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Abstract: Infertility affects 10-15% of reproductive-age couples, with causes ranging

from genetic factors to unidentified reasons. Environmental conditions, particularly

pollutants, play a significant role in male fertility. Yet, public health policies often

overlook reproductive health, despite mounting evidence of pollutants’ detrimental

repercussion. Understanding this impact is crucial to prevent the effects of dangerous

exposure, especially given the high levels of environmental pollutants in today's

world. Most of the previous research about the adverse effects from contaminants has

been conducted in rodents, with limited human epidemiological research. This article

reviews the evidence about the impact of various contaminants (air pollutants, water

contaminants, pesticides, herbicides, radiation, heavy metals, and plastics) on male

reproductive health, particularly sperm quality and fertility. The literature suggests that

exposure to contaminants during fetal development and childhood has irreversible

effects, while those of adult exposure are often reversible. These findings highlight the

need to alert society about reproductive health threats from certain contaminants. Public

authorities should consider this situation when designing health plans, and individuals

envisaging fatherhood should be aware of these risks.

Key words: air pollution, male infertility, pesticides, plastics, radiation, water

contaminants.

INTRODUCTION

Searching for the term “male infertility” on
specialized websites such as Science Direct
or PubMed retrieves more than 75,000 papers
published in the last ten years. Most of these
studies suggest that male infertility may result
from decreased seminal quality (Blay et al.
2020), which is assessed based on sperm
kinetics, concentration, morphology, and the
functionality and integrity of organelles. In our
globalized world, environmental pollution is a
daily reality for humans from conception onward.
When assessing the toxicity of environmental
contaminants, their effects on lethality, survival,
development, and growth are typically evaluated,

but the potential impact on reproduction is
often overlooked. Nevertheless, many studies
have identified environmental pollution as
a factor contributing to male infertility (Fuller
et al. 2022). Previous research has consistently
demonstrated that heavy metals, microplastics,
herbicides, fungicides, and air toxins harm
reproductive function. Despite this, whether this
damage is irreversible remains unresolved (Blay
et al. 2020, Fuller et al. 2022).

While it is now widely accepted that
environmental contaminants are pervasive,
actions to prevent their harmful impact remain
limited (Fulleretal.2022). Toguidefutureresearch,
questions such as whether these adverse effects
can be reversed and how prolonged exposure
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must be avoided to achieve recovery remain
unanswered. Additionally, most studies on
the damage caused by nanomolecules and
microplastics have been conducted in rodents,
and epidemiological data in humans primarily
cover adulthood. Thus, thereis a critical research
gap in understanding how current exposure to
environmental pollutants may affect the future
reproductive potential of infants.

In this review, broad categories of
environmental contaminants - such as air
pollution, pesticides, plastics, and radiation
(Figure 1) - were selected based on their
prevalence, scientific relevance, and the
documented impacts on reproductive
health. Figure 1 illustrates the pathways
through which environmental contaminants
impact the male reproductive system via the
hypothalamic-pituitary-testicular (HPT) axis.
Key contaminants—such as heavy metals,
microplastics, and pesticides—disrupt endocrine
signaling, interfering with hormonal regulation
and leading to reduced testosterone production
and impaired spermatogenesis. These adverse
effects are categorized as either reversible or
irreversible based on their persistence and
impact on cellular structures.

Irreversible effects, highlighted in red,
primarily target germline stem cells, causing
enduring damage that remains even after
the cessation of exposure. Such damage
compromises long-term spermatogenesis
recovery and may lead to permanent infertility.
Conversely, reversible effects, marked in green,
mainly affect Leydig and Sertoli cells, resulting
in a temporary decline in seminal quality. This
impairment typically improves upon removal of
the contaminants, allowing for the restoration
of testicular function and sperm production.
These categories represent contaminants with
substantial evidence for reproductive toxicity
and are among the most widely studied in the
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context of male infertility. The selection was
also driven by the aim to include contaminants
with the potential for both short-term and
long-term effects on the reproductive system.
While there is a plethora of other contaminants
not included, these choices reflect the most
pressing concerns in the literature and the
global exposure patterns that demand further
investigation. In addition, this review considers
the distinction between reversible and
irreversible effects of these contaminants, a
crucial factor in understanding their long-term
impact. The influence of maternal exposure is
also examined, as it can significantly affect fetal
development and potentially lead to lifelong
reproductive issues. Moreover, the review
explores the epigenetic effects of environmental
exposure, focusing on how these contaminants
may cause heritable changes in gene expression
that can affect not only individual health but
also future generations.

Inview ofthese considerations, this narrative
review aims to compile and critically evaluate
the current evidence on the detrimental effects
of various environmental factors - such as air
pollution, pesticides, plastics, and radiation -
on reproductive health. Furthermore, it seeks to
investigate whether these adverse effects are
reversible or if interventions can mitigate the
long-term reproductive damage caused by such
exposures.

