A .
@) http//www.cjmb.org doi) 10.34172/cjmb.2025.5043

Open Access Review

Crescent Journal of Medical and Biological Sciences
Vol. 12, No. 4, October 2025, 186-200
eISSN 2148-9696

Molecular and Cellular Mechanisms of Microbial
Infections in Male Reproductive Health and Fertility

Shima Mohammadian”, Sevil Ghafarzadeh Rad?, Farideh Akbari®, Armin Imanzadeh Ghazijahani*, Majid
Shokoohi?, Paria Yousefi Khiabani*

Abstract

Microbial infection poses a severe threat to male reproductive health, leading to a decline in fertility, reproductive dysfunction,
and the well-being of individuals. This review aimed to provide a comprehensive understanding of the molecular and cellular
mechanisms of microbial infection in altering male fertility and how the crosstalk of the microbial pathogens, host immune
responses, and reproductive tissues could manifest in a spectrum of reproductive tract disorders, including urethritis, prostatitis,
epididymitis, and orchitis, a leading cause of human infertility. Insight into the molecular mechanisms of pathogenesis in microbial
infections reveals the nature of the infection and disease progression, as well as informs the search for suitable therapeutic targets,
which is crucial for curbing the infection. Microbes’ virulence factors, attachment, and immune evasion strategies are exploited to
colonize, invade, and maintain their persistence within the male reproductive tract. The diagnosis of genital tract infections in male
reproductive health involves a thorough work-up, including microbiological, molecular, serological, and imaging procedures,
as detailed in this review. Antimicrobial therapy remains a crucial component in treating microbial infections affecting male
reproductive health. Nevertheless, the emergence of resistance, frequent adverse effects, and an increasing number of therapeutic
failures have fueled the search for novel therapeutic options. Targeting new drugs against emerging pathogens also requires a
clear understanding of resistance mechanisms. Development of precision medicine approaches, immunomodulatory therapies,
identification of novel therapeutic targets, and preventive strategies are expected to top the research priorities in the field of male
reproductive health. In summary, a combined scientific effort is necessary to overcome the complex challenges posed by microbial
infections in male reproductive health. This study will enhance our understanding of the molecular basis of disease pathogenesis,
aid in the development of targeted therapeutic interventions, and ultimately lead to the adoption of preventive and prophylactic
strategies to mitigate the effects of microbial infections on male reproductive health and fertility.
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Introduction sperm function, resulting in a significant reduction in

Microbial infections are a significant cause of male
infertility, causing molecular and cellular anomalies
during the reproductive process (1,2). Approximately
15% of couples globally are infertile, with problems in the
male accounting for 50% of the cases. Although microbial
infections have been associated with female reproductive
health, emerging studies have shown molecular evidence
of their widespread incidence and impact on male
fertility (1,3). Microbial pathogens are a diverse group
of microorganisms, including bacteria, viruses, fungi,
and parasites, that can colonize and infect various
tissues of the male reproductive tract (MRT) (1,2). These
pathogens include sexually transmitted pathogens such as
Chlamydia trachomatis, Neisseria gonorrhoeae, and human
papillomavirus (HPV), as well as non-sexually transmitted
microbes like Escherichia coli, Mycoplasma genitalium,
and Ureaplasma urealyticum (4,5). When these pathogens
invade the male reproductive system, they initiate a series
of molecular events that impair spermatogenesis and

fertility potential (5,6).

At the molecular level, microbial infections cause
inflammation, chemotaxis, and immune activation within
the MRT. Microbial pathogen-associated molecular
patterns (PAMPs) in the environment initiate immuno-
stimulation signaling by acting on Pattern recognition
receptors (PRRs) on the immune nuclei to induce the
synthesis of pro-inflammatory cytokines, chemokines,
and reactive oxygen species (ROS). Since infection-
derived inflammation can be long-standing due to the
persistent microbial colonization, it can lead to tissue
damage and fibrosis, as well as changes in the testicular
and accessory gland gene expression and function that
will affect fertility (7-9).

Furthermore, pathogens that are directly toxic to
spermatogenesis are capable of infecting germ cells
or Sertoli cells, which play crucial roles in supporting
spermatogenesis and maintaining Blood-testis barriers
(BTBs), respectively. Agents such as C. trachomatis
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and Mycobacterium tuberculosis have been reported
to infect Sertoli cells, impairing their function and the
structural integrity of male germ cells. This disruption
can undermine the nutritional and immunoprotective
function of developing germ cells, which can contribute
to spermatogenic arrest, impaired spermatogenesis, and
therefore male factor infertility (10,11).

Besides affecting spermatogenesis, infections may also
affect sperm functions and quality, where sperm viability,
progressive motility, morphological deterioration, and
DNA fragmentation are significantly compromised.
Possible causative agents of sperm CD include U.
urealyticum, M. genitalium, and other pathogens that cause
or correlate with sperm DNA fragmentation, damaging the
potential fertilizing ability of sperm. Additionally, some of
the non-recalcitrant viruses that have been identified to
cause changes in sperm quality are HIV and Zika virus
(ZIKV); studies have revealed that men infected with
these viruses experience decreases in sperm concentration
and motility, as well as viral RNA exposition in semen,
which is a risk factor leading to sexual transmission and
reproductive implications (12-14).

Therefore, elucidating the effects of microbial infections
on the molecular and cellular constituents involved
in male fertility will be crucial to providing novel and
specific approaches to diagnose and treat the effects of
microbes on male fertility. Recent studies in molecular
biology, immunology, and microbiology have shed light
on key factors and targets for therapeutic intervention
in microbial-induced male infertility. More pointedly,
understanding the complex relationships between
microbial pathogens and the male anatomical structures
that govern masculine aesthetic reproduction gives rise to
pending attempts to augment reproductive health quality
and increase fertility capacity in infected males.

