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Abstract

Environmental changes are a growing global concern, and their impact on reproductive health remains incompletely under-
stood. In this narrative review, conducted on behalf of the Italian Society of Fertility and Sterility and Reproductive Medicine
(SIFES-MR), we examined the impact of the environment on male fertility, considering endocrine-disrupting chemicals
(EDC:s), air pollution, and global warming, with the aim of identifying strategies to improve reproductive outcomes. Scien-
tific literature demonstrates that all these aspects may contribute to a decline in reproductive health, impairing sperm count,
motility, and morphology as well as reducing testicular hormonal function. Future research should focus on the role of envi-
ronmental factors in male hypogonadism, impaired spermatogenesis, genital abnormalities, and transgenerational effects.
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Introduction

Radical societal changes of the twenty-first century are
expected to significantly affect global fertility trends. It
is estimated that in 2050, the fertility rate of almost all
nations will fall below 2.1 children per woman; in Italy,
the average will be even lower, standing at 1.18, and down
to 1.09 in 2100. Several lines of evidence support the
hypothesis that declines in fertility rates might be related
to environmental factors; in particular, exposure to chemi-
cals in fetal life may also be dangerous [1].

The exposure to several chemical and physical pollut-
ants, including heavy metals, pesticides, phthalates, and
other endocrine-disrupting chemicals (EDCs) found in air,
water, and soil, has been associated with impaired game-
togenesis, both in males and females.

In the absence of risk-reduction actions, exposure to
EDCs contributes at least 20% to the incidence of repro-
ductive diseases, and for the general population, food is
the main vehicle for exposure to these chemicals.

Populations residing in heavily industrialized or agricul-
tural regions are especially vulnerable due to higher levels
of chemical exposure. Therefore, the European Union con-
siders the identification of EDCs on the European market
a priority (Article 57f of the REACH Regulation) and has
promoted the monitoring of food contamination and envi-
ronmental pollution. In addition, the World Health Organi-
zation (WHO) recognizes global warming as a major threat
to human health, including reproductive health [2].

This review conducted by the “Environment and Fertility”
Special Interest Group (GIS) of the Italian Society of Fertil-
ity, Sterility and Reproductive Medicine (SIFES-MR)—com-
prising experts in andrology, reproductive medicine, biology,
embryology, and assisted reproductive technologies—aims to
evaluate the impact of environmental exposures, including
EDC:s, air pollution, and global warming, on male fertility in
order to organize preventive and therapeutic programs. For
this purpose, we completed a retrospective analysis of human
studies published in the last 10 years.

A summary at a glance of the human studies consid-
ered in the current review is provided in and Table 1 for
chemical pollutant, Table 2 for air pollutant, and Table 3
for global warming.

Endocrine disruptors and male fertility
Heavy metals

Heavy metals are naturally occurring elements that
have become widespread pollutants due to extensive

@ Springer

anthropogenic emissions from agricultural, pharmaceuti-
cal, and industrial processes, one of the most common
categories of pollutants spread in the environment. Heavy
metals, particularly Pb, Cd, Cr, As, and Hg, have been
classified as systemic toxicants and represent a substantial
public health concern because of their persistence, bioac-
cumulation, and biomagnification through the food chain.
Inhalation and ingestion of contaminated water and food
are the primary exposure routes [3]. Although robust evi-
dence supports the negative effect of heavy metals expo-
sure on male reproduction, provided by experimental stud-
ies in animal models, epidemiological studies in humans
remain limited and heterogeneous, both in study design
and in the biological matrices used to assess exposure.

Ecological studies with no measurement of heavy met-
als in biological matrices highlighted that chronic low-level
environmental exposure to heavy metals was associated with
reduced sperm motility, particularly when comparing the
4th relative to the 1 st quartile of environmental exposure
[4], whereas chronic high-level environmental exposure
was associated with reduced sperm motility and concentra-
tion, abnormal sperm morphology, and reduced protamine/
histone ratio [5]. A different ecological study specifically
measuring Pb, Cd, and Cr in ambient fine particulate matter
(PM2.5) found a positive association between Pb and Cd, but
not Cr, with reduced sperm concentration [6].

The Longitudinal Investigation of Fertility and the Envi-
ronment (LIFE) prospective study, performed on couples
upon discontinuing contraception for purposes of becom-
ing pregnant, found a significant association between male
partner blood Pb, but not Cd or Hg, levels and a reduction
in couple fecundity [7]. Conversely, environmental exposure
to both Pb and Cd, when objectively determined by seminal
concentration of metals, was associated with poor semen
quality; in particular, higher seminal concentration of both
heavy metals, but not of As and Hg, was associated with
an increased prevalence of below-reference sperm viability
in male partners of couples attending infertility clinics [8].
Interestingly, a different study demonstrated a significant
association of semen Cd, but not Pb, levels with poor semen
quality, independently from the agricultural or industrial res-
idential address, suggesting that additional factors other than
the environmental exposure to Cd (i.e., dietary antioxidants
intake) might also contribute to such association [9].

Infertile men were found to display significantly higher
blood and semen Cd levels [10, 11] and semen Pb lev-
els [11]. In addition, higher blood and semen Cd levels
and blood Pb levels were found in azoospermic and oli-
gospermic infertile men, compared to normozoospermic
infertile men [12, 13]. In infertile men, higher semen Pb
and Cd concentration was associated with reduced sperm
concentration, count and motility, and abnormal sperm
morphology [11, 13], although results are more consistent
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for Cd than for Pb, across different studies. Moreover,
higher semen Pb and Cd [14] and blood Cd [10] concen-
tration was associated with oxidative stress and apoptosis
markers.