AIR POLLUTANTS

When addressing the consequences of air
pollution, it is important to consider that during
certain seasons, such as summer, pollutants
dissipate more and are present at lower
concentrations in the atmosphere. Previous
research has shown that human sperm exposed
to high levels of air pollution (particulate matter
<10 ym in aerodynamic diameter (PM, ), total
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Figure 1. Reversible and irreversible effects of environmental pollutants on the male reproductive system,
including the impact on hormone levels.
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suspended particulates (TSP), SO,, CO, and
NOx), especially in winter, exhibit higher levels
of DNA fragmentation (%DFI), as evaluated by
the Sperm Chromatin Structure Assay (SCSA),
without significant changes in semen volume,
sperm motility, vigor, or concentration (Evenson
et al. 1980, 1991, 1999, 2002, Sun et al. 2020).

Reactive metabolites from polycyclic
aromatic hydrocarbons (PAHs) can induce
DNA breaks in spermatids and sperm,
potentially leading to infertility or contributing
to malformations in the offspring due to
shortened telomeres or mutations. Additionally,
exposure of adult mice to PAH-derived reactive
metabolites causes tandem repeat mutations
and hypermethylation in spermatogonia B.
While somatic cells can repair DNA damage,
spermatids and sperm cannot. Despite this,
sperm with damaged DNA can still fertilize
oocytes, although they give rise to low-quality
embryos and are associated with implantation
failure and reduced pregnancy rates. According
to Somers et al. (2004) and Yauk et al. (2008),
the damage to sperm correlates directly with
PAH concentration, and high PAH levels can
extend the duration of spermatogenesis in
mice by approximately 3.5 times (normal
period: 21 days; extended period: 74 days). Yet,
PAH metabolites do not affect spermatogonial
stem cells, meaning that if exposure to these
pollutants ceases before the onset of a new
spermatogenic cycle, the adverse effects may be
reversed (Binkova et al. 1995, Somers et al. 2004).
The effects of PAH metabolites are, therefore,
considered reversible.

Epidemiological studies conducted by
Poongothai et al. (2009), and lkechebelu et
al. (2003) reported that in men exposed to
high levels of air pollutants, sperm motility
decreases, and the proportions of sperm with
DNA damage and morphological abnormalities
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increase. Benzo(a)pyrene (BaP) and carbon
black (CB), originating from both natural (e.g,
volcanic activity) and anthropogenic sources
(e.g, fossil fuel combustion, industrial activities,
forest fires), also have detrimental effects on
male fertility. BaP metabolites directly influence
the testes by inducing reactive oxygen species
(ROS) generation and apoptosis in Leydig cells,
leading to a reduction in testosterone synthesis
and secretion. Testosterone plays a crucial
role in spermatogenesis, as it is produced by
Leydig cells in response to luteinizing hormone
(LH) and diffuses into Sertoli cells to support
sperm production. Consequently, BaP acts as an
endocrine disruptor, leading to reduced sperm
production and male fertility. Another potential
explanation for the adverse effects of air
pollutants (BaP and CB) on male fertility is the
side effects of lung inflammation. Inflammatory
factors may alter the permeability of the blood-
testis barrier, allowing pollutants to reach the
testes (Skovmand et al. 2018) (Table I).

Most previous studies have been conducted
on adult rodents, showing significant damage
to testicular tissue, including alterations
in the seminiferous tubules and reduced
germinal epithelium thickness. Notably, the
intergenerational effects of these pollutants
differ depending on whether exposure occurs
during fetal development, where the damage
is permanent, or if adults are exposed for
only eight weeks, in which case the damage
is reversible (Skovmand et al. 2018). Further
research is needed to elucidate the mechanisms
of air pollutant action in humans and to better
characterize their effects on fetal development,
the endocrine system, and spermatogenesis.
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Table I. Effect of environmental contaminants on sperm cell and endocrine system.

Air pollutants

Polycyclic Aromatic
Hydrocarbons

Benzo(a)pyrene

Water Pollutants

17-a-ethinylestradiol
(EE2)

Pesticides

11,1-trichloro-2,2-
bis(chlorodiphenyl)
ethane (DDT)

Glyphosate-based
herbicides

Herbicides
Atrazine

Microplastics and
plasticizers

Microplastics

Bisphenol A

Diethylhexyl
phthalate (DEHP)

Radiations
lonizing radiation
Non- ionizing
radiation

Heavy metals

Zn, Crand Cu

Pb, Cd and As

Model

Human

Mouse

Rats

Human

Pig

Rats

Men

Men

Men

Mice

Rats

Men

Mice

Effects on sperm quality Effects on hormones Ref.