Overview of Microbial Infections in Male Fertility

It is evident that bacterial infections, in particular, play
a crucial role in impaired male fertility, yet these factors
are overlooked. However, throughout history, male
reproductive health has not been given much concern.
Although present investigations demonstrated that
microbial pathogens have negative effects on male fertility,
there is still a long way to go. Bacterial infections of the
male reproductive system may be acquired from sexually
transmitted infections (STIs), recurrent or uncomplicated
urinary tract infection (UTI), and systemic infections that
involve the genitourinary (GU) tract (15-17).

The C. trachomatis, N. gonorrhoeae, and HPV are
the pathogens known to cause STIs, and are among
the common causes of male infertility (18,19). These
infections can render sperm production, maturation, and
transport impaired due to inflammation and structural
damage to the male accessory organs, such as the testes,
epididymis, and seminal vesicles (12). Moreover, STIs
may elicit inflammatory reactions that interfere with the

physiologic homeostasis in the MRT, which could be a
driving factor for infertility as well (20).

Many other scientifically proven infectious agents,
apart from those that are sexually transmissible, can also
affect fertility in males; these include bacterial, viral,
fungal, and parasitic agents (6). Some bacteria capable
of causing colonization in the GU system include E.
coli, M. genitalium, and U. urealyticum, among others.
These bacteria may cause UTIs, prostatitis, and similar
conditions. These infections might cause changes in
sperm attributes such as viability, swimming ability, and
their overall genomic integrity, which in turn affects male
fertility (6,21).

VBs, such as HIV, HBV, and ZIKV, have been
implicated in the reduction of sperm production and
function among men (12). Both HIV and HBV are
sexually transmitted diseases or are transmitted through
blood contact, affecting the systemic immune system,
and might also lead to damage to sperm characteristics
(12). Non-sexual transmission of ZIKV through the
Aedes mosquito threatens testicular inflammation,
impaired spermatogenesis, and the continuation of the
virus in semen, which increases the likelihood of sexual
transmission and issues related to reproduction (7).

In addition, fertility can also be affected by a few
other factors, such as fungal and parasitic infections (5).
Smear: Fungal infections, including candidal balanitis
and epididymo-orchitis, can affect sperm quality
and productivity. Some parasitic diseases, such as
schistosomiasis and filariasis, can cause GU pathology,
including azoospermia, which occurs when sperm are
obstructed at the seminal vesicles, thereby hindering
sperm delivery and fertilization (22,23).

In total, microbial infections reflect a spectrum
of pathogens with considerable potential to exert
significant influences on male fertility through various
inflammations, tissue damage, immune dysfunction,
and specific toxicities to spermatozoa. It is crucial to
ascertain the prevalence of microbial infections among
male infertility patients to understand the development of
such infections and their medical implications, to ensure
accurate diagnosis, to administer appropriate treatment,
and ultimately to prevent the dissemination of infections
that compromise reproductive health in men (23).

An overview of these pathogens and their impact is
provided in Figure 1, and Table 1 summarizes common
microbial pathogens affecting male fertility and their
effects.

Molecular Mechanisms of Microbial Pathogenesis
Microorganisms have diverse strategies to acquire
tissue access, tropism for specific host cells, and immune
evasion mechanisms to perpetrate infection and impair
male fertility within the male reproductive system (24).
Knowledge of these complex cellular mechanisms is
essential for identifying the molecular basis of various
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Figure 1. Overview of Microbial Infections in Male Fertility.

infections leading to reproductive complications and for
creating prospective treatment strategies (24,25).
Adhesion and invasion: Microbial pathogens interact
with their host by attaching themselves to epithelial cells
found in the male reproductive system through adhesins
and by effectively entering these cells. Attachment to
the mucosal layers helps microbes settle, while entering
host cells enables them to remain within the host
and disseminate throughout the body. For instance,
C. trachomatis and N. gonorrhoeae indirectly adhere
to epithelial cells with the help of adhesins and outer
membrane proteins to penetrate the mucosal epithelium,

thus causing infection (26-28).

Immune evasion: For example, microbial pathogens
that infect the male reproductive system have developed
multiple mechanisms by which they can circumvent host
immune responses and maintain themselves as chronic
Residents in the tract (29,30). They include changes in
surface proteins as a means of evading the host’s immune
system, the ability to alter host cytokines and chemokines,
as well as the inhibition of host production of antimicrobial
peptides (M. genitalium and U) (31). Candida urealyticum
has been found to cause acute infections due to its ability
to change its membrane antigens and inhibit cytokine
production, thereby evading immune system attacks
and leading to chronic colonization of host tissues and
persistent inflammation (31,32).

Tissue  damage and  inflammation:  Testicular
inflammation and tissue injury are consequences of
microbial pathogens, toxins secreted by pathogens, and
inflammatory molecules present in male reproductive
tissues (33,34). These factors interfere with the epithelial
lining, attract more leukocytes, and induce the synthesis
of pro-inflammatory cytokines that cause tissue damage
and impaired function. For example, E. coli can secrete
toxins and endotoxin lipopolysaccharides (LPS), which
cause inflammation in the prostate and seminal vesicles,
leading to the development of chronic prostatitis and
seminal vesiculitis (35,36).

Modulation of spermatogenesis: Bacteria and other
microbes, therefore, potentially have a direct effect
on spermatogenesis and sperm function, as they are
known to interfere with the testes and epididymal
microenvironments. Intracellular pathogens, including
Mycobacterium tuberculosis and viruses such as the
ZIKV, can affect germ cells and Sertoli cells, leading to
degeneration of spermatogenesis and impacts on sperm
quality. Further, infection, inflammation, and oxidative
stress that often occur with microbial infections cause
sperm DNA damage and reduce sperm intensity and
vitality (7,36,37).

