions 
and psychological distress following unsuccessful sperm retrieval may exacerbate the 
risk of ED, suggesting the necessity of optimizing procedural success to safeguard 
sexual function. Furthermore, the procedural failure likely initiates a cascade of 
hormonal and psychosocial challenges, necessitating comprehensive pre- and postop-
erative care aimed at mitigating such risks.

According to Taniguchi et al. sexual activity among patients undergoing TESE 
remains comparable to that of the general population [57]. The findings demonstrate 
that factors such as patient age, partner age, testicular volume, and serum testoster-
one levels do not significantly influence the frequency of sexual intercourse before 
TESE. The study reports an average sexual frequency of 3.6 ± 2.6 times per month 
among patients, indicating that pre-procedural sexual activity does not negatively 
affect outcomes [57]. Furthermore, no restrictions or contraindications were reported 
regarding pre-TESE sexual activity. The study primarily aimed to assess sexual 
behavior among patients and identified marriage duration as a factor influencing 
sexual activity frequency rather than any physiological or hormonal limitations. 
These findings suggest that couples trying to conceive through assisted reproduction 
techniques can continue engaging in sexual intercourse before undergoing mTESE 
without concerns of adverse effects.

Unsuccessful TESE and mTESE procedures appear to affect erectile function 
through interconnected hormonal and psychological mechanisms. Hormonal 
imbalances, including a marked decline in T levels, stand out as a critical factor. 
Testosterone serves as a central regulator of erectile function, and its substantial 
decrease observed in men with new-onset ED highlights its pivotal role. For instance, 
T levels in patients reporting new-onset ED post-TESE decreased from 7.83 ± 2 to 
2.8 ± 2 ng/mL, reflecting the physiological toll of these procedures [56–59]. Beyond 

Figure 2. 
A graphical comparison of the hormonal recovery timeline in the different patients’ groups.
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hormonal aspects, psychological factors such as anxiety and depression were also 
consistently identified as contributors to ED, as evidenced by higher Hospital Anxiety 
and Depression Scale (HADS) scores in men with unsuccessful outcomes [56].

According to Bendayan et al. men who do not have viable sperm retrieved 
through mTESE often experience reduced self-esteem, sexual dysfunction, and deterio-
ration in their romantic relationships. The study found that a negative TESE outcome 
led to a significant decline in overall self-esteem, affecting personal, social, profes-
sional, and family-related aspects of identity. This suggests that infertility, when 
confirmed as irreversible, deeply impacts a man’s sense of self-worth. In terms of 
sexual health, men with a negative TESE outcome reported worsened erectile function, 
reduced intercourse satisfaction, and diminished orgasmic function compared to their 
pre-surgery state. This indicates that the psychological distress of a failed TESE can 
manifest in physical symptoms, potentially exacerbating erectile dysfunction and 
decreased sexual desire [58].

Additionally, the quality of the couple’s relationship was significantly affected. Men 
with unsuccessful TESE outcomes showed reduced dyadic adjustment, lower consensus, 
decreased satisfaction, and weakened affection. This suggests that the emotional strain 
of a failed procedure can create tension and distance between partners, requiring 
strong emotional support and counseling to navigate [58].

The strong correlation between elevated anxiety scores and ED emphasizes the 
necessity of integrating psychosocial assessments into the pre- and postoperative care 
framework [58]. These findings also suggest that the emotional distress following 
an unsuccessful sperm retrieval outcome is multifaceted, extending beyond sexual 
health to affect broader aspects of mental well-being. Support systems, including 
counseling and patient education, could play a vital role in minimizing the psycho-
social impact of these procedures. Given these findings, mental health professionals 
should be actively involved in the care team, emphasizing holistic approaches to 
patient care that extend beyond physiological parameters.

