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Abstract: Zinc pyrithione (ZPT), a widely utilized industrial chemical, is recognized for its versatile
properties, including antimicrobial, antibacterial, antifungal, and antifouling activities. Despite its
widespread use, recent research has shed light on its toxicity, particularly towards the male reproductive
system. While investigations into ZPT’s impact on male reproduction have been conducted, most
of the attention has been directed towards marine organisms. Notably, ZPT has been identified as a
catalyst for oxidative stress, contributing to various indicators of male infertility, such as a reduced
sperm count, impaired sperm motility, diminished testosterone levels, apoptosis, and degenerative
changes in the testicular tissue. Furthermore, discussions surrounding ZPT’s effects on DNA and cellular
structures have emerged. Despite the abundance of information regarding reproductive toxicity, the
molecular mechanisms underlying ZPT’s detrimental effects on the male reproductive system remain
poorly understood. This review focuses specifically on ZPT, delving into its reported toxicity on male
reproduction, while also addressing the broader context by discussing other antifouling chemicals, and
emphasizing the need for further exploration into its molecular mechanisms.
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1. Introduction

Antifouling agents play a crucial role in chemical manufacturing facilities by ensuring
the optimal operation and high productivity of chemical reactors. Strategies to combat
fouling are employed across maritime, medical, and industrial settings [1]. Various tech-
niques such as applying hydrophobic polymer coatings containing nitrofurazone, using
hydrophobic synthetic self-cleaning paints, and employing silver-based hydrogels are uti-
lized to mitigate various forms of fouling [2,3]. The ideal antifouling agent should possess
desirable properties while minimizing potential harm to marine life in close proximity to
the submerged surfaces [1]. However, it is worth noting that certain antifouling chemicals
such as triphenyltin (TPT), tributyltin (TBT), zinc pyrithione (ZPT), copper, and cadmium
have been documented to exhibit toxic effects [4–10].

The term “reproductive toxicity” encompasses the detrimental effects of a substance
on any stage of the reproductive cycle, including impacts on the fetus or offspring as
well as the impairment of reproductive function in both male and female organisms [11].
Specifically, male reproductive toxicity refers to the intrusion of harmful substances into
the male reproductive system, resulting in disruptions in normal functioning. Typically,
this leads to harm to the sperm and testicles. Anomalies in semen parameters such as a
reduced sperm motility, density, viability, and count, along with increased DNA damage
and abnormal morphology, can be attributed to testicular and sperm damage. In addition
to genetic disorders, exposure to exogenous chemicals, including endocrine disruptors
and medications commonly used in chemotherapy, is a prevalent cause of abnormal male
reproduction in humans [12,13]. Chemical exposure adversely affects testicular cells and
the hormonal environment, ultimately leading to testicular dysfunction and diminished
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semen quality, thereby reducing male fertility [14,15]. Male reproductive toxicity has
been a persistent concern, with environmental chemicals being identified as one of the
contributing factors [11]. The decline in male fertility worldwide has been linked to
various environmental influences. To comprehend the adverse effects of these chemicals,
it is beneficial to begin by examining their distinct properties. Arzuaga X. et al. have
extensively characterized male reproductive toxicants, highlighting several significant
attributes including genotoxicity, oxidative stress, perturbations in reproductive hormone
levels and production, DNA damage, disruptions in germ cell development and viability,
inflammation, and potential epigenetic alterations [16].