Dysregulation of host signaling pathways: In this context,
microbial pathogens can subvert cellular signaling to
maintain their viability and proliferation in the male
reproductive tissue. A pathogen is not only able to

Table 1. Summary of Common Microbial Pathogens Affecting Male Fertility and Their Effects

Pathogen Transmission Mode

Primary Target in the Male Reproductive Tract Main Effects on Fertility

Chlamydia trachomatis Sexual

Neisseria gonorrhoeae Sexual
Mycoplasma genitalium
Escherichia coli Ascending UTI, sexual

Zika Virus (ZIKV) Mosquito, sexual Testis, semen

HIV Sexual, blood

Sertoli cells, epididymis

Urethra, prostate, and seminal vesicles
Sexual, urogenital colonization Germ cells, sperm DNA

Prostate, seminal vesicles

Testis, immune system

Inflammation, meiotic defects, and reduced
motility

Structural damage, sperm quality reduction
DNA fragmentation, impaired motility
Inflammation, toxin-mediated sperm damage

Decreased sperm count/motility, RNA in semen

Reduced concentration/motility, immune
suppression
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modify extracellular signals but also to interfere with
cellular signaling pathways, which regulate events like cell
division, death, and immune response. For instance, HPV
disrupts the host cell cycle regulation and interferes with
apoptosis to enable the virus to remain in the host cells
and promote oncogenic alteration to cells lining the male
genital tract (38-40).

In conclusion, the three aspects of microbial
pathogenesis—the processes of microbial adhesion,
invasion, and evasion of the host's immune defenses,
damage to host tissue, and alteration of spermatogenesis
and signal transduction pathways—are intricate processes
that are not yet fully understood. Understanding these
mechanisms is imperative for the creation of new anti-
microbial therapeutic approaches and the management
of microbial influence on male fertility (41,42). The key
molecular mechanisms are summarized in Table 2.

Impact of Microbial Infections on Spermatogenesis
Various infections by microbes in the male reproductive
organs have been shown to interfere with spermatogenesis
significantly — the process by which spermatogonia or
male germ cells differentiate through mitosis, meiosis,
and spermatogenesis to form mature spermatozoa.
Spermatogenesis occurs in the seminiferous tubules of the
testes, involving coordinated cell signaling processes at the
molecular level. Through diverse mechanisms, bacterial
and viral pathogens can disrupt spermatogenesis, sperm
morphology, and function, adding to male infertility
(16,43,44).

Disruption of spermatogonial stem cells: spermatogonial
stem cells can also be affected by microbial infections
because they are involved in essential spermatogenesis
processes throughout adulthood. These include direct
infection of spermatogonial stem cells and induction of
apoptosis, which reduces the pool and the capability of
spermatogonial stem cells to sustain spermatogenesis,
for example, through the pathogen of mumps that causes
orchitis. Also, the inflicted microbial infections can cause
inflammation and oxidative stress to the body, hence
altering the seminiferous tubules’ microenvironment,
which is detrimental for spermatogonial stem cell (43,45-
47).

Impairment of meiosis: Meiosis is another vital process
of spermatogenesis. The spermatocytes at this stage of
spermatogenesis are made to undergo two divisions

of cell division to form haploid spermatids. Since
microscopic organisms are capable of disrupting meiotic
functions, disturbances in chromosomal structures and
spermatogenesis may result in meiotic arrest. For instance,
C. trachomatis and M. genitalium are causative agents for
meiotic defects and aberrations in the sperm morphology,
which suggest increased interference with the meiotic
process (48,49).

Sertoli cell dysfunction: Sertoli cells play a crucial role
in spermatogenesis, providing key factors that support
the architectural and endocrine development of germ
cells (48,49). It was also found that microbial infections
may potentially affect Sertoli cells, altering their functions
in the process and subsequently impacting germ cells
(43). For example, intracellular pathogens such as HIV
and Mycobacterium tuberculosis can directly infect
Sertoli cells, leading to a decrease in the production of
growth factors and cytokines essential for regulating the
maturation process of germ cells. Hence, this disruption
can cause loss of germ cells, spermatogenic arrest, and, in
the process, hinder the formation of sperm (43,50).

Testicular  inflammation and  fibrosis:  Microbial
infections are often acute and may ascend to the testicles
and cause inflammation (orchitis) and fibrosis, which will
impair spermatogenesis even further (5). The production
of pro-inflammatory cytokines and chemokines during
infection leads to tissue injury, disruption of the blood-
testis barrier, and affects the development of germ cells.
It is crucial for spermatozoa production, and a distorted
interstitial structure may impair the movement of
germ cells or alter the micro-environment required for
spermatogenesis and result in azoospermia (50, 51).

Oxidative Stress and DNA Damage: The organisms
infecting the males cause oxidative stress in the testes,
which in turn creates free radicals known as ROS that affect
the germ cells’ DNA and negatively impact sperms. In
this regard, recent data evidence that ROS, depending on
their quality and concentration, may cause chromosomal
aberrations, DNA fragmentation, and apoptosis of
developing germ cells. Furthermore, the exercise can
result in oxidative stress that affects the mitochondria
and sperm mobility, thereby affecting fertility in males
(33,46,47).

In summary, microbial infections have numerous
direct and indirect consequences on spermatogenesis,
destabilizing the intricate balance of signaling pathways

Table 2. Molecular Mechanisms of Microbial Pathogenesis in the Male Reproductive Tract

Mechanism Examples

Effect on Fertility

Adhesion & invasion

Immune evasion

Tissue damage & inflammation LPS from E. coli
Modulation of spermatogenesis M. tuberculosis, ZIKV infection

Host signaling dysregulation HPV alters the cell cycle/apoptosis

Adhesins in C. trachomatis, OMPs in N. gonorrhoeae

Antigenic variation in M. genitalium, U. urealyticum

Establish infection, disrupt mucosal barrier
Chronic infection, persistent inflammation
Prostatitis, seminal vesiculitis
Germ cell loss, sperm defects

Oncogenesis, testicular dysfunction
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responsible for generating morphologically and
biochemically competent spermatozoa. Overall, to
effectively manage the bacterial infections that affect
spermatogenesis and the resulting negative effects on
male fertility, it is crucial to understand the impacts that
these organisms cause on spermatogenesis in an attempt
to formulate efficient and effective treatment methods to
counter them (33). The multifaceted impact of infections
on spermatogenesis is illustrated in Figure 2 and detailed
in Table 3.