Poongothai et al.
(2009)

- Induces DNA damage

- Alters sperm morphology Not measured

- Reduces testosterone
synthesis
- Endocrine disruptor
- Increases LH secretion

Skovmand et al.

- Alters sperm morphology (2018)

- Endocrine disruptor

. - Inhibits LH Atanassova et al.
Decreases sperm concentration | Reduces testosterone (2001)
synthesis
- Increases the proportions of | ) De Jager et al.
morphologically abnormal sperm Decreases FSH production (2006)
- Impairs sperm progressive - Reduces testosterone Nerozzi et al
motility and sperm viability secretion (2020) :

- Induces DNA damage

Abarikwu et al.
- Increases estrogen levels (2010), Sanderson
et al. (2000)

- Decreases sperm viability and
motility

- Increases the proportions of
morphologically abnormal sperm
- Induces DNA damage

Not measured ljaz et al. (2022)

- Reduces the secretion of  Braun et al. (2012),
androgens Minguez-Alarcon et
- Endocrine disruptor al. (2018)

- Decreases sperm concentration
and motility

- Increases FSH and LH Caporossi et al.

- Reduces sperm concentration levels (2020), Thurston et
- Decreases testosterone
levels al. (2016)

Forgacs et al.
(2006), Meeker et
al. (2010)

Celik et al. (2012)

- Decreases testosterone
levels

- Reduces sperm motility
- Decreases sperm concentration

- Decreases sperm viability and

motility Not measured

Bergamo et al.
(2016)

Pavlova &
Atanassova (2018),
Wang et al. (2006)

- Interferes with androgen

No measured .
production

- Increases DNA fragmentation
- Impairs acrosome integrity
- Reduces ejaculate volume

Not measured
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WATER CONTAMINANTS

In 2018, the Joint Research Center of the European
Commission reported that 17-a-ethinylestradiol
(EE2) contamination was present in 98.3% of
river samples, 1.2% of lake samples, and 0.5%
of coastal water samples in Europe (data from
Spain, Greece, and Malta were excluded as
these countries did not provide the relevant
indicators) (Klaic & Jirsa 2022). An example of
such contamination comes from hormonal
contraceptives, which do not undergo natural
degradation or alteration through solar
radiation. As a result, estrogens are not entirely
removed during sewage treatment and may be
transported through water. It has been reported
that while oral contraceptives consist of a
combination of estrogen (ethinyl estradiol) and
synthetic progestin, residual levels of EE2 remain
in water even after wastewater treatment (Klaic
& Jirsa 2022). The persistence of pharmaceutical
products in drinking water supplies poses
a public health concern, including risks to
reproductive function (Klaic & Jirsa 2022, Rios-
Sossa et al. 2022). In this context, concerns have
been raised about whether chronic exposure to
these residual hormone levels, even if marginal,
contributes to endocrine dysregulation and
adversely affects human health (Klaic & Jirsa
2022).

According to Wee et al. (2021), children
in Malaysia ingest twice as much EE, through
drinking water as adults on a daily basis.
Estradiol is a crucial inhibitor of luteinizing
hormone (LH) production and, in males, it limits
spermatogenesis and reduces testosterone
synthesis by Leydig cells. While exposure to
environmental estrogens does not appear to
induce permanent changes in the structure and
function of adult male reproductive organs,
it does lead to reduced sperm motility and
concentration, indicating a negative impact on
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spermatogenesis during exposure (Wee et al.
2021) (Table I).

In rodents, fetal exposure to water
contaminants, such as Bisphenol A (prevalent
at 66.4 ng/L), does not appear to alter fetal
testosterone production, but it does affect
the expression of androgen receptor (AR) and
estrogen receptor 1 (ESR1), resulting in the
underdevelopment of the epididymal duct
epithelium and alterations in the prostate
and accessory glands (Atanassova et al.
2001). Epidemiological studies have shown
that exposure to estrogens during pre- and
postnatal stages reduces semen quality;
however, most studies focus on sperm and
do not evaluate AR and ESR1 expression
(Atanassova et al. 2001). Research in humans
should, therefore, investigate whether drinking
water containing hormone residues affects AR
and ESR1 expression. Additionally, while EE2
and Bisphenol A exposure in humans has been
reported to decrease seminal quality, the effects
on fertility have been insufficiently studied.
Notably, studies in rodents have demonstrated
that such exposure impairs urogenital system
development and fertility and negatively affects
secondary sexual characteristics (Cislak et al.
2023).