Environmental pollutants can have detrimental effects on the reproductive systems of
organisms, persisting for up to four generations following in utero exposure. These effects
can be attributed to alterations in the gene expression associated with spermatogenesis and
steroidogenesis, disruptions in the endocrine system (acting as endocrine disruptors), and
epigenetic modifications [12,17,18]. Numerous studies have documented the adverse ef-
fects of antifouling chemicals on the reproductive system, as depicted in Figure 1 [6,7,9,19].
The available data indicate that the organotin compound TPT is known to induce reproduc-
tive toxicity, disrupt endocrine function, decrease testosterone production, and generate
reactive oxygen species in both aquatic and mammalian species [20–23]. TBT is an ad-
ditional antifouling chemical known for its reproductive toxicity, as it has the potential
to disrupt spermatogenesis and alter fish behavior, thereby affecting male reproduction
in zebrafish [24,25]. Empirical studies have provided evidence of a positive association
between cadmium and copper exposure and reproductive toxicity [26–29]. Cadmium
(Cd) has long been the subject of extensive scientific investigation as an environmental
contaminant with detrimental impacts on the reproductive system [30–32]. Recent research
suggests that Cd exposure may adversely affect the male reproductive system through
mechanisms such as oxidative stress, inflammation, the disruption of steroidogenesis, and
epigenetic modifications [33,34]. The study conducted by Cupertino M.C. et al. on male
Wistar rats exposed to Cd revealed that Cd-mediated toxicity is associated with damage to
the testes, both morphologically and functionally, resulting in decreased testosterone lev-
els [35]. Numerous studies have been conducted to investigate the reproductive toxicity of
copper, revealing its detrimental effects on testicles, induction of ovary toxicity, reduction in
sex hormone secretion, elevation of oxidative stress levels, acceleration of apoptosis, deteri-
oration of sperm quality, and increased incidence of malformations [36–38]. Environmental
exposure to copper may have adverse consequences on spermatozoa apoptosis, impaired
sperm DNA integrity, and compromised semen quality in humans [39]. In Nile tilapia fish
(Oreochromis niloticus), copper has been demonstrated to exert toxicity on the male repro-
ductive system, leading to significant declines in progressive motility percentages, motile
ratios, sperm concentrations, and testicular testosterone levels [40,41]. Oriakpono O.E. et al.
investigated the impact of petrol and cuprous oxide on albino rats (Rattus norvegicus) by
assessing specific parameters related to rat semen and hematology. Their findings revealed
that cuprous oxide exerts detrimental effects on the male reproductive system [42]. ZPT has
been observed to induce alterations in oxidative stress levels and disrupt metal homeostasis
in both human cell models and aquatic organisms [43,44]. Additionally, it can impede
membrane transport, interfere with the synthesis of cellular ATP, and form complexes with
proteins and metals within the cellular environment [45]. Given the findings, it is crucial
to gain a comprehensive understanding of the reproductive toxic effects exhibited by ZPT
and the other antifouling agents listed, as well as the underlying mechanisms responsible
for these effects.
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Figure 1. Reproductive toxicity of antifouling chemicals. Summary of the toxic effects of antifouling
chemicals on the reproductive system, indicating that they cause testicular injury leading to a decrease
in testosterone and cell damage, which causes sperm deformities and low sperm quality and quantity.
Additionally, these chemicals induce oxidative stress, resulting in reduced sperm motility, structural
DNA damage, and apoptosis. Furthermore, these antifouling chemicals impair ovary function,
leading to impaired oocyte maturation and a decrease in reproductive hormone production.

2. Male Reproductive Effects of Antifouling Agents

Antifouling chemicals have been found to possess a significant toxicity towards the
male reproductive system. ZPT, a complex comprising of a pair of pyrithione rings con-
nected to the central metal ion through a bridge formed by zinc and oxygen atoms, ex-
hibits antimicrobial properties and demonstrates a broad spectrum of antibacterial activity
against various microorganisms, including bacteria, fungi, and both gram-positive and
gram-negative strains [46–49]. Notably, its extremely low solubility allows for its formula-
tion and application as a particulate material, offering distinct performance advantages [47].
ZPT has been widely utilized in the field of dermatology for over five decades, primarily
due to its effectiveness in treating conditions such as dandruff and seborrheic dermati-
tis [46,49,50]. Its application has since expanded to include skincare products. In the
industrial sector, ZPT has been incorporated as an antifouling agent in aquatic adhesives
since the 1990s [51,52]. Despite the long-standing use of ZPT as a compound with estab-
lished safety, it has been suggested that metal pyrithiones, including ZPT, may persist in
low-light marine environments [44,53,54], such as heavily turbid water columns or areas
shaded beneath stationary boats in marinas and harbors [55]. This persistence can lead
to the accumulation of ZPT, potentially resulting in adverse effects [56]. Furthermore,
research indicates that the breakdown products of zinc pyrithione in the presence of light
may impede fish cholinesterase enzyme activity, thereby posing a risk to fish nervous
systems [43,44]. Numerous studies have provided evidence of the inhibitory impact of
zinc pyrithione (ZPT) on membrane transport, cellular ATP synthesis disruption, and the
formation of complexes with metals and proteins within the cellular environment. This is
further elucidated in a comprehensive investigation examining the consequences on the
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survival and reproductive capabilities of the marine polychaete Dinophilus gyrociliatus [57].
Notably, ecologically relevant concentrations of ZPT have been found to exert deleterious
effects on crucial traits, including oxidative and neurotoxic effects, as well as modifications
in the swimming patterns of Daphnia longispina and magna [58]. Furthermore, ZPT has been
associated with several adverse effects, such as the induction of apoptosis, impairment of
the immune response, and alteration of the compositions of affected plant communities [59].