Lastly, low-level environmental exposure to As, deter-
mined by urinary concentration of As species, was associ-
ated with idiopathic male infertility; in particular, higher
urinary As levels were found in infertile men compared to
fertile men [15].

The effects of Hg exposure on male fertility and specifi-
cally semen quality remain unclear, and results might be
heavily affected by lack of control for potential confounders,
such as fish consumption, known to exert a beneficial effect
on semen parameters, as a major source of Hg and char-
acterized by a high risk of cross-contamination with other
pollutants [16]. The potential mechanisms underlying Pb
and Cd reproductive impairment may include the follow-
ing: impaired testosterone production driven by direct effects
on Leydig cells and indirect effects on the hypothalamus-
pituitary-testis axis; direct Leydig and Sertoli cell toxicity;
structural and functional damage to the blood-testis barrier
and testis vascular endothelium; zinc and selenium mimicry
and displacement from antioxidant enzymes; and oxidative
stress, DNA fragmentation, apoptosis, and inhibition of
DNA damage repair systems within the testis [17, 18].

Summary evidence

Clinical studies with different methodological settings con-
sistently suggest that Pb and Cd exposure is associated with
poor semen quality, and that a higher blood and seminal Pb
and Cd burden is associated with male infertility, particu-
larly in azoospermic and oligozoospermic infertile patients.
Insufficient evidence on Cr, As, and Hg exposure prevents
from drawing firm conclusions. Experimental studies in ani-
mal models suggest that potential mechanisms underlying
Pb and Cd reproductive impairment may include the follow-
ing: impaired testosterone production driven by direct effects
on Leydig cells and indirect effects on the hypothalamus-
pituitary-testis axis; direct Leydig and Sertoli cell toxicity;
structural and functional damage to the blood-testis barrier
and testis vascular endothelium; zinc and selenium mimicry
and displacement from antioxidant enzymes; and oxidative
stress, DNA fragmentation, apoptosis, and inhibition of
DNA damage repair systems within the testis.

Bisphenols

Bisphenols (BP), particularly bisphenol A (BPA), have been
widely used as additives in the industrial production of plas-
tic materials including polycarbonate-based and epoxy resin
products such as food, beverages and microwave cooking

containers, plastic dishes, and internal coatings in food cans;
until 2011, they were also used in bottles. BPA is soluble in
alcohol, ethers, and fats and may therefore contaminate food
and drinks by direct contact, in particular after prolonged
storage, exposure to high temperatures, and in the presence
of foods with a high lipid component. Due to the massive
use of plastics, in particular in the food industry, BPA is the
chemical compound with the widest exposure in humans and
poses a serious threat to public health. Ingestion of contami-
nated food and drinks, skin contact, and inhalation represent
the main routes of exposure [19]. Robust evidence concern-
ing the negative effect of BPA exposure on male reproduc-
tion has been provided by experimental studies in animal
models, and quite consistent epidemiological data have been
reported by human studies.

Environmental exposure to BPA, BPF, and BPS, deter-
mined by urinary concentration of BP, was not associated
with seminal parameters in young men (18-20 years of age)
from the general population in one observational study [20];
conversely, a different study on fertile men found a signifi-
cant association between urinary BPA and decreased sperm
concentration and impaired kinetic parameters, such as
decreased sperm swing characteristics (ALH and MAD) and
increased velocity ratios (LIN, STR and WOB), suggesting
that BPA might affect spermatozoa functional competence
to penetrate the zona pellucida [21]. Moreover, male partner
urinary BPA level was associated with abnormal sperm mor-
phology in a prospective, pre-conception cohort study [22].

BPA can be detected at comparable median levels in
serum [23] and urine [24, 25] of both infertile and fertile
men; nevertheless, high BPA concentrations were observed
specifically in infertile men [23]. Urinary BPA level was
negatively correlated with sperm concentration, motility,
and normal morphology and positively correlated with DNA
damage and seminal-plasma lipid peroxidation [25]. Higher
urinary BPA levels were associated with increased risk of
having below-reference sperm concentration, total count and
motility [26], and total sperm sex chromosome disomy and
spermatozoa immaturity, identified by a high DNA stain-
ability [27], although other studies failed to find associations
with seminal parameters [24, 27, 28]. Higher urinary BPS
levels were associated with increased risk of having below-
reference sperm motility [29]. A different study reported
significantly reduced semen volume and sperm concentra-
tion among men with detectable urinary BPS concentrations,
compared to men with non-detectable BPS; however, when
stratifying men according to BMI, significantly reduced
sperm concentration, total count, and motility were observed
among men with detectable urinary BPS concentrations,
compared to men with non-detectable BPS, only in over-
weight and obese men [30]. Moreover, semen BPA levels
were negatively correlated with sperm concentration, total
count [31], motility [25, 32], and normal morphology [25,

@ Springer
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31, 32], while semen BPS levels correlated with semen qual-
ity, mainly volume and sperm total count [32].