Several studies have demonstrated the association between successful TESE outcomes 
and improved sexual health parameters, including erectile function. Men who achieved 
successful sperm retrieval reported improved IIEF-5 scores postoperatively, which reflect 
enhanced sexual satisfaction and function [56, 58]. These improvements likely stem from 
a combination of psychological relief and the maintenance of stable testosterone levels. 
The psychological benefits of successful outcomes, including increased self-esteem and 
reduced anxiety, further underscore the importance of achieving procedural success. 
Furthermore, hormonal stability in men with positive outcomes emphasizes the need for 
comprehensive preoperative assessments, particularly hormonal profiling, to identify 
candidates likely to benefit from these procedures [58].

5. �The ICSI procedure after TESE

Opting for donor sperm following unsuccessful intracytoplasmic sperm injection 
(ICSI) can have significant psychological and physiological consequences for men, 
particularly affecting erectile function. Research by Yin et al. (2024) indicates that men 
who turn to donor sperm after failed ICSI cycles face increased levels of stress, anxiety, 
depression, and ED compared to those who persist with ICSI treatments [60, 61].

The psychological impact of using donor sperm often stems from feelings of 
inadequacy, concerns about losing genetic ties, and societal perceptions, all of which 
can contribute to psychogenic ED. The study reported that 82.35% of men in the donor 
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sperm group experienced ED, a prevalence significantly higher than that observed in 
both the general population and other infertility-related conditions.

Moreover, the structured timing of intercourse during assisted reproductive 
technology (ART) procedures intensifies performance anxiety, further impairing 
erectile function [62]. Timed intercourse was found to elevate the likelihood of sexual 
dysfunction in both men and women, even after accounting for factors such as age, 
medical conditions, obesity, smoking, infertility causes, and prior use of assisted 
reproductive techniques. Men undergoing timed intercourse faced a higher risk of 
ED, premature ejaculation, and hypoactive sexual desire. Key findings on erectile 
dysfunction after TESE or mTESE procedures are presented in Table 1.

6. �The silent aftermath: Long-term hormonal effects following surgery

A decline in T levels after surgery can lead to a range of long-lasting health effects 
that go well beyond sexual performance. Testosterone is also essential for maintaining 
emotional balance, cognitive clarity, and physical strength [63]. In men who do not 
receive adequate hormonal monitoring after surgery, a progressive drop in testoster-
one is often observed. This hormonal decline may manifest early as reduced libido, 
fewer spontaneous erections, and, frequently, erectile dysfunction [3, 5].

Over time, insufficient testosterone can contribute to muscle loss, increased fat 
accumulation, and weakened bones—conditions that heighten the risk of osteoporo-
sis and injury [64]. Mentally, affected individuals often experience chronic fatigue, 
irritability, low mood, and even depressive symptoms, as well as challenges with 

Section Key findings Supportive evidence References

1 Male Erectile Function 
after TESE or mTESE 
procedures

mTESE can lead to T deficiency 
even in eugonadal men. High risk 
in those with low baseline testicular 
volume or chromosomal anomalies.

Studies show hormonal 
disturbances post-
mTESE, necessitating 
monitoring

[37, 38]

2 Prevalence and causes 
of sexual dysfunction 
in infertile men

Sexual dysfunction prevalence 
varies from 8.9-68.7%, ED and 
premature ejaculation occur in 
one in six infertile men; orgasmic 
dysfunction in one in ten.

Infertility stress and 
health conditions 
impact sexual function

[8, 39–41]

3 Erectile dysfunction 
due to post-TESE 
procedure hormonal 
alterations

TESE and mTESE can cause a 
significant decline in T, typically 
recovering in 12-18 months. High 
risk in Klinefelter syndrome 
patients.

Long-term monitoring 
is essential for 
individuals with 
preexisting conditions

[6, 43–52]

4 Psychological reasons 
for ED after TESE 
procedure

Unsuccessful sperm retrieval 
increases ED risk. Psychological 
stress and hormonal changes 
contribute.

Studies highlight the 
need for psychological 
support post-TESE

[56–59]

5 The ICSI procedure 
after TESE

Using donor sperm after failed 
ICSI increases stress, anxiety, 
depression, and ED. Timed 
intercourse in ART procedures 
exacerbates performance anxiety.