It is important to acknowledge that ZPT is widely present in the environment, which
exposes humans to potential exposure through various routes, including dietary sources
and dermal absorption. Holmes A.M. et al. conducted a study demonstrating that the
topical application of ZPT formulations increases the absorption of zinc by human skin,
thereby raising concerns about localized toxicity [60]. In a toxicity and accumulation
study involving Carassius sp., one of the most extensively cultivated and distributed
fish species in China, it was observed that ZPT can accumulate in tissues such as the
liver and kidney, exhibiting a prolonged tissue residual time [61]. Extensive research
has provided insights into the reproductive toxicity of ZPT, particularly in male aquatic
species. Sperm motility, a crucial factor in male fertility, is influenced by temperature,
osmolality, ATP concentration, and ion concentrations. Furthermore, assessing sperm
quality relies heavily on sperm motility [62]. Previous investigations have elucidated that
exposure to ZPT significantly diminishes the motility and alters the motion patterns of
human spermatozoa, thereby impeding the normal process of sperm cell maturation and
compromising their reproductive capability [43]. Given that the secretion of testosterone
is crucial for spermatogenesis, a decline in testosterone levels can conceivably correlate
with an escalation in the frequency of sperm abnormalities as well as a deterioration in
the quality of spermatozoa [63,64]. Pertinently, ZPT has been extensively reported to
induce a remarkable reduction in testosterone levels, instigate the disruption of acrosomal
membrane integrity, give rise to deformities within the spermatozoa, which unequivocally
diminish their quality and quantity, and substantially impair the overall sperm function in
zebrafish samples [65].

The utilization of the organotin compound TPT is observed in plastic stabilization
and agriculture, owing to its insecticide and fungicide properties [21]. Moreover, it is
extensively employed in the production of antifouling paints for ships on a global scale [21].
TPT has been associated with the formation of malondialdehyde, oxidative stress, and
the activation of antioxidant defense enzymes such as superoxide dismutase and catalase.
Within the framework of ecotoxicological investigation, it has been extensively employed
as a reliable biomarker of oxidative stress [9]. Earlier investigations have delved into the
male reproductive toxicity of this compound, and it was reported that by disturbing the
microenvironments of Leydig and Sertoli cells, TPT diminishes the proliferative potential
of spermatogonia, leading to the production of subpar sperm in adult male rats [66].
Furthermore, exposure to TPT during pregnancy exerts an impact on the development of
the fetal testis in rats, resulting in a dose-dependent reduction in serum testosterone levels,
the induction of fetal Leydig cell aggregation, and a decrease in the size of the fetal Leydig
cells [67]. TBT, an artificial organic derivative of tin, exhibits a chemical structure in which
covalent bonds are formed between carbon and tin atoms. Its primary application revolves
around its utilization as a biocide, effectively preserving paper, wood, textiles, leather,
and industrial water systems [68,69]. Moreover, TBT plays a pivotal role as a stabilizer
during the manufacturing process of plastic goods. However, due to the deleterious
impacts it poses on marine ecosystems, the domestic and global regulatory bodies have
introduced comprehensive bans on the usage of TBT. Despite these regulations, TBT
displays a remarkable persistence in the environment and tends to bioaccumulate, thereby
infiltrating the food chain, including through dairy products, meat, fish, and even the
human body [68,69]. Intriguingly, Mitra et al. conducted an in vitro investigation reporting
TBT to function as an endocrine disruptor, specifically influencing testicular cells in male
Wistar rats, which could potentially lead to male infertility [70]. Notably, the testosterone
levels were found to diminish, spermatogenesis faced impairments, antioxidants were
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affected, and DNA damage responses were induced in the spermatozoa of the freshwater
prawn Macrobrachium rosenbergii [71–73]. This notion is reinforced by the research findings
of Lan et al., in which TBT was observed to cause a decline in the sperm count and testis
weight, initiate apoptosis, and negatively regulate the gene expressions responsible for
germ cell proliferation (namely cyclin d1 and PCNA) in zebrafish [24]. For a summary
overview of antifouling agents, their effects on sperm quality, and the specific species
targeted, refer to Table 1 below.