Despite a consistent association of bisphenols exposure
with poor semen quality, the LIFE prospective study failed
to find an association between male partner urinary BPA
levels and time to pregnancy [33], nor between semen BPA,
BPF, and BPS levels and time to pregnancy [34]. Results on
the lack of association between male partner urinary BPA
levels and time to pregnancy were confirmed by the Home
Observation of Periconceptional Exposures (HOPE) study
on healthy pregnancy planners [35]. Interestingly, the LIFE
study reported no correlation between urinary BPA levels
and seminal parameters and a negative correlation between
urinary BPA levels and spermatozoa DNA fragmentation,
though these results may be biased by low urinary BPA con-
centrations and the use of next-day semen analysis [36].

motility, progressive motility, sperm

detrimental impact on all semen qual-
concentration, and count

ity indicators, including both count

and motility
caused significant declines in total

Heat waves had a broad and strong
Exposure to very high temperatures

Main findings

Age (years)

M 31

Summary evidence

Clinical studies consistently suggest that bisphenols expo-
sure, particularly BPA, is associated with poor semen qual-
ity, reduced antioxidant levels, and increased sperm sex
chromosome disomy, spermatozoa immaturity, DNA dam-
age, and seminal-plasma lipid peroxidation, although few
studies did not confirm these associations; moreover, high
urinary BPA levels are associated with male infertility. Nev-
ertheless, the quite consistent effect on seminal parameters is
not reflected by a clear association with fertility outcomes.
Experimental studies in animal models suggest that poten-
tial mechanisms underlying BPA reproductive impairment
may include the following: impaired testosterone production
driven by direct effects of BPA on Leydig cells and indi-
rect effects on the hypothalamus-pituitary-testis axis; direct
Leydig and Sertoli cell toxicity; major impairment of the
spermatogenetic process and germ cell maturation; reduced
acrosomal integrity; altered germ cell glucose homeosta-
sis; and oxidative stress, DNA fragmentation, and apoptosis
within the testis.

15,112 male partners of couples seek-

N° of subjects/group
ing fertility treatment

Source/type of heat exposure Type of patients

Environmental

Phthalates

Phthalates, or phthalate esters, are a wide class of anthropo-
genic plasticizers, among which di(2-ethylhexyl) phthalate
(DEHP) is the most commonly used. DEHP is routinely
employed in the production of polyvinyl chloride (PVC),
the world’s second most-used plastic. Phthalates are widely
used in food packaging, blood storage bags, intravenous tub-
ing, and pesticides and, until 2008, in children’s toys. Like
BP, phthalates can contaminate food via direct contact and
are known to bioaccumulate in several fish species. Ingestion
of contaminated food represents the main route of expo-
sure, although for some phthalates, the greatest exposure
occurs through personal care products [37]. Robust evidence

Prospective cohort study

Study design

M mean, m median, AHT average highest temperature

Table 3 (continued)
Zhang X et al. (2024)

Ref

@ Springer
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concerning the negative effect of phthalates exposure on
male reproduction has been provided by experimental stud-
ies in animal models, demonstrating that these compounds
often act in complex mixtures, exerting synergistic effects on
common molecular targets. Human studies have quite con-
sistently supported an overall detrimental effect of phthalates
on male fertility.

Ecological studies without direct measurement of
phthalates or their metabolites in biological samples
have shown that chronic low-level environmental expo-
sure to phthalates was associated with reduced semen
volume and sperm motility and increased prevalence of
azoospermia [4]. One prospective study attempting to
test the hypothesis that specific environmental factors
might explain downward trends in semen quality over
time demonstrated that downward trends in both sperm
concentration and morphology over time were attenu-
ated by 19% when including urinary phthalate levels.
In particular, urinary mono(2-ethyl-5-carboxypentyl)
phthalate (MECPP) accounted for most of the contri-
bution towards decreasing sperm concentration and
urinary monoisobutyl phthalate (MIBP) and mono(3-
carboxypropyl) phthalate (MCPP) levels towards
decreasing sperm normal morphology [38]. Different
cross-sectional studies corroborate an involvement of
phthalates exposure in poor semen quality. In the general
population, urinary DEHP metabolite levels—particu-
larly MECPP, mono(2-ethyl-5-hydroxyhexyl) phthalate
(MEHHP) and mono(2-ethyl-5-oxohexyl) phthalate
(MEOHP)—were negatively correlated with sperm
motility; moreover, urinary DEHP metabolite levels—
particularly mono(2-ethylhexyl) phthalate (MEHP)—
were positively associated with spermatozoa immatu-
rity, as measured by DNA stainability [39]. In different
studies on males from infertile couples, including both
a male or a female factor of infertility, urinary phthalate
metabolite levels were associated with reduced sperm
concentration (monobenzyl phthalate (MBzP), MEHP)
[40, 41], motility (MBzP, MEHP) [39], morphology
(monobutyl phthalate (MBP), (MIBP)) [41], INSL3
(MBzP, MEHP) [40, 41], acrosin activity (MBP, MIBP,
MEHP) [41], and increased spermatozoa DNA fragmen-
tation 40, and seminal phthalate metabolite levels were
associated with reduced sperm concentration (MEHP,
MEHHP), motility (monoethyl phthalate (MEP),
MEHHP, MECPP), normal sperm morphology (MEP),
and INSL3 (monomethyl phthalate (MMP), MEP) [40].
In a study performed on couples upon discontinuing
contraception for purposes of becoming pregnant, male
partners’ urinary levels of phthalates were associated
with reduced sperm count and concentration (mono[2-
(carboxymethyl)hexyl] phthalate (MCMHP), MEHHP,
MBzP, monononyl phthalate (MNP)) and motility

@ Springer

(MCMHP, MEOHP, MECPP, MCPP), and increased
abnormal sperm morphology (MCMHP, MNP) [42].