Research indicates a 
strong link between 
ART stress and ED

[60–62]

Table 1. 
Key findings about erectile dysfunction after TESE or mTESE procedures.
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memory and focus. These issues may be mistakenly attributed to normal aging or 
lifestyle factors, delaying proper diagnosis and treatment [65].

There is also a growing recognition of the link between T deficiency and more seri-
ous health concerns. Research shows that men with low T levels have a greater likelihood 
of developing conditions like type 2 diabetes, cardiovascular disease, and metabolic 
syndrome, highlighting the hormone’s broader impact on overall health [66]. Notably, 
T-related erectile issues can serve as early warnings of underlying heart problems.

From a medical standpoint, assessing T in men with ongoing sexual dysfunc-
tion, fatigue, or mood disturbances is critical. When hormone replacement therapy 
is appropriate and closely supervised, it can help restore sexual drive, energy, and 
emotional well-being [67]. Still, this kind of treatment is not a one-size-fits-all solu-
tion—it requires careful consideration of the individual’s health profile. Ultimately, the 
long-term consequences of testosterone deficiency deserve more attention, as timely 
diagnosis and personalized care can greatly improve health outcomes and quality of life.

7. �Testosterone replacement therapy and alternative approaches to 
preserve spermatogenesis

Testosterone replacement therapy (TRT) is a widely used treatment for male 
hypogonadism; however, it significantly impacts spermatogenesis by suppressing the 
HPG axis. Men who develop hypogonadism following TESE or mTESE procedures 
often require TRT, but special care must be taken to preserve their fertility. To address 
these concerns, alternative therapeutic strategies have been explored to boost endog-
enous T production while maintaining spermatogenesis, particularly in men undergo-
ing TESE or mTESE [68].

7.1 Selective estrogen receptor modulators (SERMs)

Selective estrogen receptor modulators (SERMs) are drugs that act as estrogen 
antagonists in the hypothalamus and pituitary, increasing the release of gonadotro-
pin-releasing hormone (GnRH) and gonadotropins, thereby stimulating intrates-
ticular testosterone production [69]. Long-term use of clomiphene citrate has been 
prescribed for men with late-onset hypogonadism as an alternative to TRT.

Clomiphene, commonly used off-label, has shown effectiveness in enhancing 
FSH, LH, total T, and sperm concentrations. A recent retrospective study confirmed 
significant hormonal and semen quality improvements in men treated with 50 mg of 
clomiphene daily, regardless of their baseline testosterone levels. This supports the 
recommendation to consider SERMs for men with idiopathic infertility and testos-
terone below 400 ng/dL [70]. However, therapy is not without drawbacks. Up to 17% 
of men may experience a paradoxical decline in sperm parameters, which may not 
reverse upon discontinuation [71]. Furthermore, thromboembolic events and poten-
tial carcinogenesis remain concerns associated with SERMs, necessitating further 
research [72].

Additionally, while some studies and meta-analyses report improved pregnancy 
outcomes with SERM use, others show no significant benefits. These conflicting 
results could stem from differences in study design, sample size, duration, or patient 
characteristics such as age and hormonal profiles. Additionally, inconsistencies in 
how outcomes are measured, including semen analysis and hormone assays, contrib-
ute to the variability [73].
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7.2 Gonadotropins

Gonadotropin therapy is an effective method for managing hypogonadal men 
seeking fertility preservation. Human chorionic gonadotropin (hCG) alone or 
combined with human menopausal gonadotropins (hMGs) or recombinant FSH can 
restore sperm production. The concomitant use of hCG with TRT helps maintain 
intratesticular testosterone levels and prevent testicular atrophy [74].