Table 1. Antifouling agents’ effects on sperm quality with specified species.

Antifouling Chemical Effect on Sperm Quality Species References

Zinc pyrithione (ZPT)

Decreases motility Frozen–thawed human sperm [43]

Decreases testosterone levels, increases
abnormalities, decreases quantity, and
lowers quality

Zebrafish (Danio rerio)
[65]

Tributyltin (TBT)
Lowers testosterone levels, damages DNA,
and affects antioxidants

Freshwater prawn (Macrobrachium
rosenbergii) [71,72]

Lowers sperm count and induces apoptosis Zebrafish (Danio rerio) [24]

Triphenyltin (TPT)

Reduces sperm count and motility, increases
deformities, and upsets the Leydig and
Sertoli cell microenvironments

Sprague Dawley rats

[66]

Cadmium Lowers testosterone levels and causes DNA
fragmentation

Wistar rats [35]

Copper

Induces apoptosis, damages DNA, and
causes poor sperm quality

Humans [39]

Decreases motility and lowers testosterone
levels and sperm concentration

Nile tilapia fish (Oreochromis niloticus)
[40]

3. Role of Antifouling Agents in Regulating Oxidative Stress-Induced Sperm and
Testicular Injury

Extensive research has been conducted to investigate the pivotal role played by oxida-
tive stress in determining sperm quality [74–78]. Redox homeostasis, despite the potential
misnomer associated with its name, represents an intricately dynamic process whereby the
stability of the redox status within cells is meticulously safeguarded by an exquisitely re-
sponsive system that promptly detects alterations in the redox status and acutely readjusts
metabolic activities to restore the optimal redox balance [79]. Notwithstanding the presence
of defense mechanisms, such as proteins, enzymes, and vitamins aimed at combating free
radicals, the accumulation of reactive oxygen species (ROS) can still transpire due to the
malfunctioning or excessive production of the antioxidant system, thereby leading to the
incipient phase characterized as “oxidative stress” [80,81]. The state of oxidative stress
within a cellular entity is not solely characterized by an excessive accumulation of ROS,
but also by a conspicuous decline in the antioxidative potential exhibited by said cell. It
is worth noting that ROS, due to the presence of unpaired electrons, exhibit a heightened
reactivity and act as potent oxidizing agents [82]. At physiologically relevant concentra-
tions, ROS notably contribute to the acquisition of pivotal properties deemed necessary for
sperm fertilization, including but not limited to motility facilitation, chemotaxis regulation,
promotion of sperm capacitation, induction of hyperactivation, initiation of the acrosome
reaction, orchestration of oocyte interactions, and even compaction of the chromatin struc-
ture within maturing spermatozoa [78]. This assemblage of events collectively represents
the indispensable influence of ROS on sperm functionality, albeit the excessive production
of ROS stands as a prominent causative agent for sperm deterioration. In fact, spermatozoa
are unenviably susceptible to oxidative damage owing to their disproportionately high
concentration of membrane-based unsaturated fatty acids compounded by the lack of
cytoplasmic antioxidant enzymes, both of which synergistically contribute to the observed
adverse impact on sperm quality and overall functionality [76,83,84].
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Numerous intricate mechanisms are in place to regulate the generation and elimination
of ROS to maintain optimal ROS levels required for physiological processes. These mecha-
nisms encompass localized ROS generation or redox compartmentalization, as well as the
involvement of cofactors and antioxidant systems that effectively detoxify ROS [85]. It is
important to note that ROS generation represents only a fraction of the overall redox regu-
lation involved in sperm function. Male gametes exhibit a distinctive pattern of antioxidant
enzymes compared to other cellular or organ systems, characterized by a relatively higher
concentration of glutathione peroxidase (GPx) and superoxide dismutase (SOD), while
possessing a comparatively lower amount of catalase (CAT) [86]. SOD, being the primary