Infertile men were found to display significantly higher
semen dioctyl phthalate (DOP) [43, 44], diethyl phthalate
(DEP), benzyl butyl phthalate (BBP), dibutyl phthalate
(DBP) and DEHP levels [44], and higher blood DEHP, DBP,
diisobutyl phthalate (DIBP), Bis(2-ethylhexyl) isophthalate
(BEHIP), butyl phthalyl butyl glycollate (BPBG), dipentyl
phthalate (DPP), diisooctyl phthalate (DIOP), diisoheptyl
phthalate (DIHP), dimethyl phthalate (DMP), diisononyl
phthalate (DINP), butyl isooctyl phthalate (BIOP), dimeth-
oxy octyl phthalate (DMOP), and dicyclohexyl phthalate
(DCHP) levels, and urinary MBP and MEHP levels [45]
than those observed in fertile men, although no correlation
was found with any seminal parameter [43, 45]. Conversely,
a different study highlighted that higher urinary levels of the
phthalate metabolites were associated with below-reference
sperm concentration and total count (MBP) and normal
morphology (MEHP) [46]; moreover, mixtures of phthalate
metabolites in seminal plasma were negatively associated
with the expression of spermatogenesis-related miRNA106a,
with MEHP likely representing the major contributor to such
effect [47]. Consistently, higher semen levels of phthalate
metabolites were found to be associated with reduced semen
volume (MBP, MEHP, MEHHP, MEOHP) sperm kinetic
parameters (MBzP, MEHP) and increased abnormal sperm
morphology (MBzP) in male partners of sub-fertile couples
[48]. Similar evidence was reported in fertile men, display-
ing no association of urinary DEHP, DBP, DEP, and di-n-
octyl phthalate (DOP) levels with any seminal parameter and
a negative correlation of urinary MBzP with sperm motility
[49].

Lastly, studies on the Fudan Preconceptional Offspring
Trajectory Study (PLOTS) [50] and LIFE [7, 33] prospec-
tive cohorts found a significant association between male
partner urinary total phthalates and MEHP and MCMHP
[50] levels and MBzP, MMP [7, 33] levels, and a reduction
of couple fecundity and longer time to pregnancy, whereas
contrasting data for male partners blood MEHP levels [51]
and no association for semen level of MECPP, MCMHP,
MEOHP, MEHHP, MCPP, MMP, MEP, MBP, MIBP,
mono-hexyl phthalate (MHxP), mono-cyclohexyl phthalate
(MCHP), mono-octyl phthalate (MOP), mono-isononyl
phthalate (MINP), MBzP, mono-(8-methyl-1-nonyl) phtha-
late (MIDP), and phthalate diesters DMP, DEP, DIPB, DBP,
BBP, Di-n-hexyl phthalate (DNHP), dicyclohexyl phthalate
(DCHP), DEHP, and DOP [34] were reported.

Few reports suggested a positive association of low-level
environmental phthalate exposure, objectively determined
in biological matrices, and sperm motility [52] and would
require further investigation in order to dissipate such incon-
sistencies. Furthermore, recent evidence suggests that evalu-
ating urinary phthalate metabolites in their conjugated and



Journal of Assisted Reproduction and Genetics

free form, rather than total levels, may provide more accu-
rate biomarkers of exposure and health effects [52]; unfor-
tunately, almost the totality of studies so far disregarded this
concept.

Summary evidence

Clinical studies consistently suggest that phthalates expo-
sure is overall associated with poor semen quality and male
infertility, although no firm association with fertility out-
comes can be drawn. Nevertheless, it must be stressed that
the interpretation of data is extremely complicated by het-
erogeneous study designs and the enormous number of dif-
ferent phthalates and phthalates metabolites that would need
to be simultaneously addressed. Moreover, available data
denote complex interactions, and differential associations of
the different phthalates or phthalates metabolites have been
highlighted, strictly depending on the specific endpoint, and
strongly suggest that the choice of biological matrices and
species to be determined needs to be carefully addressed.
Experimental studies in animal models suggest that potential
mechanisms underlying phthalates’ reproductive impairment
may include impaired testicular steroidogenesis, morpho-
structural alterations of the seminiferous tubules, disrupted
spermatogenesis up to complete absence of germ cells, Ser-
toli cells adherent junctions damage and reduced Sertoli
cells viability, and oxidative stress.

Polychlorinated biphenyls

Polychlorinated biphenyls (PCBs) are a stable group of
chemicals composed of chlorine atoms attached to biphenyl
rings. Their heat resistance and electrical insulating prop-
erties allow for a wide use in industrial applications until
their environmental persistence and toxic effects were rec-
ognized. Although PCBs have been banned in many coun-
tries, their long half-life and persistence in the environment
result in bioaccumulation in animal and human fatty tissues
[53, 54]. PCBs could affect androgen activity, disrupting
testosterone production and spermatogenesis. In fact, Den
Hond et al. [28] concluded in their study that exposure to
PCBs in 163 subfertile men was associated with altered fer-
tility outcomes. Further evidence of PCB-induced endocrine
disruption comes from Petersen et al. [55], who evaluated
266 fertile men with elevated PCB exposure. Their study
found that high PCB concentrations were associated with
increased serum concentrations of SHBG and FSH, without
impairing semen quality. Tgttenborg et al. [56] evaluated
prenatal exposure to PCBs and male reproductive health,
reporting that higher maternal exposure to PCB was linked
to a lower total sperm count, increased FSH values, and risk
of small testicles, together with a lower sperm fragmentation
index. Cai et al. [57] investigated the relationship between

PCB exposure and spermatozoa prosaposin levels, a pro-
tein involved in sperm maturation. They found that reduced
prosaposin level in spermatozoa was significantly associ-
ated with PCB exposure, suggesting that PCBs may interfere
with sperm maturation processes. A similar conclusion was
reached by Molté et al. [58], examining PCB levels in the
serum of male subjects. Their results showed a correlation
between elevated PCB concentrations and reduced sperm
quality, particularly in terms of sperm motility and mor-
phology. This study reinforces the hypothesis that exposure
to PCBs may have detrimental effects on male reproductive
health. The same group carried out a case—control study
including two groups of patients [59]. Total concentrations
of PCBs were significantly higher in the low semen quality
group than in the normal semen quality group. Finally, a
case-cohort study conducted by Desalegn et al. [60] found
that prenatal exposure to PCBs may increase the risk of
cryptorchidism as well as reproductive disorders in male
offspring, with long-term implications for male fertility.