While gonadotropin therapy has shown favorable outcomes in hormone-deficient 
patients, its effectiveness in normogonadotropic men with idiopathic infertility 
remains uncertain. A few studies suggest that combining hCG and FSH yields better 
results than using either alone, especially in severe infertility. However, trials involv-
ing normogonadotropic patients have reported mixed findings. For instance, the only 
placebo-controlled, double-blind study on hCG/hMG in idiopathic oligoasthenotera-
tospermia did not demonstrate improvements in semen parameters or pregnancy 
rates [69].

Recent meta-analyses indicate that high doses of FSH may enhance sperm count 
and motility, though evidence remains inconclusive. Some improvement in sperm 
retrieval following failed mTESE has been observed after FSH treatment, but findings 
were not statistically significant [75]. Overall, while gonadotropins show promise in 
specific subgroups, particularly those with hormonal deficits, their use in idiopathic 
or normogonadotropic infertility requires further investigation. Cost and lack of 
consistent outcomes limit their broader application, though combined therapy may 
hold potential for carefully selected patients [76, 77].

7.3 Aromatase inhibitors

Aromatase inhibitors work by blocking the aromatase enzyme, which converts 
testosterone into estrogen, thus maintaining a balanced testosterone-to-estrogen 
ratio. These inhibitors have been effective in hypogonadotropic hypogonadal obese 
men [78]. While testolactone was previously used for this purpose, it is no longer 
commercially available.

Both steroidal and non-steroidal aromatase inhibitors, such as testolactone and 
anastrozole, have been associated with improvements in sperm quality, although their 
use remains off-label [79]. In a recent retrospective study, men with higher body mass 
index and diagnosed with hypogonadism or subfertility showed marked improve-
ments in hormone levels and sperm parameters after 5 months of anastrozole therapy, 
with a 46% clinical pregnancy rate [80]. Despite these encouraging outcomes, the 
evidence remains limited by small sample sizes and lack of randomized controlled 
trials. As a result, further research is needed to better define the patient groups who 
would benefit most and to ensure the safety and long-term effectiveness of aromatase 
inhibitor therapy [81].

7.4 Selective androgen receptor modulators (SARMs)

Selective androgen receptor modulators (SARMs) are compounds designed to 
target androgen receptors in a tissue-selective manner, aiming to enhance beneficial 
androgenic effects while minimizing adverse outcomes. Unlike traditional androgens, 
SARMs do not convert into estrogen or dihydrotestosterone, reducing risks in tissues 
such as the prostate [82]. Their selective action stems from the unique way they influ-
ence androgen receptor conformation and co-regulator recruitment across different 
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tissues. Several SARMs, including enobosarm and OPK-88004, have undergone clini-
cal trials primarily focused on muscle mass and body composition. These studies have 
shown increases in lean body mass and reductions in fat mass, with minimal impact 
on the prostate. However, improvements in physical function have not been consis-
tently observed [82]. While not yet directly approved for male infertility, the anabolic 
and hormone-modulating properties of SARMs suggest potential future applications, 
pending further targeted research [83, 84].

7.5 Leydig stem cell transplantation

Leydig stem cells (SLCs) are the progenitors of testosterone-producing Leydig 
cells and are vital for male reproductive health. Found in the testicular interstitial 
tissue, SLCs possess the ability to self-renew and differentiate through several 
stages—progenitor, immature, and ultimately adult Leydig cells (ALCs). These 
stages are marked by specific morphological changes and the progressive expression 
of steroidogenic enzymes, with mature ALCs responsible for testosterone synthesis. 
Therefore, SLC-based therapies have emerged as promising alternatives without TRT 
limitations [85]. Research has shown that SLCs can be isolated using surface markers 
like CD90, CD51, or PDGFRA, and they can be directed to differentiate using specific 
growth factors (e.g., PDGF-BB, LH, and IGF-1) or transcription factors like NR5A1 
[86]. Innovations in reprogramming techniques—including CRISPR/Cas9 and chemi-
cal induction—have also enabled the generation of Leydig-like cells from fibroblasts 
or stem cells. Experimental studies have shown that transplanting Leydig stem cells 
(LSC) into animal models led to restored T production [87]. Research indicates that 
stimulating aged Leydig cells with translocator protein (TSPO) or transplanting LSCs 
into the testis can improve testosterone synthesis. While still in the experimental 
phase, LSC transplantation may offer a long-term solution for men with T deficiency 
without compromising fertility [88, 89]. Key findings on therapeutic approaches for 
preserving spermatogenesis are presented in Table 2.