Cellular Responses to Microbial Infections in the Male
Reproductive Tract

The prostate is an organ in the MRT. It could be regarded
as an organ of immune defense, capable of recognizing
and eliminating microbial threats to the host organism.
To highlight the primary characters and events of the
research, the following statements have been constructed
as headings: Roles of the MRT in initiating immune
response against microbial invasions; Overview of the
immune cells and molecules involved in the defense
responses against infections in the MRT. Nevertheless,
the invading microbial pathogens have ways of escaping
the immune system’s detection and remain resident in
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Spermatocytes stress
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Figure 2. Effect of Microbial Infections on Spermatogenesis and Male Fertility.

the Prostate and other accessory glands of the MRTs,
where they cause actual inflammation, tissue damage, and
impaired male reproduction (52,53).

Innate immune responses: Males” gonadal tissue exhibits
innate immune responses, including macrophages,
dendritic cells, neutrophils, and epithelial cells, which
defend the body against microbial infections. These
cells contain PRRs, including Toll-like receptors (TLRs),
nucleotide-binding oligomerization domain (NOD)-like
receptors (NLRs), that detect PAMPs — molecules found
on the surfaces of microbes. This is because activation of
PRRs results in the activation of intracellular signaling
pathways that result in the generation of pro-inflammatory
cytokines, chemokines, as well as antimicrobial peptides,
thus enhancing inflammation and recruitment of other
immune cells to the site of infection (54,55).

Adaptive immune responses: In addition to non-specific
defensive mechanisms, the MRT has specific advantages
in antimicrobial defense, including T cells, B cells, and
other cells that generate active, specific reactions to
microbial pathogens. The effector T cells include the T
helper cells and cytotoxic cells, which coordinate cell-
mediated immunity and directly help in the immune
response against the infected cells (56,57).

T cell activation and differentiation are then observed in
effector T cell subsets, including Th and cytotoxic T cells,
which coordinate cell-mediated immunity and direct the
immune response against infected cells. Unlike T cells, B
cells secrete and release molecules into the bloodstream
called antibodies that identify and coat potential
hazardous pathogens, also known as microbial antigens,
to make them recognizable by other cells in the immune
system and render them harmless (58-60).

Immunoregulatory mechanisms: The immunomodulatory
aspects of male reproductive system organs help control
inflammation and tissue damage associated with the
overactivation of the immune system. Tregs are uniquely
positioned to exert suppressive influences on immune
functions, thereby abrogating autoreactivity —and
reactivity to microbial symbionts. Also, there are other
immunosuppressive cytokines, including interleukin 10
(IL-10) and transforming growth factor beta (TGF-f),
which inhibit immune response and encourage healing and
tissue repair when microbes are cleared from the affected

Table 3. Impact of Microbial Infections on Spermatogenesis

Process Affected Mechanism Example Pathogens

Spermatogonial stem

; Direct infection, apoptosis  Mumps virus
cell survival

C. trachomatis, M.
genitalium

. Chromosomal defects,
Meiosis L
meiotic arrest

Direct infection, reduced

growth factors HIV, M. tuberculosis

Sertoli cell function

Various bacteria/

Orchitis, fibrosis A
viruses

Testicular structure

ROS-induced

DINA Iz 17 fragmentation

U. urealyticum, HIV
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tissue (60-62).

Immunoevasion strategies of microbial pathogens: These
microorganisms have developed various factors for
immune evasion and are capable of setting up resident,
chronic infections in the male reproductive organs. These
alterations involve modifications to the host cell signaling
pathway, including the suppression of mechanisms that
facilitate the engulfment and degradation of pathogens and
antigens, as well as the synthesis of factors that counteract
the host immune system. For instance, C. trachomatis is an
intracellular bacterium that promotes bacterial survival by
subverting host cell apoptosis and inhibiting phagosome-
lysosome fusion. In contrast, extracellular bacterial
pathogens such as E. coli can secrete agents that hinder
phagocytic ingestion and neutrophil migration (62-64).

Dysregulation of immune responses: The aforementioned
chronic microbial infections establish microenvironments
in the MRT where immune responses may become
dysregulated, contributing to inflammation, tissue
injury, and potentially impaired reproductive function.
Mycobacterium can theoretically interfere with T
cells by exposing them to microbial antigens over a
prolonged period, eventually exhausting and impairing
their function and ability to control the source of the
infection. Furthermore, pro-inflammatory cytokines
and chemokines lead to further tissue damage, as well as
fertility problems (65,66).

A conclusion, based on the findings regarding cellular
responses to microbial infections, is that these processes
in the MRT are complex and invulnerable, integrating
the intricate interactions of the initial and the secondary
immune responses. Knowledge of mechanisms of
intracellular host defense is critical to dissecting the
complexity of RTIS pathophysiology and for the

Microbial Factor

development of strategies to protect male fertility and
RE reproductive health (66, 67). The molecular pathways
leading to testicular apoptosis are depicted in Figure 3.

Immunological Responses and Inflammation

Having established the immunological deployment
in the protection against microbial pathogens in the
male reproductive system, let us delve deeper into
immunological responses and inflammation (68). When
they come into contact with microbial pathogens, the
immune system synchronously initiates mechanisms that
may remove the pathogens and rebuild tissue balance.
It is also essential to appreciate that inflammation may
be associated with pathologic conditions, which can
contribute to tissue injury and reproductive disorders.
There is an apparent need for understanding how
immunological reactions and inflammation interact with
each other for better comprehension of the microbial
pathogens that cause reproductive tract infections, and to
devise an appropriate therapy (69,70).

Innate immune recognition: The innate immune
system is a defense mechanism in mammals that responds
immediately to microbial infection through the use
of PRRs that recognize conserved molecular patterns
on the surface of infectious pathogens. Other PRRs
include TLRs, NLRs, and retinoic acid-inducible gene I
(RIG-I)-like receptors (RLRs), which play a crucial role
in detecting microbial molecules that help trigger an
immune response. Stimulation of PRRs initiates signaling
pathways within the host cells that have constructive
consequences, such as the production of inflammatory
mediators, cytokines, chemokines, and peptides, as well as
antimicrobial peptides to fight the pathogen and immune
cell recruitment to the infection site (71,72).