Summary evidence

Studies on PCB exposure to male impairment of fertility
support that PCBs play a fundamental role as EDC in the
environment. Exposures to PCBs relate to altered quality of
sperm, disrupted hormonal homeostasis, reduced fertility
capacity, and risk for cryptorchidism. Underlying mecha-
nisms responsible for these impairments appear to be disrup-
tion in testosterone synthesis, spermatogenesis, and spermi-
ogenesis. Furthermore, studies have shown that the impact
of PCB exposure may be transgenerational, where not only
the individuals exposed but also their progeny are affected.

Perfluoroalkyl substances

Perfluoroalkyl substances (PFAS) are a group of synthetic
chemicals used in various industrial applications and con-
sumer products [61, 62]. High concentrations of perfluorooc-
tane sulfonate (PFOS) have been detected in the blood of
retired fluorochemical industry workers [63]. These chemi-
cals are persistent in the environment and human tissues and
are therefore also called “forever chemicals” [64]. Due to
their widespread use and persistence, PFAS are commonly
found in water, air, soil, food, and in the blood, where they
also accumulate in various organs; it has been reported that
they cross the blood-brain barrier, placenta, and blood-testis
barrier. Their potential effects on reproductive health have
increased in recent years. Perfluorooctanoic acid (PFOA)
and PFOS, the most widely studied PFAS compounds, have
been shown to affect hormone release, including testoster-
one. In this regard, [65] conducted a study on men from
different regions of Italy, finding that exposure to PFAS was
higher in men from the metropolitan area and was associated
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with altered gene expression in nuclear receptors involved in
fertility, including androgen receptors. Similarly, Di Nisio
et al. [66] demonstrated PFOA interference on the androgen
receptor with consequent reduction of sperm number and
quality and a raise in LH. Further evidence was reported
by Steves et al. [67], demonstrating that PFAS exposure
impaired human spermatogenesis using a stem-cell-derived
model; PFAS may directly impact spermatogonia stem cells,
disrupting the early stages of sperm development with a
long-term impact on male fertility.

Several studies have found that PFOA and other PFAS
chemical exposure is linked to reduced sperm quality, includ-
ing motility, concentration, and morphology. For instance,
Alamo et al. [68] assessed the in vitro effects of PFOA on
human sperm function and found significant alterations in
total and progressive sperm motility, impaired chromatin
compactness, and increased sperm lipid peroxidation and
mitochondrial superoxide anion levels, suggesting that even
low-level environmental exposure to PFOA could compro-
mise male fertility. Sabovi¢ et al. [69] reported that reduced
sperm motility is caused by PFA interference on sperm
membrane, leading to impaired chromatin compactness and
increased sperm lipid peroxidation and mitochondrial super-
oxide anion levels. Furthermore, Forthun et al. [70] demon-
strated that the effects of PFAS exposure in Norwegian boys
and male youths were quantified. Results of the research
indicated higher PFAS levels were associated with inter-
rupted pubertal timing, with a possible effect on reproduc-
tive function in adulthood. The current research highlights
the necessity of determining the long-term effects of PFAS
exposure in vulnerable developmental stages on male fertil-
ity. In addition, the same team [71] investigated the relation
between PFAS exposure and onset of puberty among Nor-
wegian boys, and they determined that increased levels of
PFAS were correlated with delayed onset of puberty. Given
that puberty is a key developmental window for establishing
male reproductive capacity, such delays may result in persis-
tent impairments in sperm production and quality.

Summary evidence

A correlation of PFAS exposure with male fertility impair-
ment appears to be consistent, inducing reduced sperm qual-
ity. As PFAS continue to persist in the environment as well
as in human tissues, it becomes very important to understand
the entire scenario of their effect on reproductive health.
Future studies should focus on longitudinal evaluations to
elucidate the long-term reproductive effects of PFAS, as well
as on studies of the mechanisms of PFAS-induced repro-
ductive toxicity, mainly in vulnerable populations such as
children and adolescents.
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Dioxin

Dioxins, primarily formed as industrial process by-products
such as waste incineration and production of certain chemi-
cals, are persistent organic pollutants accumulated in the
environment and in human body tissues [72]. As endocrine
disruptors, they interfere with hormonal regulation relevant
to reproductive health. The effects of dioxins on male fertil-
ity, particularly in the presence of subfertility and infertil-
ity, have been a subject of growing scientific investigation
over the last few years. In fact, new evidence shows that
exposure to dioxins can negatively influence sperm quality,
testicular function, and fertility outcomes in men. Den Hond
et al. [28] indicate that male subfertility patients exposed
to dioxins showed abnormal hormonal profiles and lower
fertility potential. This case-control study supports the role
of dioxins as contributing factors to male subfertility and
underscores the need for ongoing research on the environ-
mental impact on reproductive function. Eskenazi et al.
[73] conducted a study in Seveso, Italy—an area heavily
contaminated by dioxin following a 1976 industrial acci-
dent—and analyzed data from 677 offspring (341 females
and 336 males). Their findings revealed that maternal dioxin
exposure was associated with lower fecundability and higher
rates of infertility in both mothers and their daughters. These
results provide compelling evidence of the long-term, inter-
generational effects of dioxin exposure on reproductive
health, even more in the female population. Again, Paul et al.
[59] explored the relationship between serum concentrations
of dioxin-like PCB and sperm maturation in men attend-
ing fertility clinics. The study found that elevated levels of
these compounds were associated with delayed post-testicu-
lar sperm maturation, suggesting that exposure to dioxins
and similar chemicals can compromise male reproductive
function. Similarly, Molt6 et al. [58] investigated the levels
of dioxin-like PCBs in the serum of male fertility patients.
They found a significant correlation between higher PCB
levels and lower sperm quality, further implicating environ-
mental pollutants in male fertility issues. Collectively, these
findings reinforce the conclusion that dioxins may exert
adverse effects on key sperm parameters such as motility,
morphology, and concentration.