Poly- and perfluoroalkyl substances (PFAS),
including perfluorooctanoic acid (PFOA) and
perfluorooctane sulfonate (PFOS), are present
in drinking water at concentrations exceeding 70
ng/L, posing a public health concern. Exposure
to PFOS and PFOA increases the percentages
of sperm with coiled tails (Specht et al. 2012)
and with fragmented DNA, and decreases sperm
concentration and motility (Toft et al. 2012).
As these agents act as endocrine disruptors,
their effects are considered irreversible
(Atanassova et al. 2001, Tsai et al. 2015) (Figure 1).
Furthermore, high concentrations of PFOA (>9.8
ng/mL) and PFOS (>13.3 ng/mL) are negatively
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associated with follicle-stimulating hormone
(FSH) and testosterone levels in serum, as PFOS
and PFOA reduce cholesterol, which is essential
for steroid hormone synthesis (Tsai et al. 2015).
Given this evidence, the physical, chemical,
and biological quality of drinking water, as well
as its treatment, remains a critical issue. It is
not enough to test for fecal coliforms or heavy
metals; hormonal residues, PFOS, and PFOA must
also be monitored. Moreover, the effects of long-
term exposure to these water contaminants on
human fertility warrant further investigation.

PESTICIDES

Humans can be contaminated with pesticides
primarily through ingesting contaminated
food, direct contact with chemical products
during agricultural application, or inhaling
airborne particles after spraying. During fetal
development, the timing of pesticide exposure
is crucial in determining whether damage
to reproductive organs and/or infertility
can be reversed (Kalb et al. 2016, Vergouwen
et al. 1993). Xenoestrogenic (alkylphenols
and phytoestrogens) and antiandrogenic
pesticides (linuron, procymidone, p,p’-
dichlorodiphenyldichloroethylene, fenarimol,
and viclozolin metabolites) are known to have
significant effects on testicular tissue during
fetal and neonatal stages in rodents (de Castro et
al. 2018, Kalb et al. 2016, Mikkila et al. 2006, Vilela
et al. 2014, Saalfeld et al. 2019). It is, therefore,
evident that exposure to pesticides during the
neonatal stage causes damage that manifests
in adulthood. Studies in rodents suggest that
this injury may be irreversible, as it is directly
linked to endocrine-active compounds (Kalb
et al. 2016, Mikkila et al. 2006, Saalfeld et al.
2018, 2019) (Figure 1). Epidemiological studies
by Weidner et al. (1998), Garcia-Rodriguez et al.
(1996) and Skakkebaek et al. (2001) showed that
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workers occupationally exposed to pesticides
exhibited an increased risk of pathologies such
as cryptorchidism, testicular cancer, and penile
abnormalities, and their children were more
likely to develop genital malformations.
Exposure to Bis-A reduces testicular size by
about 30-45% (compared to typical testicular
composition), which is associated with a smaller
testicular parenchyma and reduced testosterone
levels. This is explained by the role of FSH,
which interacts with its receptors on Sertoli
cells, thereby stimulating spermatogenesis and
indirectly affecting testosterone production
by Leydig cells (Atanassova et al. 2000).
Nevertheless, the effects of Bis-A exposure
during embryonic or fetal development on adult
male fertility have not yet been studied and
should be the focus of future research (Table I).
A previous study found that men exposed
to 111-trichloro-2,2-bis(chlorodiphenyl)ethane
(DDT) had impaired sperm quality (De Jager
et al. 2006); however, this alteration could be
reversed, as the proportion of morphologically
normal sperm increased and the percentage of
sperm with abnormal heads and tails decreased
when exposure was reduced by 25%. It should
be noted that only post-pubertal men aged 18
to 49 years were included in this study. A similar
pattern was observed in individuals exposed to
glyphosate-based herbicides (GBHs), as there
was a decrease in progressive sperm motility
and viability, along with an increase in sperm
DNA damage (Nerozzi et al. 2020) (Table I).
Both GBHs and DDT exert endocrine-disruptive
effects, as the estrogen increase caused by
pesticides reduces testosterone secretion
through activating monooxygenase enzymes
in the liver and suppresses LH secretion by
the pituitary gland. In adult males (i.e., post-
puberty), this can interfere with the function of
Sertoli cells, which rely on testosterone and LH.
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Prolonged exposure to these agents ultimately
leads to a reduction in sperm production.