Microbial infection
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Figure 3. Cellular and Molecular Effects of Microbial Factors on Testicular Apoptosis.
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Cellular infiltration and activation: When a microbial
pathogen infects tissues, various immune cells, such
as neutrophils, macrophages, and dendritic cells, are
recruited to the infected sites, where they neutralize the
pathogens through phagocytosis and the release of ROS
and antimicrobial peptides. Anti-inflammatory drugs
inhibit the production of prostaglandins and other lipid
mediators involved in inflammation. At the same time,
immunosuppressive agents suppress the activation of
T cells and other components of the immune system.
Indeed, differentiation of CD4 T helper cells and CD8
cytotoxic T cells plays critical roles in the organization of
immune reactions by producing cytokines, stimulating
other immune cells, and direct lysis of cells affected by the
virus (73-76).

Inflammatory mediators: Pro-inflammatory mediators,
including cytokines, chemokines, and lipid mediators,
play a crucial role in orchestrating inflammation through
immune activation, immobilizing cells, and regulating
their functions. TNF-a and IL-1 stimulate the immune
response and enhance inflammation, while IL-6 has both
inflammatory and anti-inflammatory properties. On the
other hand, while IL-10 and TGF-p reduce inflammation
and facilitate tissue repair or the resolution process (77,78).

Tissue damage and repair: In this case, inflammation,
which is crucial in combating microbial pathogens, may
become detrimental through the production of free
radicals that can cause tissue destruction and compromise
reproductive capabilities. These include pathogen-derived
toxins and host-derived inflammatory mediators / cellular
components such as complement, free radicals, and
cytotoxic T cells, which, while participating in the immune
response, can damage host tissues and impair their
function. On the other hand, anti-inflammatory cytokines
and pro-resolving lipid mediators that occur naturally also
work to resolve inflammation by mediating tissue healing
following the eradication of microbes (79,80).

Dysregulated inflammation and reproductive dysfunction:
Chronic inflammation or inflammation that is prolonged
within the male genital area can lead to male reproductive
disease and some extent of infertility. Inflammation
resulting from chronic microbial infections or autoimmune
reactions tends to affect spermatogenesis, reducing
sperm motility and overall fertilizing capacity. These
inflammatory conditions cause pathological changes to
the testes through processes like orchitis, epididymitis, and
prostatitis, leading to obstructions in the epididymis and
impaired functions of the seminal vesicles, conclusively
disturbing the production, maturation, and transport of
sperms (81).

Combinedly, the immune system and inflammation
are highly significant in the protection against microbial
invasions in the MRT. Conversely, inflammation can
also be pathogenic, causing tissue injury and impairing
fertility. Understanding immunological responses and
inflammation in microbial-induced reproductive tract

infections is crucial, as advances in treating conditions
affecting male fertility and resolving inflammation are
essential to safeguarding male fertility.

Role of Microbiota in Male Fertility

The MRT harbors a complex community of
microorganisms, known as the microbiota, which
contributes to the overall health and fertility of the
individual. Recent literature suggests that the microbiota
plays a role in several processes of male reproductive
physiology, including sperm development, maturation,
and motility. The relationship between the microbiota
and male fertility involves a complex interaction between
the human body and the microbiota of the MRT, and an
understanding of this interplay is vital for the elucidation
of reproductive disorders as well as the identification of
new therapeutic targets (82,83).

Microbiota composition: The MRT is colonized by a
diverse array of microorganisms that form a dynamic
microbial community, comprising bacteria, viruses, fungi,
and others. The male urogenital system includes the
urethra, prostate gland, seminal vesicles, and epididymis,
each of which harbors distinct microbiota. Species of
bacteria that are usually isolated from the male urethra
consist of lactobacilli, corynebacteria, staphylococci, and
ureaplasmas, among others (17,84).

Mechanisms of a healthy microbiota: A balanced,
commensal-dominant microbiota supports male fertility
through multiple mechanisms. Beneficial bacteria produce
metabolites, such as short-chain fatty acids (e.g., butyrate),
that possess anti-inflammatory properties, helping to
maintain testicular and accessory gland homeostasis and
reduce oxidative stress. Furthermore, commensals provide
colonization resistance by competing with pathogens for
nutrients and adhesion sites, thereby preventing their
overgrowth and colonization. They also contribute to
maintaining the integrity of the epithelial barrier within
the reproductive tract, thereby limiting the translocation
of pathogens and their inflammatory products.

Sperm quality and function: Recent literature reveals that
MRT microbiota play a significant role in spermatogenic
capacity and sperm functionality. Microbiota in the
reproductive tract of female also secretes metabolites and
signaling molecules that affect the physiological condition
of sperm, such as their motility, viability,and DNA damage.
Disruption of the RT microbiota has been implicated in
poor sperm quality, including low concentration, low
motility, poor morphological appearance, and high levels
of induced sperm DNA fragmentation, which affects
tertility in men (17,82).

Immune modulation: The author identifies that
the microbiota present within the MRT modulate or
influence immune cells, cytokines, and inflammation.
This suggests that commensal bacteria play a crucial role
in immune homeostasis and tolerance by influencing the
development of regulatory T cells, also known as Tregs,
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as well as by releasing anti-inflammatory cytokines.
Conversely, a state of dysbiosis, characterized by an
overgrowth of pathobionts (e.g., certain Ureaplasma or
Mycoplasma species), can trigger a pro-inflammatory
response. This includes the production of cytokines such
as IL-6 and TNF-a, which lead to chronic inflammation,
autoimmune-like responses, and oxidative stress within
the testes and seminal plasma. This inflammatory milieu
is directly detrimental to sperm production and function.
Killer microbial communities affect the immune system,
resulting in chronic inflammatory response, autoimmune
responses, and inflammation, causing damage to tissues,
certain hormones, and the testes that hinder sperm
production and their activity (82,85).

