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ARTICLE INFO ABSTRACT

Over the past few decades, accumulated evidence confirms that the global environment conditions are changing
rapidly. Urban industrialization, agriculture and globalization have generated water, air and soil pollution,
giving rise to an environment with a growing number of stress factors, which has a serious impact on the fitness,
reproduction and survival of living organisms. The issue raises considerable concern on biodiversity conserva-
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Fertilization tion, which is now at risk: it is estimated that a number of species will be extinct in the near future. Sexual

Xenobiotic reproduction is the process that allows the formation of a new individual and is underpinned by gamete quality

I(j'lématel change defined as the ability of spermatozoa and oocytes to interact during fertilization leading to the creation and
ife style

development of a normal embryo.

This review aimed to provide the current state of knowledge regarding the impact of a broad spectrum of
environmental stressors on diverse parameters used to estimate and evaluate gamete quality in humans and in
canonical animal models used for experimental research.

Effects of metals, biocides, herbicides, nanoparticles, plastics, temperature rise, ocean acidification, air pol-
lution and lifestyle on the physiological parameters that underlie gamete fertilization competence are described
supporting the concept that environmental stressors represent a serious hazard to gamete quality with re-
productive disorders and living organism failure. Although clear evidence is still limited, gamete capacity to
maintain and/or recover physiological conditions is recently demonstrated providing further clues about the
plasticity of organisms and their tolerance to the pressures of pollution that may facilitate the reproduction and
the persistence of species within the scenario of global change.

Changes in the global environment must be urgently placed at the forefront of public attention, with a
massive effort invested in further studies aimed towards implementing current knowledge and identifying new
methodologies and markers to predict impairment of gamete quality.

1. Introduction

The environment is an integrated bio-geo-physical system, and it
represents the final sink for numerous contaminants that are produced
by the rapid growth of anthropogenic activities. Multiple inter-
connected environmental changes are now taking place, including
chemo- physical pollution and climatic modifications that in turn con-
tribute to deteriorating fresh/marine waters, forests, fisheries and soil,
culminating in a general loss of biodiversity (Frumkin and Haines,
2019; Pimm et al., 2014). This an ongoing process: contaminated
conditions appear to interfere with intricate reproductive mechanisms
and events, creating problems in reproduction for a variety of species.
Reproduction is a complex process of cell-to-cell interaction, initiated
with the production of gametes (spermatogenesis and oogenesis) and
leading to formation of the zygote, the first cell of a new individual.

Gametogenesis is the process that transforms immature germ cells
present in the gonads into mature gametes; it is underpinned by
meiosis, the specialized process of cell division that allows chromosome
number to be halved, with formation of haploid sperm cells and oo-
cytes. By the end of gametogenesis, gametes are competent for fertili-
zation but remain in a quiescent state until the process is reactivated by
a reciprocal interaction with the other partner. Gamete activation is an
essential pre-requisite for successful fertilization and subsequent em-
bryo development, involving physiological events that are specific to
either the sperm or the oocyte. Sperm activation is a multistep process
induced by the extracellular coats of the oocyte, involving modifica-
tions in morphology and function. These modifications allow sperm to
become motile, to be attracted towards the oocyte, bind to it, undergo
the acrosome reaction (AR) and, finally, to fuse with the oocyte plasma
membrane. This is followed by release of a sperm factor into the
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Fig. 1. Environmental stressors impact on gamete quality. Environmental stressors affecting different gamete quality parameters impair embryo development.

ooplasm, which immediately activates the oocyte in a process under-
pinned by electrical, structural and metabolic modifications (Dale et al.,
2010; Tosti and Ménézo, 2016). All of these events involve regulatory
molecules, ion fluxes and messenger mobilization. Although the specific
events differ between species, comparative studies reveal that the ma-
jority share common mechanisms. However, since modalities of ferti-
lization differ between species with external fertilization (marine ani-
mals), and internal fertilization (mammals), the variety of stressors
prevalent in a particular environment will clearly have different im-
pacts upon normal gamete physiology and behavior (Fig. 1).

Gamete quality is defined as the ability of spermatozoon and oocyte
respectively to fertilize and be fertilized, leading to the development of
a normal embryo (Bobe and Labbé, 2010). Successful fertilization is
associated with the quality of the resulting zygote, which is in turn
contingent upon the health of the oocyte and spermatozoon. Recent
studies clearly confirm a close relationship between infertility and ga-
mete health (Budhwar et al., 2017).

Despite the considerable effort invested in identifying possible
predictive markers of gamete quality, the cellular and molecular factors
involved remain largely unknown.