An important point to consider in
occupational exposure studies to pesticides,
such as endosulfan, is the individual variation
in contaminant absorption, which can affect the
comparability of serum levels among exposed
workers (Dalvie et al. 2009). In the study of
(Dalvie et al. 2009), baseline serum endosulfan
levels were elevated among all participants,
indicating significant environmental exposure
in rural areas, even before the annual spraying.
Both applicators (75%) and non-applicators
(>50%) showed substantial increases in serum
endosulfan levels, demonstrating that exposure
to the pesticide occurs not only through
direct contact but also via spray drift. Age was
identified as the only significant confounding
factor in predicting post-spraying increases,
suggesting that individual factors such as
metabolism and absorption capacity must be
considered when interpreting occupational
exposure results. These findings highlight the
importance of assessing individual variation to
obtain a more accurate understanding of the
risks associated with pesticide exposure. The
study by Chetty-Mhlanga et al. (2018) was a
longitudinal investigation about how pesticide
exposure (organophosphate metabolites, dialkyl
phosphates (DAPs), and pyrethroids) affects
the reproductive health and neurobehavioral
developmentofchildrenaged9to16inagricultural
areas. Using a combination of biomonitoring
techniques, such as urine and hair samples,
along with environmental assessments of air
and water, the study provided a comprehensive
evaluation of the effects of pesticide exposure
on reproductive hormone levels and sexual
maturity. The research included children at
various stages of development, allowing for
the analysis of pubertal and neurobehavioral
changes over time. By incorporating data on
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co-exposures, such as media use and alcohol
consumption, the study offered a detailed
understanding of the factors influencing
exposure and their effects. The results could be
helpful to both local agricultural communities,
providing evidence-based recommendations for
health promotion and pesticide regulation. This
was the first longitudinal study to examine the
impact of contemporary agricultural pesticides
on children’s reproductive health, addressing
gaps and inconsistencies in previous research
on neurobehavioral outcomes. Based on all the
evidence mentioned above, one can conclude
that pesticides cause irreversible and permanent
damage to reproductive function when exposure
occurs during the perinatal period, resulting in
reduced testicular size and decreased sperm
production (Kalb et al. 2016). If exposure occurs
after puberty, the damage may be reversible,
as lowering the substance by more than 25%
results in decreased sperm damage.

HERBICIDES

Due to its selective control of grasses and
weeds, atrazine (ATR, (2-chloro-4-ethylamino-
6-isopropylamino-1,3,5-triazine)) is one of the
most widely used herbicides in agriculture
(Garcia et al. 2012). Yet, several studies reported
the behavior of ATR as an endocrine disruptor
in mammals. The mechanism by which ATR
disrupts the endocrine system is related
to the binding and further inhibition of the
enzyme phosphodiesterase (PDE). Inhibition
of PDE increases the levels of cyclic adenosine
monophosphate (cAMP), which upregulates the
expression of the CYP19 gene that encodes for
aromatase enzyme (Sanderson et al. 2000). The
function of aromatase is to convert testosterone
into estrogen, the final effect produced by ATR
thus being an elevation of estrogen levels in
cells (Sanderson et al. 2000).
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In adult rodents (120 days old), exposure to
ATR adversely affects the reproductive system, as
it reduces the weight of testicles; increases the
size of the adrenal gland; induces the dilation
and disorganization of the seminiferous tubules;
causes irregularities in the nucleus of Leydig
cells; and disrupts the cell junctions between
Sertoli cells and germ cells, thereby decreasing
testosterone levels (Song et al. 2014). Besides,
ATP production in ejaculated sperm is highly
affected by direct exposure of rat males to ATR.
Specifically, ATR inhibits ATP synthase, which
in turn affects other mitochondrial functions.
This results in decreased sperm viability and,
particularly, motility (Abarikwu et al. 2010, 2015).

On the other hand, exposure to ATR during
gestation and lactation also causes reproductive
damage to pups. In rats, exposure of pregnant
females to ATR during early development and
the gestational period decreases the weight
of testes, epididymes, and the entire body of
pups (Song et al. 2014); reduces the anogenital
distance; and decreases the expression of
stereidogenic and androgen genes, which has
toxic effects for the fetus across the male lineage
in F1 and F2 generations (Pandey et al. 2021).

In the case of humans, exposure to ATR
decreases sperm motility (Hase et al. 2008),
and alters the composition of seminal plasma
(Rodriguez-Robledo et al. 2022), which has a
major impact on male fertility. This supports
the need of testing the effects of toxicants not
only in sperm but also in seminal plasma, even
employing techniques such as chromatography.
In humans, changes in seminal plasma as
consequence of exposure to environmental
toxicants could have a detrimental impact on
sperm physiology (sperm motility) and could
affect the role played by seminal plasma in
the female reproductive tract. Remarkably,
the sole evaluation of sperm quality without
envisaging the potential role of seminal plasma
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often shifts the focus to the woman when a
couple has problems of fertility; this approach,
however, forgets about the potential role of
seminal plasma in the whole physiological
process of fertilization and embryo implantation
(Rodriguez-Robledo et al. 2022).

Because evidence regarding the irreversible
effects of prenatal exposure to herbicides in
rodents accumulates, further studies should
determine if this is also the case in humans. In
addition, while the impact of ATR on the sperm
quality of human adults appears to be transient,
this does not exclude that the repercussion
observed in the seminal plasma could last
longer. For this reason, future investigations
should also be aimed to address if the seminal
plasma from males exposed to ATR exerts a
disadvantageous effect on the reproductive
success and embryo development.