7.6 Effectiveness of different therapies

The clinical effectiveness of various therapies for male infertility shows notable 
contrasts, reflecting the complexity of underlying causes and treatment responses. 
mTESE, particularly in men with NOA, yields a higher sperm retrieval rate and mini-
mal testicular damage compared to conventional biopsies. Aromatase inhibitors and 
SERMs show divergent efficacy. Aromatase inhibitors increased T but were ineffective 
in improving sexual symptoms or semen parameters and even reduced bone mineral 
density, limiting their clinical utility [90]. ​Conversely, SERMs modestly improved 
sperm concentration and morphology, and significantly raised serum gonadotropins 
and testosterone levels, with a favorable safety profile, suggesting their potential as 
alternatives to testosterone replacement therapy [91].

According to a meta-analysis of de Silva et al., in five non-randomized studies of 
interventions SERMS showed an increase in sperm concentration (pooled mean differ-
ence 6.64 million/mL; 95% confidence interval 1.54, 11.74, I2 = 0%), an increase in total 
motile sperm count (pooled mean difference 10.52; 95% confidence interval 1.46–19.59, 
I2 = 0%). In the same meta-analysis, four randomized controlled trials comparing SERMS 
to placebo showed a heterogeneous effect on sperm concentration. The results were of 
very low certainty of evidence. Limited pregnancy or live birth data were available. No 
studies comparing aromatase inhibitors with placebo or testosterone were found [92].
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In a review article, Esteves et al. evaluated hCG combined with aromatase inhibi-
tors, SERMs, or other agents. Of the 16 studies, six concerned case reports or small 
case series, whereas 10 were cohort studies comparing hormonal therapy (various 
regimens) versus no treatment in eugonadal or hypergonadotropic infertile men 
with NOA. Gonadotropin therapy (hCG ± FSH) has yielded improved outcomes in 
several cohorts [93]. For instance, Shiraishi et al. reported a 21% retrieval rate after 
hormonal stimulation, compared to 0% in untreated controls [94]. Similarly, Selman 
et al. found sperm in 22.4% of patients after therapy [95]. Collectively, while all 
interventions offer benefits, their effectiveness is context-dependent, highlighting the 
need for personalized treatment strategies based on individual hormonal and fertility 
profiles.

Leydig stem cell transplantation remains experimental, with no human clinical 
success rates yet reported, though promising results have been observed in animal 
models. Overall, hormone-based interventions may significantly improve outcomes 
in select NOA patients, but further large-scale studies are needed to validate these 
approaches and integrate them into standard clinical practice.

7.7 Ethical implications of experimental treatments

The integration of experimental therapies like selective androgen receptor 
modulators (SARMs) and Leydig stem cell (LSC) therapies in treating male 

Medical treatment Mechanism of action Outcome Level of 
evidence

References

Gonadotropins Replicate LH and FSH 
function by activating 
Leydig and Sertoli cells 
within the testes.

Increase in T, sperm 
concentration, and 
progressive motility

High [69, 74–77]

SERMs Inhibit estrogen’s 
suppressive effect on 
the hypothalamus and 
pituitary, leading to 
enhanced secretion of 
gonadotropins (LH and 
FSH)

Increase in hormone 
levels, sperm parameters, 
and pregnancy rates

Off-label 
use

[69–73]

Aromatase 
Inhibitors

Block conversion of T to 
estradiol by inhibiting the 
enzyme aromatase

Increase in T, sperm 
parameters, and 
pregnancy rates

Off-label 
use

[78–81]

Leydig Stem Cell 
Transplantation

Regenerative medicine Enhanced sperm quality 
and hormone levels, 
elevated expression 
of fertility-associated 
markers, and fertility rate

Off-label 
use

[85–89]

Selective Androgen 
Receptor 
Modulators

SARMs interact with 
androgen receptors (AR), 
triggering gene expression 
and producing selective 
effects in androgen-
sensitive organs.