Protection against pathogens: The MRT microbiota is an
ecosystem of microorganisms that inhabit the male tracts,
which is useful in preventing pathogenic microorganisms
from colonizing the body by providing competition and
thereby enhancing the health of the male reproductive
organs. Alteration of the microbiota can also impede the
growth of potential pathogens through competition for
nutrients, sharing of adhesion sites, synthesis of peptides
that inhibit microbial growth, and immunomodulation.
Violation of this protective barrier by, for instance, the use
of antibiotics, changes in the individual’s environment,
or several other factors may disrupt the microbiota
composition, resulting in a higher susceptibility to
infections, which may further affect fertility in males
(86,87).

Reproductive tract disorders: Mendis explains that
changes in the MRT microbiota are considered to play
a causal role in various reproductive system disorders,
including prostatitis, epididymitis, and infertility. The
alteration of the microbiotas composition may result
in inflammation, oxidative stress, and tissue damage,
ultimately leading to these diseases. In a dysbiotic state,
the direct interaction of pathobionts with sperm can
further impair motility. The associated oxidative stress
leads to sperm membrane lipid peroxidation and DNA
fragmentation. In addition, infections with pathogenic
microorganisms such as C. trachomatis, M. genitalium
group C, and U. urealyticum have also been implicated
in low sperm densities, essential impairment of sperm
qualities, inflammation of the accessory gland, and
infertility in males (88,89).

In conclusion, the microbiota plays a crucial role in
regulating male fertility by influencing sperm quality,
immune function, and the ability to eliminate pathogens.
Imbalances in microbial communities within the MRT
have been found to interfere with fertility and lead to
reproductive disease, confirming the significance of a
proper microbiota for preserving fertility. These findings,
while contributing towards increasing the understanding
of the mechanisms of male fertility and reproductive
health, call for further studies on microbiota and its
impact on men’s reproductive health for effective targeted

intervention in cases of male reproductive disorders and
infertility.

Diagnostic Methods for Detecting Microbial Infections
in Male Reproductive Health

Microbial infections have a significant impact on male
fertility or potential fatherhood; therefore, identification
of these infections in the male reproductive system for
diagnostics, therapy, and prevention of reproductive health
disorders is crucial. There are several conventional and
innovative methods of identifying microbial pathogens in
the male reproductive system that possess strengths and
weaknesses (90-92).

This section provides an overview of the diagnostic
methods commonly used to detect microbial infections in
male reproductive health:

Microbiological culture: Microbiological culture remains
the gold standard method for detecting microbes in
clinical samples collected from the male genital area.
For example, the medium used for specimen inclusion
includes semen, urethral swabs, or prostatic fluid, etc. The
biochemical reactions on selective and differential media,
as well as in specific conditions favoring the growth
of the microbiological organism, are then initiated.
The identification of microbial colonies through their
differentiation by using colonial morphology, biochemical
tests, and susceptibility profile helps in reaching an
accurate etiological diagnosis of the bacteriological,
mycological, and virological infections (17,93,94).

Polymerase chain reaction (PCR): PCR-based methods
can recognize microbial nucleic acids present in infected
clinical specimens, making them suitable for diagnosing
genital infections in males. PCR assays can be designed
to amplify conserved DNA sequences present in all
members of a particular microbial species or to target
pathogen-specific virulence genes, thereby confirming
the presence of actinobacterial, bacterial, viral, and
fungal pathogens with a very high level of sensitivity and
specificity. High-sensitivity real-time PCR techniques
enable the identification of microbial DNA targets with
efficiency and specificity, useful in diagnosing infections
and assessing disease progress or response to treatment
(95,96).

Nucleic acid amplification tests (NAATs): NAATs
encompass a broad category of molecular methods that
utilize PCR, transcription-mediated amplification, and
loop-mediated isothermal amplification to amplify and
detect microbial nucleic acids in clinical samples. They
offer high sensitivity, specificity, and rapidity, along with
the features of a multiplex format, for detecting multiple
pathogens simultaneously. NAATs are commonly applied
for routine detection of STIs, including chlamydia,
gonorrhea, and M. genitalium in male urethral swabs (97,
98).

Serological assays: Serological assays involve detecting
the presence of specific antibodies to microbial antigens
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in serum or other body fluids, indicating past infection
with the microorganisms. The screening using serological
assays can be a standard method for identifying viral
diseases, including HIV, Herpes simplex virus (HSV),
and HPV, in males. Starch-iodine complex formation
has already been established as an analytical signal, and
optimization of this reaction is a promising approach for
developing new, highly sensitive immunochemical assays
(99).

Microscopic examination: Histopathological examination
of clinical specimens enhances the observation of microbial
pathogens, host cells, and inflammatory characteristics
when viewed under the microscope. Gram staining, acid-
fast staining, and potassium hydroxide (KOH) wet mounts
are the most commonly used impregnation methods
employed in microscopy for identifying the presence
of different bacteria, mycobacteria, fungi, or parasites
in male genital samples. Besides, immunofluorescence
microscopy can be used in clinical diagnosis to visualize
specific viral antigens/nucleic acids in clinical specimens
(100,101).

Point-of-care tests (POCTs): Several advantages are
associated with POCT devices, including the rapid and
decentralized diagnosis of microbial infections within
male reproductive health clinics. A principal characteristic
that has been developed in POCTs is the need to allow
for easy accessibility without the need for professional
expertise or special equipment as well as being convenient
to transport from one place to another rapid antigen tests,
immunochromatographic assays, and nucleic acid-based
POCTs that are currently available for diagnosing various
STIs and other genital infections in males are noninvasive,
easy to perform, rapid and acceptable in resource
restrictive settings (102,103).

As mentioned above, when diagnosing microbial
infections in male reproductive health, a combination of
microbiological, molecular/serological, microscopic, and
point-of-care diagnostic methods can be employed. The
selection of diagnostic tests depends on factors such as the
likely causative pathogen, clinical signs and symptoms,
the type of sample used for laboratory analysis, and the
technology available in the lab, aiming for an accurate
and timely diagnosis to improve patient management

Table 4. Diagnostic Methods for Microbial Infections in Male Reproductive Health

and prognosis. The primary diagnostic methods, along
with their advantages and limitations, are summarized in
Table 4.