Summary evidence

Literature evidence presents a high correlation between
dioxin exposure and male fertility compromise, decline in
sperm quality, and reduced fertility outcomes. Even though
the specific mechanisms remain to be studied, it is evident
that environmental exposure to dioxin is a critical risk factor
for male reproductive health. Dioxin exposure effects in the
long term, possible intergenerational effects, and effective
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interventions to prevent reproductive health compromise are
subjects to be studied in the future.

Pesticides

Pesticides (PSTs) is an umbrella term comprising a very
wide and heterogeneous group of chemical substances used
as herbicides, insecticides, nematicides, fungicides, mollus-
cicides, rodenticides, bactericides, virucides, disinfectants,
and sanitizers; major classes of pesticides are represented by
organophosphates (OP) and organochlorines (OC). OPs are a
class of organophosphorus compounds, for the vast majority
used as insecticides; leakage into the environment through
volatilization and abrasion may easily occur and, although
OPs are rapidly degraded, small amounts may enter the food
chain. Therefore, ingestion of contaminated food and water,
skin contact, and inhalation represents the main routes of
exposure. Since the 1990s, increasing restrictions on OP
use for crop protection have been introduced, and use of
OP has decreased considerably since then [74]. Differently
from OP and OC, organic compounds that contain one or
more carbon—chlorine bonds are persistent organic pollut-
ants used in the production of PVC, as solvents for degreas-
ing and dry cleaning, and as insecticides for the control of
different insect-borne human diseases, as well as for insect
control in crops; OC may easily enter the food chain and
bioaccumulate in body fat for many years. Ingestion of con-
taminated food and water and inhalation represent the main
routes of exposure. Despite being among the most widely
used OC, due to their high efficacy and low cost, dichlo-
rodiphenyltrichloroethane (DDT) and its congener p,p'-
dichlorodiphenyldichloroethylene (p,p’-DDE) were banned
in the 1970s-1980s; nevertheless, concerns for human
health may persist due to potential long-term OC adverse
effects [75]. Although the majority of available human stud-
ies have been performed in occupationally exposed work-
ers, epidemiological evidence quite consistently supports
an overall detrimental effect of environmental exposure to
pesticides on male fertility also in the general population,
in terms of impaired semen quality and spermatozoa DNA
fragmentation.

A cross-sectional study focusing on exposure to pesti-
cides from fruit and vegetable intake highlighted that in
men consuming crops classified in the high pesticide resi-
due fruits and vegetables group, according to data from the
United States Department of Agriculture (USDA) Pesticide
Data Program (PDP), pesticide exposure was associated with
decreased sperm total count, motility, and normal morphol-
ogy [76].

Chronic exposure to OP and OC was found to be associ-
ated with decreased semen quality. A comparative study per-
formed in rural farmers and urban men found that exposure to
OP, determined by serum butyrylcholinesterase (BchE) as a

proxy index of exposure, was associated with decreased sperm
concentration and motility and decreased seminal antioxidant
activity in farmers, compared to the urban region population
[77]. Moreover, in a case-control study performed in male
partners of infertile couples and normozoospermic men, OP
exposure, determined by serum pseudocholinesterase and
acetylcholinesterase as a proxy index of exposure and urinary
levels of OP metabolites dialkyl phosphate (DAP), was sig-
nificantly more prevalent in cases than in normozoospermic
men and was negatively correlated with sperm concentration,
motility, and morphology [78]. Lastly, a negative association
was observed between urinary concentration of non-persistent
OP metabolites and sperm motility, normal morphology, and
spermatozoa DNA damage [79].

A study performed on the male general population found
that exposure to OC, determined by serum p,p’-DDE levels,
was associated with decreased sperm motility and kinetic
parameters [80]. Moreover, a longitudinal study performed
on boys from the general population reported that higher
peripubertal serum levels of hexachlorobenzene (HCB) and
B-hexachlorocyclohexane (B-HCH) were associated with
decreased semen volume, and higher serum levels of p,p’'-DDE
with decreased sperm motility later in life, highlighting the det-
rimental long-term effects of exposure to OC on semen quality
[81]. Interestingly, the LIFE study reported positive associa-
tions between serum levels of p-HCH, p,p’-DDT, o,p’-DDT,
and p,p’-DDE and sperm motility and kinetic parameters,
though these results may be biased by low serum concentra-
tions of OC and the use of next-day semen analysis [82].

Summary evidence

The environmental exposure to pesticides, both occupation-
ally and not, is associated with impaired male reproductive
health. Several studies have reported a reduction of sperm
concentration, motility, an increase of abnormal sperm mor-
phology, and sperm DNA fragmentation. Finally, early-life
exposure has been related to long-term effects on semen
parameters in adulthood.