The health status of the spermatozoon is currently examined by
investigating parameters that underlie fertilization capacity, using a
conventional spermiogram with reference to the cut-off values provided
by the WHO manual for semen assessment (WHO, 2010). These include
sperm concentration, motility, viability and morphology. Sperm moti-
lity facilitates sperm travel toward the oocyte and the subsequent
process of fertilization; poor sperm motility is considered to be a major
cause of male infertility (McLaren, 2012). Abnormalities in some factors
and regulatory pathways, together with specific gene defects, may
impair sperm motility, with a subsequent impact on fertility. A recent
review has identified some of these potential factors to include calcium
and cAMP-dependent protein kinase and phosphatases pathways, re-
active oxygen species (ROS) and the regulation of cell volume and os-
molarity (Pereira et al., 2017).

The majority of recent studies evaluating sperm quality also in-
cluded other parameters: (i) mitochondrial activity, which provides
energy for sperm motility and (ii) tests of genome integrity such as
chromatin condensation and DNA fragmentation. Chromatin con-
densation is a fundamental part of mammalian spermatogenesis that
allows compaction of the sperm genome and that may lead to

developmental arrests immediately post fertilization due to the fact that
the oocytes are poorly able to fix tertiary structure anomalies. However,
sperm chromatin remodeling is also epigenetically modified and espe-
cially the methylation errors have a major impact for the fertility of the
next generations (Lees-Murdock and Walsh, 2008) passing this in-
formation from gamete to offspring (Gold et al., 2018).

DNA fragmentation plays an important role in the etiology of male
infertility, and is mainly due to reactive oxygen species (ROS) that are
produced as a result of cellular metabolism. At low levels ROS are in-
volved in physiological sperm function as the acrosome reaction, but an
imbalance between redox status and antioxidant defense generates
oxidative stress, which impairs essential reproductive processes,
whereas controversial studies report an impact on fertilization and
pregnancy outcome (Bisht and Dada, 2017; Evenson and Wixon, 2008).
The evaluation of oocyte quality is of course more difficult, so far
evaluated mainly by direct counts in brooding species and by morpho-
histological parameters.

This is a further matter for concern in human reproduction, since
females appear to be more vulnerable to toxicity, with significant ef-
fects on fecundity and potential disruption of reproductive processes as
well as subsequent fetal development (Brohi et al., 2017). However, it
must also be considered that the oocyte has a rather good DNA repair
capacity towards oxidative stress insults (Menezo et al., 2007).

Many of the parameters identified as targets of environmental in-
sults may be useful biological markers of gamete competence, in-
dicative of gamete reproductive potential (Ruvolo et al., 2013). In this
respect, a large number of epidemiological studies have tried to identify
possible sources of environmental stress that impair gamete quality,
and the physiological parameters that may be targets of adverse effects
related to stressors. Most of these parameters have been identified as
end-points associated with idiopathic infertility and low in vitro ferti-
lization success.

We describe below some of the main environmental stressors that
are known to influence either sperm or oocyte quality, the morpho-
functional aspects that are impaired and the resultant impact on ferti-
lization and embryo development in most of the animal species studied,
as well as in humans (Figs. 2-4).
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Fig. 2. Environmental stressors impact on sperm quality. Different environmental stressors alter sperm motility, morphology, concentration, mitochondrial activity
and induce DNA fragmentation, plasma membrane lipid peroxidation and ROS formation.
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Fig. 3. Environmental stressors impact on oocyte quality. Different environmental stressors alter oocyte size, morphology, concentration and plasma membrane
electrical properties.
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Fig. 4. Environmental stressors impact on embryo development. Environmental stressors impair embryo development in different marine invertebrates, mammals

and human.

2. Impact of environmental stressors on gamete quality
2.1. Xenobiotics
Over the last few decades, agricultural production and manu-

facturing processes have released a number of diverse substances into
the environment. These compounds are collectively known as

xenobiotics, and include metals, herbicides, pesticides, persistent or-
ganic pollutants, antifoulants, nanoparticles, pharmaceuticals, and
plastics (Wurl and Obbard, 2004).

Contaminants are transmitted to organisms via marine, ground and
drinking waters, with a threat to their fitness, health, reproduction and
even survival (Ritter, 2002). Most of the xenobiotics act as endocrine
disruptors (EDCs), posing risks to animals and humans by targeting
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different organs and systems in the body through mechanisms that in-
terfere, mimic or block the natural actions of hormones or their re-
ceptors (Magbool et al., 2016).