Therapeutic Approaches and Management Strategies
Male reproductive health is a complex field that involves
microbial infections that can only be cured or managed
using an approach that targets the pathogen while
offering relief to the patient, and uses tactics that prevent
the development of complications and fertility issues.
Treatment may involve antimicrobial agents, supportive
care, and lifestyle modifications in the context of long-
term care and possible surgical intervention, where the
etiology of the infection is known and the severity and
clinical manifestation of symptoms are considered (104).

This section outlines the therapeutic approaches and
management strategies commonly employed for treating
microbial infections in male reproductive health:

Antimicrobial therapy: Antimicrobial agents are the
foundation of managing microbial infections in male
reproductive health, encompassing bacteria, viruses,
fungi, and parasites of various types. The appropriateness
of antimicrobial agents varies depending on the potential
or confirmed pathogen, along with its resistance profile
and evidence-based protocols. Antimicrobial drugs might
be systemic, including antibiotics, antivirals, antifungal,
and antiparasitic, and might be local, like topical or IV, if
the infection is severe (105).

Empiric therapy: This is a treatment administered in
cases of uncertain etiology or when the results of related
diagnostic tests are pending. Empiric therapy should thus
depend on such factors as the prevalence of organisms in
the region, levels of resistance, and clinical manifestations.
C. trachomatis, N. gonorrhoeae, and E. coli are the most
frequently observed pathogens of the male genital
tract; Candida species can also be present. In extended-
spectrum STTIs, the initial broad-spectrum antimicrobial
agents can be prescribed (106,107).

Targeted therapy: Thus, after the causative agent has
been identified and the results of the antibiotic sensitivity
test are reported, it is possible to select an individualized
approach to prescribing antimicrobial drugs for patients.
For the identified pathogen, narrow-spectrum antibiotic

Method Description

Advantages

Limitations

Growth of pathogens from

Microbiological culture .
semen/urine

Identifies live organisms, resistance
testing

Time-consuming, some
microbes are unculturable

PCR Amplifies pathogen DNA/RNA  High sensitivity/specificity Requires lab equipment
NAATs Multiplex nucleic acid detection Rapidly detects multiple pathogens Costly

Serology Detects antibodies to pathogens  Useful for viral infections May not detect acute infections
Microscopy Staining, histopathology Quick, low-cost ;gx;ggilstmty for some

POCT On-site rapid tests Immediate results Often less sensitive than lab

methods
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or antiviral treatment may be deemed appropriate to
reduce the risk of development or resistance, toxicity, and
harm to the host’s other bacteria and viruses (108).

Combination therapy: In instances where polymicrobial
anaerobic or mixed microbial infections prevail,
combination antimicrobial therapy is often necessary
to ensure optimal outcomes by targeting the different
organisms. The combined use of drugs with synergistic
or additive anti-microbial activity can overcome existing
resistance factors, thereby decreasing the chances of
treatment failure and the development of resistance to
the drugs used. Nevertheless, a general knowledge of
the combinations of antimicrobial medicines and an
understanding of the possible interconnections and side
effects of the drugs in a patient are critical in achieving the
best results (109,110).

Supportive care: In conjunction with antimicrobial
treatment, symptomatic measures can be employed as an
integral part of supportive therapy to alleviate suffering
and facilitate the healing process. This can be managed by
providing pain-relieving agents, anti-inflammatory drugs,
antipyretics, and topical applications in cases of lesions,
itching, and discomfort related to genital infections. Other
measures of supportive care that would also be essential in
getting back on one’s feet and avoiding complications are
taking enough fluids, getting enough sleep, and observing
good hygienic practices, as advised by the doctors (111-
113).

Surgical interventions: At times, conditions of genital
infections can worsen, necessitating medical surgery
to perform incision and evacuation for abscesses,
debridement of necrotic tissue, or to repair structural
damage, thereby facilitating the growth of the disease.
Absolute indications for surgery are abscess drainage,
debridement, urethral stricture dilation, or circumcision
in cases where the symptoms represent an impediment to
the patient and the infection has the potential to spread
systemically or compromise tissue integrity. The physician
is advised to consider the specific surgical approach based
on clinical examination and investigation results, as well as
in collaboration with other specialists if necessary (114).

Generally, treating bacterial infections in the MRT
requires a mostly personalized approach that considers
the causative agents, their antibiotic susceptibility, the
severity of the infection, and patient-specific factors.
Because UTIs can affect fertility and reproductive health,

Table 5. Therapeutic Approaches

urologists, infectious disease specialists, microbiologists,
and reproductive health experts should be involved in a
patient’s care to ensure effective treatment and reduce the
risk of complications and impacts on male fertility and
reproductive function. A summary of these treatment
strategies is provided in Table 5.

Future Directions and Emerging Research Areas

Given these perspectives on male microbial-associated
health, several research horizons and apparent nascent
research directions have emerged in the present
study, which can provide clues to the development of
pathogenesis, diagnostics, treatment, and prevention
strategies.

This section highlights some of the future directions and
emerging research areas in the field of male reproductive
health:

Microbiome studies: Indeed, the emergence of high-
throughput sequencing technologies, coupled with the
use of metagenomic approaches to study the microbiome
of the MRT, has significantly altered our understanding
of the microbiome in health and disease. Subsequent
investigation endeavors should be directed toward
understanding the components and structures, as well
as the functional variability, of the MRT microbiota in
diverse groups of men and beyond healthy subjects.
Future investigations utilizing longitudinal designs to
evaluate the dynamic relationships among the microbiota,
host immunity, and their impacts on reproductive health
may help to unravel the underlying causes of microbial
imbalance, and to identify potential intervention methods
to re-establish the optimal balance of the microbiota (115-
117).