Air pollution and male fertility

Air pollutants have been associated with impaired semen
parameters. In this regard, two Italian studies found respec-
tively a total sperm count higher in patients living in low and
middle-low industrial density areas compared with that of
men living in middle and high ones [83] and identified sperm
DNA fragmentation as a valuable early marker of pollution-
related damage [84]. Five studies were conducted in China
[85-89], suggesting that ambient particulate matter (PM)
exposure during sperm development adversely affects semen
quality, including concentration [85, 89], motility [86, 88], and
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morphology [87]. Conversely, Nassan et al. [90] evaluated the
associations of residential distance to major roadways in Mas-
sachusetts with semen quality and found no significant rela-
tionship. Interestingly, a recent meta-analysis conducted on 17
articles, with a total of 24,065 participants, with a range of age
from 18 to 40 years old, evaluated the effect of air pollution on
sperm parameters [91]. Despite the studies heterogeneity, the
authors found that a higher exposure to outdoor air pollution
was associated with a significant reduction of semen volume
(WMD, —0.13 mL; 95% CI —0.21 to —0.05; P = 0.001; I* =
32.1%), sperm concentration (WMD, —12.41 X 106/mL; 95%
CI -23.29 to —1.53; P = 0.03; I* = 98.7%), both total (WMD,
-5.96%; 95% CI —10.76 to —1.16; P = 0.01; I* = 96.2%)
and progressive motility (WMD, —4.89%; 95% CI —9.23 to
—0.55; P=0.03; I* = 98.0%), and normal morphology rate
(WMD, —2.64%; 95% CI —4.36 to —0.92; P = 0.003; I* =
94.6%). Furthermore, they found a significant increase in DNA
fragmentation index (WMD, 5.41%; 95% CI 3.24 to 7.59; P
<0.001; P =70.4%).

Summary evidence

Air pollution negatively impacts semen quality through
impairment of all semen parameters.

Impact of temperature global warming
on male fertility

Spermatogenesis is a complex and finely regulated process
that could be affected by several external and environmen-
tal factors. It has long been known that spermatogenesis is
a temperature-dependent process since testicular function
needs an ideal temperature of 2—3° below body temperature.
For example, spermatogenesis is defective in undescended
testis, and a possible explanation could be the exposition
to the higher intrabdominal temperature [92]. Occupational
studies have identified an increased risk of impaired semen
quality among workers exposed to heat, such as firefight-
ers [93] and steel industry workers [94]. Nonetheless, the
confounding effects of co-exposure to toxic substances in
these settings cannot be excluded. Additionally, lifestyle
factors may contribute to testicular heat stress, including
frequent sauna use, hot baths, prolonged sitting with laptops
on laps, use of seat heaters, or tight-fitting underwear [95,
96]. Experimental studies on healthy volunteers exposed to
artificially induced scrotal heat stress have supported these
findings [94, 95]. In one such study, Zhang et al. enrolled
19 healthy men who wore an electrically heated scrotal heat
stress (SHS) bag (40—43 °C) for 40 min, twice a week, over 3
months. The authors observed a significant decline in sperm
concentration, motility, and normal morphology after just
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1 month of SHS exposure, along with an increase in white
blood cells in the semen. After 3 months, further reductions
in semen volume were found, together with increased sperm
DNA fragmentation, loss of membrane integrity, and ele-
vated caspase-3 activity [97]. In a follow-up study in 2018,
the same group found significant alterations in hormonal
parameters, including LH, FSH, and testosterone, after 3
months of SHS exposure using a warming belt [98].

Experimental studies showed that exposure to heat waves
is strongly related to a decline in semen quality, including
reduced sperm count, motility, and morphology [99]. A heat
wave is a climatic phenomenon characterized by prolonged
periods of unusually high temperatures, typically defined rela-
tive to a specific temperature threshold and duration. Since
heat waves are most frequent in the summer, these findings
align with previous research that highlights seasonal varia-
tions in semen quality [100]. In 2013, Zhang et al. reported
that semen volume, sperm concentration, motility, and per-
centage of spermatozoa with normal morphology are inversely
related to fluctuations in peak temperatures, with significantly
lower parameters observed in midsummer [101]. Similarly, in
Wuhan, China, Zou et al. investigated the effects of ambient
temperature on semen quality in 10,802 sperm donation volun-
teers. They reported an inverted U-shaped exposure—response
relationship between temperature and both sperm count and
motility, identifying an optimal exposure threshold of 13 °C
(55.4 °F) during the 0-90 days preceding semen collection.
These findings suggest that both low and high temperatures
contribute to a decline in semen quality [102].

Another study from China, Zhang et al. [103] demon-
strated a negative relationship with a linear correlation
between ambient temperature and semen quality, conclud-
ing that ambient temperature may be beyond a possible level
of cold exposure that affects semen quality. A study with
15,112 subjects and 28,267 semen samples emphasized that
exposure to high temperatures negatively affects sperm qual-
ity. At the 98th percentile, all six sperm parameters were
affected, and sperm count was particularly susceptible after
exposure for 3 days. At even higher temperatures (99th per-
centile), negative effects were more potent, with more severe
impairment in progressive motility and sperm count [104].
Another study of 1780 men from Wuhan, China, also pro-
vided further evidence of an ambient temperature thresh-
old effect on sperm quality. An increase of 1 °C above the
threshold detected accounted for a significant decrease of
normal sperm morphology at different exposure windows
before semen analysis, with the most pronounced effects at
the more proximally exposed times [105]. In 2021, Veron
et al. conducted a study evaluating the impact of various
meteorological variables on semen quality in men from
Argentina. Of the 11,000 samples, they found a decline of
semen parameters in summer compared to winter, with sig-
nificant decreases also observed between winter and spring.
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Their analysis showed that changes in sunshine duration and
humidity notably influenced sperm concentration, motil-
ity, and vitality [106]. In 2024, the same group published
a study analyzing 54,926 men in Buenos Aires, Argen-
tina, from 2005 to 2023 and found that exposure to heat
waves (defined as >3 consecutive days with temperatures
of 32.3 °C or higher and 22 °C or higher) during spermato-
genesis negatively impacted semen quality. Men exposed to
heat waves had lower sperm concentration, count, and nor-
mal morphology, with the strongest effects observed in years
with frequent heat waves. Longer heat wave exposure was
more detrimental, particularly during early spermatogenesis
(64-90 days before semen collection) [100].