antioxidant enzyme responsible for ROS detoxification, effectively reduces the potentially
hazardous superoxide anions by catalyzing the conversion of two anion molecules into
hydrogen peroxide and molecular oxygen [87]. Subsequently, the breakdown of hydrogen
peroxide into water and molecular oxygen occurs through the action of CAT, which serves
as another vital antioxidant enzyme, completing the detoxification cycle initially mediated
by SOD [87,88]. Remarkably, glutathione peroxidase (GSH-Px) operates as an indispensable
nonenzymatic antioxidant within the mitochondria and cytosol, safeguarding cells against
oxidative stress by catalyzing the conversion of lipid peroxides into alcohols and hydrogen
peroxides into water [87,89]. ROS-induced oxidative stress exerts myriad effects on the
parameters of sperm. The detrimental impact of oxidative stress on sperm includes the
induction of cell death pathways and disruption of sperm production, culminating in a
decremented sperm count, oligozoospermia, augmented apoptosis, and impaired sperm
viability [90,91]. Additionally, oxidative stress hampers the forward motility of sperm
(sperm motility) by impeding flagellar movement, perturbing the integrity and fluidity
of the sperm plasma membrane, and modifying the membrane composition [92,93]. It
is noteworthy that ROS-induced oxidative stress precipitates direct impairment in the
structural components of the sperm, such as the plasma membrane, mitochondria, and
DNA, consequently leading to aberrant morphological alterations [94,95].

Notably, antifouling agents such as ZPT, TBT, and TPT have been implicated in regulating
the generation of ROS and modulating antioxidant enzyme activities, thereby contributing to
the intricate molecular mechanisms that govern redox homeostasis [96–98]. The uncontrolled
generation of ROS precipitates a state of oxidative stress, exerting profound effects on lipid
peroxidation, DNA fragmentation, and mitochondrial function with the subsequent induc-
tion of apoptosis, compromised sperm morphology, and impaired sperm functionality [76].
The highly condensed and tightly packed nature of sperm cell DNA renders it particularly
vulnerable to oxidative damage instigated by ROS. The deleterious consequences of oxida-
tive stress, encompassing DNA breakage and oxidative modifications, impede the sperm’s
capacity to successfully fertilize eggs, thereby compromising its genetic soundness [99]. In
addition to triggering DNA fragmentation, oxidative stress carries the potential to give rise to
chromosomal abnormalities and genetic mutations within sperm [100]. The fragmentation of
DNA provokes apoptotic mechanisms and markedly influences the sperm count [101,102].
Instances of oxidative stress-induced DNA damage in sperm cells have been ascribed to
antifouling agents, where high doses of TBT have been evidenced to induce DNA damage
in the prawn species Macrobrachium rosenbergii [71]. In zebrafish (Danio rerio), the induction
of apoptosis by TBT has been evidenced. This induction is linked to an augmentation in
the population of spermatocytes that exhibit an apoptotic activity [24]. Moreover, TBT has
also been proven to suppress the mRNA levels of the gene encoding the terminus of meiotic
entry (cyp26a1), while concurrently upregulating the expressions of genes involved in meiotic
entry and maintenance (aldhla2, sycp3, and dmc1) [24]. In contrast, the expressions of genes
responsible for germ cell proliferation (cyclind1 and pcna) were found to be downregulated [24].
These findings consistently support the notion of disrupted meiosis and a reduced sperm
count. Furthermore, the impact of TBT extends to the modulation of gene expression involved
in the intrinsic and extrinsic apoptotic pathways (bax/bcl-2 and tnfrsf1a/tnfrsf1b) within the
testes of zebrafish [24]. Another study by Wang Y.X. et al. has indicated that copper exerts
detrimental effects on the DNA of sperm tails, consequently leading to a decreased semen
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quality [39]. Additionally, ZPT has been implicated in the induction of ROS-mediated DNA
damage in testicular tissue of zebrafish [65].