Host-pathogen interactions: Sincethe MRT isaspecialized
site for microbial colonization and propagation, it is
crucial to identify the molecular interactions between the
host and pathogen, as well as the immune defense systems
and pathogen physiology. Prospective studies should focus
on the mechanisms by which microbial pathogens that
target male reproductive organs gain access to, attach to,
and settle on, invade, and survive in host tissues. Of this,
targeting the host-pathogen interactions could potentially
yield novel therapeutic approaches in averting microbial
infections and treating reproductive tract diseases (118).

Precision medicine approaches: The gradual application
of precision medicine tools, such as genomics, proteomics,

Strategy Examples

Notes

Empiric antimicrobial therapy Broad-spectrum antibiotics
Targeted therapy

Combination therapy Synergistic antibiotic pairs
Supportive care Analgesics, anti-inflammatories

Surgical intervention Abscess drainage, stricture repair

Narrow-spectrum agents based on sensitivity tests

Used before pathogen identification
Reduces resistance risk

For polymicrobial or resistant infections
Symptom relief

For severe or complicated cases
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and metabolomics, in microbial infections affecting male
reproductive health can be attributed to their diagnostic
and therapeutic modalities. Stromal gene profiles likely
reflect the interplay between multicellular and microbial
communities and may help elucidate biomarkers
correlating to susceptibility to infection, response to
treatment, and fertility. Precision medicine solutions
can also be used to advance the concept of personalized
antimicrobial therapies that address the specificity of the
patient and microbial phenotypes and resistances, thereby
increasing the effectiveness of treatment and reducing
adverse impacts (119).

Immunomodulatory therapies: Therapies designed
to modulate the host immune response to microbial
pathogens, MRT infections, and infertility represent
a rational and innovative approach to addressing this
significant clinical problem. Further research should
investigate the immune-modulating effects of MRT on
immunity and inflammation by examining immune
specimens, immune nests, cytokines, and the impact of
immune checkpoints involved in microbial pathogen
clearance and tissue restoration. Another strategy, which
may help improve antimicrobial immunity, decrease
inflammation, and foster tissue repair in the MRT, is the
targeted regulation of host immune responses through the
application of immunomodulatory agents like cytokine
inhibitors or agonists to Toll-like receptors, or Treg-based
therapies (120).

Novel therapeutic targets: The discovery of new targets
to augment the therapeutic pipeline for antimicrobial
resistance and to develop additional treatment approaches
for microbial infections in male reproductive health
has been deemed a priority. Lastly, future studies
should investigate alternative approaches to combating
MDR pathogens: the use of natural compounds, short
antimicrobial peptides, and bacteriophages. Moreover,
intervention strategies such as protocol approaches
against virulence factors, quorum-sensing molecules, and
biofilm development may restore microbial pathogenesis
and enhance existing organizations for antimicrobial
treatment (121).

Preventive strategies: It is crucial to adopt effective
preventative methods to control the spread of disease
and reduce disease burden while supporting healthy male
reproductive function. Future research should focus on
identifying factors, such as vaccination, pre-exposure
prophylaxis, behavioral practices, and hygiene trends, that
can decrease the incidence of STIs, GU tract infections,
and reproductive tract disorders in males. Increasing
sexual health education, preventive education for sexually
transmitted diseases, expanding access to reproductive
health services, and promoting vaccination could
significantly help lessen the impact of microbial invasions
and improve male fertility.

Subsequently, the following research recommendations
should be emphasized: Future studies should focus on

expanding knowledge about how microbial infections
affect male reproductive health, identify effective
diagnostic and treatment options to be used routinely
in clinics, and improve prevention strategies to enhance
the quality of assisted fertility and the overall health
and well-being of subfertile men. Collaboration among
multidisciplinary teams, international groups, and
community engagement is crucial to addressing complex
issues related to microbial-related challenges in male
reproductive health and to translating basic research
findings into effective antimicrobial practices.

Conclusion

Bacterial GU infections remain a major hurdle to male
reproductive health and impact fertility, reproductive
function, and quality of life in men. In this paper, we
discuss the various mechanisms by which microbial
pathogens can affect the male reproductive system,
leading to conditions such as urethritis, prostatitis,
epididymitis, orchitis, and infertility. Although numerous
diagnostic tools for microbial infections have emerged
and therapeutic advances have been made, microbial
infections continue to pose challenges in terms of
diagnosis and therapy, underscoring the need for further
research to understand disease causation better, develop
improved diagnostic tests, and discover new therapeutic
approaches.

This review has sought to juxtapose the molecular and
cellular outcomes of microbial invasions during male
fertility and the delicate balance between pathogens,
host immune systems, and the reproductive tract. In the
present work, we have analyzed the mechanisms by which
microbes interfere with male fertility, the effects of certain
infections on spermatogenesis and sperm characteristics,
as well as the cellular responses to microbial invasion in
the male genitalia. Furthermore, the paper has elucidated
diagnostic procedures for identifying microbial infections
affecting male reproductive health and treatment
perspectives for managing these infections.

Examining the current state of literature, potential
future works and practices, and newly developing fields
or concepts would provide a solid basis for furthering the
knowledge of microbe-related infections in male fertility.
Microbiome analyses, host-pathogen relationships,
personalized medicine treatments, immunotherapeutic
approaches, new targets for therapy, and strategies to
prevent the decline in male fertility are among the crucial
areas to be explored in future research programs designed
to enhance reproductive health in men. A high level of
heterogeneity arising from the nature of such pathologies
and their risk factors requires multi-disciplinary team
work partnerships, international consortia, and active
community participation in research if the discovery
of solutions to such infections is to be achieved and
translated into practice.

In conclusion, it is therefore vital that more researchers
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and stakeholders invest their efforts in combating the
growing threat of microbial infections to male fertility
and bring about improvements in the identification,
management, and control of reproductive system
pathologies. By advancing our understanding of
disease mechanisms, developing targeted therapeutic
interventions, and implementing preventive strategies,
we can improve reproductive outcomes, enhance quality
of life, and promote male reproductive health and well-
being.
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