In this section, we also considered studies not directly
focused on global warming to illustrate the impact of ele-
vated temperatures on male fertility. Investigating the spe-
cific effects of global warming on fertility remains challeng-
ing due to several methodological limitations in the existing
literature. Moreover, individual-level data on indoor envi-
ronments (such as air conditioning or workplace heat expo-
sure) were generally not available. Nonetheless, these stud-
ies also demonstrate notable strengths. Among them are the
use of longitudinal designs and large cohorts with extended
follow-up periods, the analysis of multiple exposure win-
dows to encompass the full duration of spermatogenesis, and
the application of sophisticated statistical techniques which
enhance the robustness of the findings.

Summary evidence

Heat exposure adversely affects sperm quality and male fertil-
ity, although the mechanisms are not yet clear. Male infertility
can be a significant consequence of global warming, and thus,
greater attention should be given to this growing issue.

The studies we have presented exhibit several limitations,
including selection bias and, sometimes, the absence of
repeated semen quality assessments. Additional limitations are
the absence of consideration for potential co-exposures other
than heat, the inclusion of heterogeneous populations, and the
estimation of heat exposure based solely on ecological weather
data. Finally, additional research is required to determine the
global impact of climate change on male fertility.

Transgenerational effects

The exposure to the environment, mainly EDCs, may induce
epigenetic modifications, which can directly modulate the
regulation of genetic processes, DNA methylation alterations,
and histone modifications that are heritable across generations,
raising concerns about long-term reproductive consequences

[107]. Studies conducted on animals have demonstrated that
prenatal or early-life exposure to substances such as dioxins
can lead to transgenerational effects on male fertility, including
altered sperm parameters and epigenetic reprogramming of the
germline [108]. Although data on humans remain limited, the
potential for irreversible reproductive harm underscores the
need for precautionary regulatory policies and comprehensive
monitoring of EDC exposure. Incorporating the transgenera-
tional paradigm into risk assessment frameworks could signifi-
cantly strengthen public health protection strategies.

Limitations and future perspectives

Despite the growing body of literature, several method-
ological limitations persist. Firstly, the majority of the
studies are observational in nature (i.e., ecological stud-
ies), thus limiting causal inference and confounding. In
this regard, common confounders, such as dietary habits,
smoking, occupational exposures, and socio-economic sta-
tus, are often not assessed. Secondly, substantial heteroge-
neity exists in exposure assessment methods, particularly
for chemicals such as BPA, phthalates, and PFAS, due to
the variety of sampling matrices and timing, complicating
comparisons across studies.

Additionally, sample sizes in several studies are limited,
which reduces statistical power. Several investigations
also rely on self-reported outcomes or semen parameters
assessed in subfertile populations, which may not be gen-
eralizable to the broader male population. Moreover, pub-
lication bias toward studies reporting positive associations
cannot be excluded.

Another critical point is the presence of non-monotonic
dose-response relationships for many EDCs. This non-
linear behavior complicates toxicological interpretation
and identification of safe exposure thresholds.

From a review perspective, the absence of a formal risk
of bias assessment represents a further limitation.

Future research should prioritize prospective designs
with careful attention to methodology, using standardized
exposure assessments and sufficient power, and should
aim to elucidate mechanistic pathways through which
environmental factors influence male reproductive health.
Clinicians should consider the geographic origin of study
participants—especially those from areas known to be
environmentally at risk—as well as conduct a comprehen-
sive assessment of occupational exposures, lifestyle fac-
tors, and confounding factors. Studies assessing the impact
of environmental pollution on the reproductive health of
the population, with a comparison of areas with a high
rate of detected pollution versus areas with normal or low
rates, should be encouraged.
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Conclusions

The effects of environment on male fertility could be sum-
marized into three major groups of stressors: endocrine dis-
ruptors, air pollution, and global warming (Fig. 1).

Based on the current body of evidence in the literature,
the following conclusions can be drawn:

— Exposure to endocrine-disrupting chemicals, environ-
mental pollutants, and heat contributes to a decline in
reproductive health.

— Research should focus on the role of environmental fac-
tors in male hypogonadism, impaired spermatogenesis,
genital abnormalities, and transgenerational effects.

— Multidisciplinary clinical research integrating expertise
from andrology, gynecology, embryology, and social sci-
ences is essential to investigate fertility trends and their
underlying causes. Collaborative research including
experts in biochemistry and statistics is highly recom-
mended, due to the constant simultaneous co-exposure
to cocktails of compounds potentially exerting additive/
synergistic or antagonistic effects and to the frequently
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observed complex non-monotonic dose-response rela-
tionships.

— Public education efforts should be strengthened to raise
awareness about the potential risks posed by environ-
mental factors on reproductive health; in the same way,
efforts to reduce contamination in the environment and
limit exposure to chemicals are essential to protect repro-
ductive health, particularly in vulnerable populations
such as children and adolescents.

— Interdisciplinary collaboration among health care profes-
sionals and experts in the field of environmental pollu-
tion, as well as local environmental governance stake-
holders, is both essential and non-negotiable.
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