The mitochondrion, an organelle present in spermatozoa, assumes the role of generat-
ing ROS. It is worthy to note that the electron transport chain situated on the mitochondrial
membrane can be influenced and modified by diverse factors encompassing electromag-
netic radiation, polyunsaturated fatty acids, and apoptotic elements, ultimately resulting in
an excessive generation of ROS [103]. Through the process of oxidative phosphorylation,
mitochondria serve as a fundamental entity for generating energy and synthesizing adeno-
sine triphosphate (ATP), which in turn, plays a crucial role in ensuring the motility and
viability of sperm cells [104]. The proper functioning of mitochondria is indispensable as
their malfunctioning can impede the maintenance of sperm vitality and viability. In fact, ox-
idative stress-induced mitochondrial dysfunction can exert a deleterious impact on sperm
cells by intensifying apoptotic signaling and triggering programmed cell death [105]. Over
time, certain substances used to prevent fouling have been found to have negative effects
on the proper functioning of mitochondria. This was demonstrated in a scientific investiga-
tion conducted on the species Calomys laucha, which emphasized the harmful impacts of
exposure to TPT on various cellular components, including a decrease in mitochondrial
function. As a result, this reduction ultimately leads to a decline in the overall activity and
quality of sperm cells [21]. Daigneault B.W. et al. presented an investigation that explored
the consequences of subjecting frozen–thawed bovine spermatozoa to TBT, revealing a
noteworthy decline in the sperm mitochondrial membrane potential and a consequent
reduction in sperm motility [106]. Moreover, the research findings indicated a robust and
significant impact of ZPT on the depolarization of human spermatozoal mitochondria,
ultimately leading to the immobilization of spermatozoa [43]. Furthermore, by inducing
the activation of caspase 3 and caspase 9 as well as modulating the Bcl2a/Bax ratio, ZPT
was observed to amplify mitochondrial apoptosis [107,108]. In addition to this, a myriad of
studies has consistently demonstrated that ZPT instigates apoptosis in various cell types,
including but not limited to HepG2 cells, mouse thymocytes, and lymphocytes, through
its interference with mitochondrial functionality [108,109]. ROS initiate lipid peroxidation,
comprising a cascade of chemical reactions that selectively target the polyunsaturated
fatty acids present in the cellular membranes of spermatozoa. This biological process
gives rise to lipid peroxides, which disrupt the structural integrity of the cell membrane.
Consequently, the functionality and viability of the sperm are compromised, resulting in a
diminished motility [110]. The foremost line of defense against such oxidative damage is
provided by endogenous antioxidants, primarily encompassing GPx, CAT, and SOD. These
antioxidants play a pivotal and indispensable role in the overarching strategy employed by
the organism to counteract oxidative stress [87]. Nevertheless, it is worth noting that they
can be influenced by antifouling chemicals, thereby subject to regulation. TBT has been
reported to induce a significant reduction in the levels of GPx and SOD antioxidants within
the prawn species Macrobrachium rosenbergii, adversely affecting sperm protection, activa-
tion, and various functional attributes [71]. Additionally, it has been demonstrated that
the antifouling agent ZPT modulates the abundance of GPx, CAT, and SOD, consequently
provoking oxidative stress in the spermatozoa of zebrafish [65].