Increase in T levels Off-label 
use

[82–84]

Table 2. 
Summary of therapeutic approaches for preserving spermatogenesis.
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infertility raises several ethical concerns, particularly as these interventions move 
closer to clinical use. SARMs, developed to target androgen receptors with tissue 
specificity, show promise in avoiding adverse effects on the prostate and cardio-
vascular system. However, their potential to influence reproductive functions and 
long-term health outcomes in offspring remains underexplored. This creates a 
need for caution and comprehensive ethical oversight, especially given the lack of 
long-term safety data [83].

The most complex ethical considerations arise with the use of LSC-based thera-
pies. Generating Leydig-like cells from stem cells or reprogrammed fibroblasts offers 
an innovative way to restore testosterone production, but also introduces concerns 
about genetic manipulation, long-term integration into human tissue, and unin-
tended effects on offspring. Furthermore, ensuring the authenticity and stability of 
these cells before transplantation is still an ongoing challenge [84].

The integration of artificial intelligence (AI) in male infertility treatment presents 
a range of ethical implications that must be carefully addressed. One primary concern 
is the issue of informed consent. Given the complexity of AI systems, patients may 
struggle to fully understand how decisions regarding embryo or sperm selection are 
made. This lack of transparency can compromise their autonomy and ability to make 
well-informed choices. Moreover, the challenge of explainability in AI, particularly in 
machine learning and deep learning models, makes it difficult even for professionals 
to interpret the reasoning behind certain algorithmic decisions, potentially weaken-
ing trust in clinical outcomes [96].

Another significant issue is the impact on reproductive autonomy. While AI offers 
enhanced precision and success rates in assisted reproduction, it also risks reinforcing 
societal pressures on individuals or couples to pursue technological solutions at any 
cost, potentially leading to over-medicalization. This becomes especially relevant 
when AI is perceived not just as a tool but as a necessary step toward parenthood [97].

From a research ethics standpoint, most AI applications in reproductive medicine 
are still in experimental phases, with limited clinical validation. This raises concerns 
about premature implementation without robust data on safety and efficacy, espe-
cially considering the long-term health implications for offspring conceived through 
AI-supported methods. Additionally, there are concerns about justice and equity in 
access. Advanced AI systems may be available only in high-resource settings or spe-
cialized centers, potentially widening disparities in reproductive care. Ethical frame-
works must evolve to ensure these technologies support, rather than undermine, 
equitable and responsible infertility treatment. Together, these emerging therapies 
demand careful ethical scrutiny, patient-centered regulation, and transparent clinical 
practices [98, 99].

8. �Postoperative care strategies

Tailored postoperative care strategies, including hormonal and psychological 
support, are indispensable for mitigating the adverse consequences of hypogonadism 
in patients with unsuccessful or complicated TESE or mTESE outcomes. Hormonal 
therapies, such as exogenous TRT, are often required to restore endocrine balance 
and alleviate symptoms associated with T deficiency [100]. However, the success of 
these interventions hinges on careful monitoring and individualized dose adjust-
ments to minimize side effects. In addition to hormonal therapies, psychological 
support mechanisms, such as counseling services, are critical for addressing the 
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significant emotional toll of failed procedures [101]. By integrating these modalities 
into a cohesive postoperative care framework, healthcare professionals can improve 
both physical recovery and emotional resilience in affected individuals. Non-invasive 
monitoring techniques, such as regular blood tests for tracking hormonal fluctua-
tions, further enhance the ability to detect and manage complications promptly [101]. 
Ultimately, a multidisciplinary approach that encompasses hormonal, psychological, 
and lifestyle interventions offers the greatest potential for improving quality of life 
and long-term health outcomes for these patients [100].