MICROPLASTICS AND PLASTICIZERS

It is estimated that about 800 million tons
of plastic end up in the oceans every year (Li
et al. 2021, Steer et al. 2017). As the industry
grows and habits do not change, researchers
estimate that the amount of plastic waste will
exceed about 11 billion tons by 2050. In recent
years, consensus has been reached about the
problem being neglected by public health
policies. Plastics undergo photo (ultraviolet
light) and biodegradation (wave motion,
temperature, among others), thus resulting in
microplastics (diameter less than 5 mm) (Steer
et al. 2017). Humans are contaminated with
microplastics through ingesting contaminated
food and water, inhaling airborne particles,
and consuming seafood, as microplastics are
present in the oceans and eaten by marine
organisms. Additionally, everyday products like
cosmetics and synthetic clothing can release
microplastics, which are eventually absorbed
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by the body. The research on this topic is still
in its infancy, as most previous studies were
conducted in rodents rather than in humans.
Such investigations in rodents only examined
the effects of exposing post-pubertal animals
to microplastics, and observed a decrease in
sperm motility and sperm concentration, an
increase in the proportions of morphologically
abnormal sperm and sperm with DNA damage,
and a narrowing of the diameter of seminiferous
tubules (ljaz et al. 2022, Jin et al. 2021, Li et al.
2021). Since no examinations during gestations
have hitherto been carried out, whether the
injuries induced by microplastic pollutants are
reversible or irreversible remains unknown.
While no study has looked into the effects on
spermatogonia, it has been estimated that the
dose of microplastics that human beings may be
exposed to (16 pg/kg/day) can be detrimental to
sperm quality (ljaz et al. 2022).

Bisphenol A (BPA) is a synthetic organic
compound widely used to produce plastics
(toys, bottles, flooring materials, food packaging
and many others). Previous studies in rodents
proved that exposure to BPA, during either pre or
post-natal stages, decreases the size of testicles,
epididymesand preputial glands, which resultsin
reduced seminal quality. Noticeably, these effects
are persistent in the offspring until adulthood.
Also, in rodents, BPA was revealed to inhibit
the expression of StAR and 17-B-hydroxysteroid
dehydrogenase (17B-HSD), which leads to a
decline in the secretion of androgens by Leydig
cells. In humans, epidemiological studies
(Braun et al. 2012, Minguez-Alarcon et al. 2018)
revealed that not only was BPA detected in the
urine of women exposed to this toxicant during
pregnancy (first, second, or third trimester),
but its concentration in serum was also higher.
Exposure to BPA during gestation and lactation
has, therefore, harmful, irreversible effects on
the physiology of conceptus, as it impairs the
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development of reproductive organs, their
response to hormonal stimuli, and their ability
to produce sperm. Remarkably, a matter of
concern is that such damage can be passed on
to the next generations, thus compromising the
development of the reproductive system in the
offspring and causing male infertility; for this
reason, the effects on epigenetic signatures
should also be considered in future studies.
Because of all the aforementioned, BPA is no
longer included as a plastic component, as if
it came into contact with children during the
developmental stages, it would have a very
negative repercussion (Al-Saleh et al. 2019, Braun
et al. 2012, Caporossi et al. 2020, Harchegani et
al. 2019, Minguez-Alarcon et al. 2018, Thurston
et al. 2016). In human adults, exposure to BPA
inhibits the synthesis of FSH, increases the
plasma levels of LH and decreases those of
testosterone and prolactin. This increase in
plasma LH is related to the negative feedback
caused by the decrease in testosterone
concentration, which interferes with sperm
production. Thus, in adults, BPA appears to
decrease sperm concentration, motility, and the
proportions of morphologically normal sperm.
It should be emphasized that in adults where
the development of the reproductive system has
already been completed, the deleterious effects
on seminal quality are potentially reversible
when exposure ceases (Caporossi et al. 2020)
(Table |, Figure 1).