It has been demonstrated that the buildup of ROS in the endoplasmic reticulum (ER)
during stress exacerbates oxidative stress. Similarly, oxidative stress can worsen ER stress
by disrupting protein folding pathways [111,112]. The imbalance in the redox state plays a
role in the activation of autophagy during ER stress. This is supported by the expression
of marker genes related to autophagy in zebrafish embryos treated with ZPT [113]. The
treatment with ZPT leads to a significant increase in the expression of autophagy-related
genes 5 (atg5) and 6 (atg6, also known as beclin1) in various concentrations. Autophagy-
related 16 like 2 (atg16l2) is also found to be increased under these conditions [113,114].
In moderation, ROS are essential for regulating several intracellular signaling pathways,
the immune system, mitogen responses, and cellular homeostasis [115]. ROS induces
the production of cyclic adenosine monophosphate (cAMP) in sperm, leading to tyrosine
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phosphorylation through the inhibition of tyrosine phosphatase. This molecular mechanism
activates numerous transcription factors involved in intracellular signaling cascades for
sperm physiology [86]. ROS also facilitates capacitation by elevating intracellular cAMP
levels and triggering the activation of protein kinase A (PKA) [116,117]. Treatment with
ZPT in human spermatozoa results in a H+ accumulation and Ca2+ dissipation, along with
the suppression of the cAMP/PKA signaling pathway, leading to the immobilization of
spermatozoa [43]. The inhibition of spermatogenesis in the lined seahorse (Hippocampus
erectus) can occur due to exposure to TBT, which suppresses the cyclic AMP activity [118].
The data suggest that these specific pathways may be regulated by substances possessing
antifouling properties.

Given the existing body of knowledge concerning the control of testicular harm and
sperm affected by antifouling substances, it would be beneficial to delve into additional
research regarding the intricate mechanisms that govern redox homeostasis and how
these antifouling agents affect or govern it. Another crucial realm necessitating further
exploration is comprehending the repercussions of ZPT and other antifouling compounds
on intracellular signaling pathways that play a pivotal role in the male reproductive system.

4. Molecular Mechanisms of ZPT in Oxidative Stress-Induced Male Reproductive
Toxic Regulation

Up to this point, several researchers have presented findings on the toxicological
mechanisms of ZPT on male reproductive function. Figure 2 provides a concise summary
of these mechanisms. Numerous studies have indicated that ZPT can induce the excessive
production of ROS, leading to the development of oxidative stress [58,96,119,120]. As illus-
trated in Figure 2a, the impact of ZPT on male reproductive toxicity involves interference
with ROS signaling mediation by promoting ROS overproduction. Consequently, this
disturbance can lead to alterations in oxidative stress markers by reducing the presence of
crucial enzymes such as GSH-Px, SOD, and CAT. These enzymes play a pivotal role in neu-
tralizing ROS through various chemical processes, including the breakdown of hydrogen
peroxide and lipid peroxide metabolism [65]. Any disruption in these processes ultimately
leads to the development of oxidative stress.

Moreover, the excessive production of ROS can lead to oxidative damage of the mitochon-
dria, which are vital for controlling apoptosis, ROS levels, and ATP synthesis [43,121]. It is
widely recognized that the process of mitochondrial apoptosis initiates with the depolarization
of the mitochondrial membrane, resulting in the loss of membrane potential, the disruption
of oxidative phosphorylation, an amplified generation of reactive oxygen species, and the
diffusion of mitochondrial components into the cytosol, of which among these components is
cytochrome c [122]. Upon its release into the cytosol, cytochrome c forms the apoptosome,
which activates caspase 3, the major executor, in response to apoptotic signals. Additionally,
it prompts the binding of nucleotides to Apaf-1, thus promoting caspase 9 activation [123].
Studies have shown that ZPT enhances the activities of caspase 3 and caspase 9, indicating its
ability to induce the caspase 3- and caspase 9-dependent mitochondrial apoptotic process [113].
Furthermore, ER stress can initiate apoptotic pathways to eliminate damaged cells [124]. The
oxidative stress induced by ZPT can induce ER stress, leading to caspase 3 activation and
subsequent apoptosis [113]. It has been determined that PKA acts as a key regulator, func-
tioning as the downstream effector of the cAMP/PKA signaling pathway and aiding in the
regulation of spermatozoa motility and male fertility [125]. Notably, ZPT significantly reduces
the phosphorylation levels of PKA substrates and tyrosine residues in human spermatozoa,
suggesting that the ZPT-mediated immobilization of spermatozoa involves the cAMP/PKA
pathway [43]. Figure 2b visually demonstrates how ZPT-induced oxidative stress interferes in
the regulation of these mechanisms.
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Figure 2. Molecular mechanisms of ZPT in male reproductive toxic regulation. (a) ZPT’s effects on
oxidative parameters, overproduction of ROS, and induction of oxidative stress. (b) Mechanism of
ZPT-induced oxidative stress in causing apoptosis and affecting sperm motility. (c) The impact of
ZPT on the regulation and expression of reproductive genes and how it affects male fertility.