Male infertility is a growing concern, with lifestyle factors playing a significant 
role in sperm health and reproductive potential. Poor dietary habits, obesity, smok-
ing, excessive alcohol consumption, and chronic stress have been linked to reduced 
sperm count, motility, and morphology [102]. Implementing lifestyle changes can 
significantly improve male fertility outcomes.

A balanced diet rich in antioxidants, vitamins, and essential minerals—such as 
zinc, selenium, and folic acid—supports healthy sperm production. Regular exercise 
helps regulate hormones, reduce oxidative stress, and maintain optimal body weight, 
as obesity is associated with hormonal imbalances and lower sperm quality. Avoiding 
smoking and excessive alcohol intake is crucial, as these substances contribute to 
DNA damage in sperm cells [103–105].

Stress management is also vital, as chronic stress can increase cortisol levels, 
negatively impacting T production and sperm parameters. Additionally, reducing 
exposure to environmental toxins, such as pesticides, heavy metals, and endocrine-
disrupting chemicals, helps maintain reproductive health [106, 107].

By adopting a healthy lifestyle, men can improve their fertility potential and 
overall well-being. Early intervention and consistency in making positive lifestyle 
choices can significantly enhance reproductive health and increase the chances of 
natural conception.

8.1 The role of counseling or support services

When TESE fails to retrieve viable sperm, the emotional toll on men—particularly 
those with NOA—can be profound. The realization that biological fatherhood may 
no longer be an option often comes with a wave of grief, identity loss, and psycho-
logical distress. For many, infertility becomes tied to deeply rooted feelings about 
masculinity and self-worth. This can lead to shame, social withdrawal, and a growing 
sense of isolation [108]. It is not uncommon for men in this situation to experience 
depression, anxiety, or a quiet detachment from their partners. The effects of failed 
sperm retrieval do not stop with the individual; relationships often suffer as well. 
Communication can break down, emotional closeness may fade, and couples some-
times find themselves drifting apart under the weight of shared disappointment [109].

In this emotionally charged context, the role of counseling becomes especially 
important. Support from mental health professionals can offer a lifeline—helping 
men come to terms with the outcome, manage their grief, and reframe their identity 
in a way that is not solely defined by fertility. Counseling also creates space for honest 
conversations between partners, encouraging emotional openness that can keep their 
bond intact [110]. Evidence shows that when psychological support is made readily 
available, men tend to cope better with the outcome and maintain a more positive 
outlook on their future. Follow-up sessions, particularly those focused on psycho-
sexual well-being, can be invaluable in addressing issues that may arise in intimacy 
and self-image [111].
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Cultural and regional differences play a significant role in shaping the psychologi-
cal experience of individuals undergoing infertility treatment. Across the globe, 
people facing infertility deal with stress, anxiety, and emotional distress, but how 
they perceive and express these emotions is often influenced by their cultural values, 
social norms, and community expectations. For example, in more collectivist societ-
ies, such as parts of Asia or the Middle East, family expectations and social roles may 
place heavier pressure on individuals to conceive, especially on women. This added 
pressure can intensify feelings of shame, failure, or isolation when treatments do not 
succeed [112]. In contrast, in many Western countries, infertility may be viewed more 
as a private medical condition, although it still impacts mental health and self-esteem. 
Studies have shown that individuals from rural regions or with lower educational lev-
els report higher stress related to infertility, possibly due to less access to support sys-
tems or healthcare services [113]. In the United States, Black and Latin patients were 
significantly more likely to feel misunderstood by healthcare providers and to express 
fears about treatment outcomes, such as side effects or birth defects, compared to 
White patients [3]. Religious beliefs also contribute to psychological outcomes, as 
some faiths place great emphasis on natural conception or the sanctity of parenthood, 
which may heighten internal conflict during assisted reproduction [114].