Diethylhexyl phthalate (DEHP) is a synthetic
chemical widely used in the fabrication of
medical devices, toys, and food packages,
among others. The forms of contamination
in humans are via ingestion, inhalation, and
topical absorption. Exposure to phthalate during
the neonatal period reduces the anogenital
distance in boys (Swan et al. 2005). The effect
of DEHP would be related to its antiandrogenic
nature (Curi et al. 2019, Hutson et al. 2013,
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Sunman et al. 2019), as the anogenital distance
is known to be associated with the development
of the male reproductive system, which is driven
by testosterone levels. This decrease in the
anogenital distance impacts the adult life of men,
and is linked to reduced sperm concentration.
While exposure to phthalates has been found
to cause pathologies such as cryptorchidism
and hypospadias in rodents, prenatal exposure
to these toxicants has not been reported to
exert such a detrimental impact (Hutson et
al. 2013, Sunman et al. 2019); notwithstanding,
whether concentrations greater than those
tested could be a risk factor still needs to be
elucidated. Increased levels of DEPH in urine
are associated with high FSH (B = 0.118) and
LH concentrations (B =0.099) in men, thus
indicating abnormal sperm production; and low
testosterone (B = -0.086) and estrogen levels,
which indicates aromatase inhibition (Al-Saleh
et al. 2019). These decreased testosterone levels
after DEPH exposure reflect a disruption in the
regulation of the hypothalamic-pituitary-thyroid
(HPT) axis, and the higher production of FSH and
LH produces an imbalance because Sertoli and
Leydig cells do not have enough receptors for
FSH and LH, which alters spermatogenesis (Al-
Saleh et al. 2019). Consequently, adults exposed
to DEPH show low sperm concentration and few
cells with normal morphology, due to endocrine
dysregulation (Al-Saleh et al. 2019). In rodents,
if the exposure to 100 mg/Kg BW/day of DEPH
is shorter than 42 days (i.e., the period of two
spermatogenic waves), the effects on seminal
quality may be reversible; a longer period,
however, causes irreversible damage (Al-Saleh
etal. 2019, Caporossi et al. 2020, Harchegani et al.
2019, Thurston et al. 2016) (Figure 1). In humans,
a previous work demonstrated that exposure
to DEHP reduced sperm concentration by 29%
(Minguez-Alarcon et al. 2018).
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Plasticizers, liquids added to microplastic
or nanoplastics (defined as particles smaller
than 5 mm or ranging between 1 and 100 nm
in size) have different mechanisms of action in
organisms. The most remarkable issue, however,
is that any exposure before puberty (childhood)
causes irreversible damage to the male
reproductive system. Conversely, while exposure
during adulthood may reduce seminal quality,
the adverse effect relies on the dose and period
of exposure and appears to be reversible (ljaz et
al. 2022, Jin et al. 2021, Li et al. 2021).

RADIATIONS

Humans are inevitably exposed to radiations,
which can be either non-ionizing or ionizing.
According to Kesari et al. (2018), non-
jonizing radiations consist of low-frequency
radiation (UV), electromagnetic radiation
and radio frequencies. Remarkably, humans
are continuously exposed to non-ionizing
electromagnetic radiation of low intensity for
long periods through cell phones, antennas, light
bulbs, and radars. lonizing radiations are those
that have enough energy to remove electrons
from atoms, producing electromagnetic
waves, a and B particles. Spermatogonia are
radiosensitive and can die in response to
ionizing radiation. Other testicular, further
differentiated germ cells such as spermatocytes
and spermatids are even more sensitive to
jonizing radiation. For this reason, the testis is
considered the most radiosensitive to ionizing
radiation organ in the human body (Xu et al.
2008). Exposure to electromagnetic radiation
causes a reduction in serum testosterone levels,
which leads to a decrease in sperm motility and
concentration (D'Autreaux & Toledano 2007, De
luliis et al. 2009, Forgacs et al. 2006, Willians
& Fletcher 2010). It has also been reported
that keeping the cell phone in the pocket of
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men (10 cm from the testicles) interferes with
seminal quality, impairing sperm motility and
viability (D’Autreaux & Toledano 2007). In mice,
Forgacs et al. (2006) identified that seminiferous
tubules became narrower after exposure to an
electromagnetic wave of 1800 MHz from a cell
phone having a specific absorption rate (SAR)
of 0.023 W/Kg. This electromagnetic radiation
also reduced testosterone production, possibly
affecting spermatogenesis (Table |, Figure 1).
Exposure to an ionizing radiation dose
of 0.3 grays (Gy; 30 rad) during embryonic
development can be teratogenic, mutagenic,
or carcinogenic. The fetus is more susceptible
to damage during the period from two to 15
weeks post-conception (organogenesis), and
previous studies conducted in women showed
that this is the most critical phase for radiation-
induced miscarriage (Willians & Fletcher 2010).
Wistar rats exposed to non-ionizing radiation
(frequency of 60 HZ and magnetic intensity of
1 mT) for 21 days of gestation were found to
undergo a significant reduction in the diameter
of their seminiferous tubules, without changes
in the other histological parameters of the testis,
epididymis, seminal vesicles and the prostate
(Celik et al. 2012, Tenorio et al. 2012). Another
study found that exposure to electromagnetic
radiation over the gestation of adult males may
lead to subfertility and infertility because of
testiculardegeneration, increased apoptosis rate
in the seminiferous epithelium, vacuolization of
the cytoplasm of Sertoli cells, and decreased
sperm viability and motility, without altering
testosterone synthesis (Sharma et al. 2021). In
addition, testicles are very sensitive to thermal
variations, so the increment of temperature
caused by ionizing radiation interferes with
spermatogenesis negatively (Xu et al. 2008). On
the other hand, whilst exposure of men to a low
dose of 0.023 W/Kg radiation for long periods
leads to a reduction in sperm count and motility,
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and also narrows the seminiferous tubule
diameter, a short period of exposure has no
effect. Further studies are thus needed to clarify
how electromagnetic radiation acts on the
human testicular tissue, including under which
conditions (type of radiation, time of exposure,
frequency, and male age) adverse effects are
irreversible.