In vertebrate species, EDCs can interfere with both genomic and
non-genomic pathways. Based on the capacity to mimic hormone ac-
tions, different EDCs affect fish reproductive physiology by inhibiting
gametogenesis and decreasing rates of fertility. Sperm parameters such
as density, motility, and fertility potential were shown to be altered in
several wild species, and impairment of oocyte growth and maturation
result in a generalized poor outcome after fertilization. These findings
support the concept that interference with steroidogenesis and hormone
synthesis pathways may affect gamete viability and quality, the major
indicators of reproductive endocrine disruption (Carnevali et al., 2018).
On this basis, gamete physiology appears to be a major target of several
xenobiotics and EDCs that may induce a subsequent decline in both
male and female fertility.

2.2. Metals

Metals are classified as essential or nonessential elements. Essential
metals include magnesium, nickel, cobalt, copper, calcium, manganese,
potassium, sodium and zinc; these participate in physiological pro-
cesses, and are required by organisms in small quantities; however, they
may have toxic effects when present in excessive quantities (Falchuk
and Montorzi, 2001). Nonessential metals include aluminum, lead,
cadmium and mercury; although these are tolerated by organisms at
very low levels, they have no biological role and interfere with phy-
siological processes to exert toxic effects on living organisms. In recent
years, a large number of studies have investigated adverse effects of
metals both on the environment and in human beings, but only a few
have evaluated their impact on gamete quality.

Adult male mice given drinking water with lead (Pb) added to it for
6 months experienced serious impairment of sperm parameters, in-
cluding density, viability, motility and morphology as well as com-
promised DNA structure and integrity. These effects, together with
changes observed in testis and epididymis morphology suggest that Pb
induces a significant decline in male fertility (Liu et al., 2018).

The effect of cadmium (Cd) has been investigated in mammals, and
shown to cause a variety of types of damage to reproductive tissues and
organs (Marettové et al., 2015). Specifically, injection of cadmium into
adult mice and rats had short and long-term impacts on sperm motility,
concentration, morphology, DNA integrity and also induced a pre-
mature acrosome reaction (Adamkovicova et al., 2016; Oliveira et al.,
2009).

In mouse and human, effects were related to duration of exposure.
The decrease in sperm motility observed after long-term exposure was
not found after short exposure; both however resulted in a decreased
fertilization rate (Zhao et al., 2017). A number of epidemiological
studies found an association between cadmium, decreased sperm mo-
tility and fertility impairment. A recent study that aimed to elucidate
the mechanism of toxicity suggested that a cadmium-induced tyrosine
phosphorylation event was involved (Wang et al., 2016).

Metal pollution has been shown to cause male infertility through
mechanisms that involve ROS production. Human spermatozoa exposed
to the three different metals cadmium, lead and aluminum showed
significantly decreased sperm motility; aluminum caused plasma
membrane lipid peroxidation due to oxidative stress induced by ROS
(Jamalan et al., 2016). Likewise, environmental exposure of human
sperm to a battery of 5 metals showed an inverse correlation with
progressive and total sperm motility, with the exception of zinc, which
appeared to be beneficial for sperm concentration only (Wang et al.,
2017b). These data support previous studies reporting that zinc has a
physiological role in male reproductive health, due to protective ac-
tivity during spermiogenesis, zinc finger proteins role in transcription
and the stabilization of DNA structure. Moreover the toxicity of other
metals is associated with their displacement of zinc resulting in

Environment International 138 (2020) 105627

destabilization of the tertiary structure of DNA (Barbato et al., 2017;
Jeng et al., 2015; Kasperczyk et al., 2016).

Sperm morphology is also affected by different metals. Potassium
chromate administered to mice induced an increase in teratospermy
and decrease in sperm motility, but no damage to DNA or chromatin
integrity was detected (Oliveira et al., 2010). Similarly, a copper-de-
pendent increase in sperm head malformations was reported in mice,
although this was not associated with a decrease in sperm viability
(Zhang et al., 2016). Metals are one of the major sources of marine
water pollution; this poses a particularly high risk, as both adults and
spawned gametes are directly exposed to contamination. In the mussel
Mytilus galloprovincialis, copper at subtoxic concentrations was recently
shown to affect protamine-like proteins, the basic component of sperm
chromatin; this subsequently had a negative effect on the reproductive
system of this species (Lettieri et al., 2019b). Similarly, in the same
species cadmium accumulation in protamine-like proteins was observed
after parental exposure, suggesting that this metal induces a structural
rearrangement of sperm nuclear components that will have a negative
impact on chromatin organization (De Guglielmo et al., 2019). In other
aquatic species such as the freshwater crab, different concentrations of
lead reduced the integrity of the sperm plasma membrane, acrosomal
membrane and DNA, all associated with a significant decrease in total
antioxidant activity; the dose-dependent adverse effect of lead may be
mediated by oxidative stress (Li et al., 2016a).