For clinicians and fertility teams, this means taking a more proactive stance. 
Emotional care should not be an afterthought. Instead, counseling should be part of 
routine care, especially in cases where surgical sperm retrieval has failed. Normalizing 
support, providing clear information about next steps, and validating the patient’s 
emotions and cultural settings are key elements in counseling men and their partners.

9. �Future research priorities

Future research in male infertility is moving toward a more personalized and 
precise medical approach, aiming to tailor treatments based on the biological profile 
of each patient. One major priority is the use of in vitro studies on patient-derived 
testicular cells to test therapeutic responses before clinical application. This method 
enables the identification of optimal treatment protocols, minimizing the trial-and-
error nature of current therapies and helping avoid ineffective dosing or unnecessary 
drug exposure. For instance, in vitro experiments with gonadotropins like human 
chorionic gonadotropin (hCG) have shown that Leydig and Sertoli cells respond dif-
ferently across patients, influenced by age and other factors, suggesting the potential 
for truly individualized treatments [115].

Additionally, the integration of big data, genomics, and artificial intelligence (AI) 
is reshaping infertility research. AI-driven analysis of molecular data can uncover 
hidden causes of infertility and help stratify patients based on genetic, metabolic, 
and lifestyle factors. This systems medicine approach supports the emergence of P4 
medicine—predictive, preventive, personalized, and participatory—ensuring that 
treatments align with a patient’s unique biological makeup and life context. It also 
promotes early intervention and fertility preservation in at-risk populations [116, 117].

Further studies must focus on the identification and validation of specific bio-
markers, the use of biobanks, and the development of decision-support systems 
powered by machine learning [116]. These technologies offer the potential to drasti-
cally improve outcomes by guiding therapy selection and reducing time to concep-
tion. Overall, the shift toward personalized medicine marks a critical advancement in 
understanding and managing male infertility more effectively.
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10. �Conclusion

TESE and mTESE represent critical advancements in male infertility treatment. 
However, despite their efficacy in sperm retrieval, these procedures can significantly 
impact male sexual health by altering the HPG axis, leading to potential hormonal 
imbalances, including testosterone deficiency and compensatory elevations in FSH 
and LH.

The transient decline in testosterone observed postoperatively is typically revers-
ible, but certain individuals, particularly those with preexisting conditions such as 
Klinefelter syndrome, may experience prolonged or even permanent hypogonadism.

The psychological impact of TESE and mTESE extends beyond hormonal fluc-
tuations, significantly influencing mental health, self-esteem, and interpersonal 
relationships. Men who experience unsuccessful sperm retrieval are particularly 
vulnerable to heightened anxiety, depression, and diminished sexual satisfaction. 
These psychological burdens not only affect individual well-being but also place a 
strain on romantic relationships, often resulting in decreased intimacy and dyadic 
dissatisfaction.

Given these findings, a multidisciplinary approach is essential for optimizing 
patient care. Preoperative assessments should incorporate comprehensive hormonal 
profiling, genetic screening, and psychological evaluations to identify patients at 
higher risk for postoperative complications. Postoperative management should pri-
oritize long-term hormonal monitoring, lifestyle modifications, and, when necessary, 
TRT to mitigate the adverse effects of hypogonadism. Additionally, integrating men-
tal health support, including counseling and peer support groups, can help address 
the emotional distress associated with unsuccessful sperm retrieval and infertility.
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This book examines critical challenges in male reproductive health through five 
focused chapters addressing environmental threats, cellular protection, and clinical 

interventions. From microplastic contamination and antioxidant therapies to 
congenital urological conditions, reproductive aging, and post-surgical outcomes 

following testicular sperm extraction, each chapter provides evidence-based 
approaches for contemporary clinical practice. Written for andrologists, urologists, 

reproductive endocrinologists, researchers, and trainees, this book delivers practical 
insights into the complex factors affecting male fertility and sexual health. With 

growing evidence of global declines in sperm quality and male factors contributing 
significantly to infertility cases, this resource addresses the need for an understanding 

of both risks and therapeutic strategies.
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