Male infertility is caused by several gene biomarkers. One such biomarker is Dcip1.1
in zebrafish, which is believed to be involved in T activation and has been associated
with oligospermia [126]. Another gene, C7b, is connected to male infertility, oligospermia,
and testicular diseases. It is predicted to function upstream or within complement acti-
vation [127,128]. Ptx3b, on the other hand, is expected to play a role in the inflammatory
response by facilitating the binding activity of the C1q complex, which protects sperm from
complement attacks [129]. Leap2 has also been linked to male infertility, specifically, low
sperm counts and testicular abnormalities. It is thought to function upstream or within the
defensive response to bacteria [130,131]. Tfap2c controls TEAD4 transcription, enhancing
the activation of Th17 and Th1 cells, which in turn leads to systemic inflammation. This
inflammation can reduce testosterone levels, alter the morphology, and reduce sperm motil-
ity, thereby impacting male fertility [132,133]. Another important gene, gig2f, is expected to
increase the activity of NAD+ADP ribosyl transferase in zebrafish. The overexertion of this
enzyme can damage testicular function and inhibit sperm motility, contributing to oxidative
stress and male infertility [134]. The rbp7b gene is associated with the transport of fatty acids
and promotes a fatty acid-binding activity when expressed. Trans fatty acids have been
found to accumulate in the testes of male mice, resulting in reduced serum testosterone
levels, sperm counts, spermatogenesis inhibition, and testicular degeneration [135,136]. Hu
et al.’ s research demonstrates that ZPT can regulate and control the expression of these
gene biomarkers in zebrafish [65] (Figure 2c).

Researchers have proposed potential molecular mechanisms for the regulation of
male reproductive toxicity by ZPT [43,65]. Nevertheless, the available information falls
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short in providing a comprehensive understanding of the specific pathways involved in
this regulation. To gain deeper insights, it is imperative for researchers to concentrate on
future investigations regarding the effects of ZPT-induced oxidative stress on signaling
pathways, leading to apoptosis, sperm motility impairment, DNA damage, decreased
testosterone levels, and the inhibition of spermatogenesis. Furthermore, unveiling the
precise mechanism through which ZPT controls the regulation and expression of male
fertility gene biomarkers is another aspect that researchers can explore to advance our
comprehension in this field.

5. Conclusions

As explored in the comprehensive analysis, oxidative damage to cells may have a
detrimental effect on male fertility. This damage has the potential to disturb the lipids
present in sperm mitochondrial membranes and hinder specific protein kinases. Moreover,
it can elevate the level of damage sustained by sperm DNA, leading to a decrease in the
sperm motility, count, and overall function, influencing the sperm morphology as well. It
is widely acknowledged that an impaired regulation of the molecular mechanisms respon-
sible for ROS production engenders oxidative stress. Consequently, we have examined the
influence of antifouling agents, namely ZPT, TBT, and TPT, on ROS production regulation
as well as their impact on important antioxidant enzymes, SOD, CAT, and GPx, which
participate in the detoxification of ROS. Gaining a comprehensive understanding of the
mechanisms underlying the male reproductive toxicity induced by ZPT and other antifoul-
ing compounds can aid in developing a more targeted and efficient screening approach for
these chemicals. Additionally, this knowledge may enable the prioritization of chemicals
with limited data for further evaluation and assessment.
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