HEAVY METALS

Metals are natural components of the
environment, most of which are essential
micronutrients for living organisms. They can
be found in terrestrial and aquatic systems as
well as in the air. They can concentrate through
food webs, from which species at the top of
the food chain can accumulate high levels of
metals (Hernandez et al. 1999). Unlike many
organic compounds, metals cannot be easily
metabolized into less toxic compounds, so they
have long residence times in soil and might
cause harmful effects long after the pollution
by the metal itself has occurred (Berglund et al.
2009).

Bergamo et al. (2016) found a large
amount of Zn, Cr and Cu in the ejaculates of
men living in areas with high environmental
impact. Previous research supports that heavy
metals disrupt the hypothalamic-pituitary-
testis axis, as they interfere with androgen
production in two possible ways: either through
receptor alteration or by directly affecting gene
transcription (De Angelis et al. 2017, Pavlova &
Atanassova 2018). Pb, Cd and As have recently
been identified as the main toxicants altering
the function of reproductive organs, such as the
prostate, increasing the percentages of sperm
with high DNA fragmentation and low degree
of chromatin condensation, and reducing the
ejaculate volume (De Angelis et al. 2017, Pavlova
& Atanassova 2018). According to the World
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Health Organization (WHO), while there are no
safe exposure levels for Pb, those > 10 pug/dL
harm the male reproductive system (Pavlova &
Atanassova 2018). Indeed, the presence of 0.5
ug/L Pb in men’'s seminal plasma is associated
with spontaneous abortions due to sperm
DNA damage (Pavlova & Atanassova 2018).
Previous research in rodents reported that the
administration of antioxidants, such as ascorbic
acid combined with thiamine for six weeks (two
periods of spermatogenesis) partially neutralizes
the detrimental action of Pb on the reproductive
system (Wang et al. 2006) (Table 1).

Bioaccumulation and half-life (between
20 and 40 years) of cadmium (Cd) make it an
important metal in reproductive toxicology.
Noticeably, Cd concentration in seminal plasma
is associated with reduced sperm motility
and concentration, and increased sperm DNA
damage and oxidative stress (Mendiola et al.
2011, Pant et al. 2015). How Cd precisely works
in humans is unknown, but studies in rodents
showed that it acts as an endocrine disruptor
(Pavlova & Atanassova 2018) (Table 1).

Finally, in humans, Mirnamniha et al. (2019)
demonstrated that Selenium (Se) can act by
partially neutralizing the harmful effects of
Cd and Pb. Se is an essential constituent of
the enzyme glutathione peroxidase, which
plays a crucial role in the antioxidant defense
scavenging reactive oxygen metabolites. Besides
being an excellent antioxidant, it prevents the
damaging effects caused by oxidative stress
after a treatment period of three months. As all
studies conducted in humans involved adults,
the impact of Se on children is not known.

CONCLUSIONS

The causes underlying infertility in men have
been investigated in the last years, with
accumulating evidence now supporting that
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environmental factors can also alter sperm
quality, function, and fertility. It is known that
these environmental effectsdonothappenalone;
they can be amplified by lifestyle, genetic factors,
and especially the forms of contamination and
combination of these reagents.

In the case of adults, the effects of most
environmental contaminants appear to be
reversible, as sperm quality can be partially
restored when individuals are removed from
exposure. One, however, must notice that most
studies focus on conventional spermiogram
parameters (i.e., motility, concentration, and
morphology) but do not address whether traces
of contaminants are present in seminal plasma.
Yet, and as illustrated in the current review, the
presence of contaminants in seminal plasma
can be associated with reduced sperm quality
and fertility. In addition, the assessment of
other sperm function variables may be required
to understand the actual impact of exposing
men to contaminants. Unfortunately, the exact
mechanisms through which these contaminants
affect reproductive function remain, in most
cases, unknown, and should be investigated in
the future.

Another conclusion of this review is that
exposure to environmental contaminants
during fetal development and childhood
may impact reproductive function until the
second generation. For some compounds, only
literature on rodents is available and there is a
lack of epidemiological data on humans. Further
research is, therefore, warranted to address how
all these environmental pollutants compromise
reproductive function in children and during
fetal development.
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