Nearly two decades ago, reduced sea urchin oocyte size and poor
sperm quality were observed following chronic exposure to cadmium
(Au et al., 2001). Migliaccio et al. investigated the effect of cadmium
and manganese exposure on sea urchin females, revealing impaired
fertilization with subsequent abnormal embryo morphology, related to
nitric oxide production (Migliaccio et al., 2015). Ascidian oocytes were
exposed to a set of six metals (lead, cadmium, mercury, zinc, tin,
nickel), and the impact of each metal was evaluated by examining the
electrical events that underlie the oocyte activation, fertilization, em-
bryo and larval development. Different types of impact were observed,
from an overall reduction in sodium current activity to reduction of the
cleavage rate, reduction or inhibition of fertilization and absence of
larval formation. However, only cadmium showed no effect on fertili-
zation or normal embryo and larval development (Gallo, 2018; Gallo
et al., 2011).

Different studies have demonstrated that oocytes are apparently
more tolerant to metal insults. In non-mammalian species such as sea-
birds, cadmium and mercury were shown to accumulate in oocytes at
different rates, depending on breeding seasons, oceanographic condi-
tions and continental runoff. However, the oocytes showed concentra-
tions of these metals at levels above the threshold for exerting a ne-
gative impact on reproduction and subsequent species persistence
(Ceyca et al., 2016). Furthermore, oocytes have been reported to have a
high tolerance to cadmium in a range of marine species (Pavlaki et al.,
2016).

A set of metals were recently reported to induce a change in the size
and volume of magpie (Pica pica) oocytes (Zarrintab and Mirzaei,
2017). Exposing livestock cumulus-oocyte complexes to cadmium even
at nanomolar concentrations induced oxidative damage resulting in
impaired oocyte fertilization (Martino et al., 2017). In humans, a recent
pilot study correlated high copper, zinc, chromium and low iron levels,
with reduced sperm motility and antioxidant defenses and the occur-
rence of increased sperm DNA fragmentation. Since these negative
impacts were associated to men living in highly polluted areas it was
suggested to use human semen as early sensitive biomarkers of en-
vironmental pollution in biomonitoring studies (Bergamo et al., 2018;
Bergamo et al., 2016).

Altogether, these data support the concept that the effect of metals
is greater on sperm than on oocyte quality; cadmium has been shown to
exert a toxic effect on sperm motility in all species studied so far.
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2.3. Biocides

Biocides are substances that have an influence on a wide range of
biological processes, from growth retardation to death of the organism.
Biocides include pesticides, bactericides, fungicides, herbicides, in-
secticides and antifouling compounds. A two-year comparative study
that investigated sperm quality from men living in areas with heavy
agricultural pesticide contamination vs men living in industrial towns
revealed a close association between pesticides in current use and re-
duced semen quality (Swan, 2006). An epidemiological study later
highlighted the fact that pesticides, including 1,2-Dibromo-3-Chlor-
opropane i.e. DT/Dichlorodiphenyldichloroethylene, ethylenedi-
bromide, organophosphates, and polychlorinated biphenyls (PCB)
consistently exerted an effect on sperm physiology. PCB in particular
was detrimental to sperm count and motility, suggesting a link between
ambient air pollutants and semen characteristics. There is further evi-
dence that endosulfan, an organochlorine pesticide, is toxic to re-
productive processes of aquatic life, especially in freshwater organisms
(Han et al., 2011). An endosulfan-induced alteration in spermatocyte/
spermatid clumping patterns was demonstrated, accounting for a sub-
sequent low sperm concentration after spermatid differentiation to
mature spermatozoa (Islam et al., 2017).

Antifoulants play a key role amongst the biocides; these are che-
mical substances added to paints in order to counteract organisms that
cause marine biofouling on submerged components of boats, ships and
aquaculture infrastructures. These substances release harmful particles
that may affect non-target organisms, and this represents a major
source of concern. Historically, the organic booster tributyltin (TBT)
was the most commonly used biocide in antifouling paints. TBT was
soon recognized as harmful to marine environments by disrupting en-
docrine systems of both aquatic life and wildlife. In particular, TBT
affected mollusk reproduction by generating imposex, the irreversible
induction of male sex characteristics in females (Amara et al., 2018;
Smith, 1981). Due to its high reprotoxicity, the use of TBT use was
globally banned by 2008, and this led to a search antifoulants that are
less harmful for the environment and biota, with the formulation of
alternative biocides such as diuron and chlorothalonil. In the late
1990 s, TBT was shown to impede early sperm-egg interactions in as-
cidians through a mechanism involving a reduction in oocyte plasma
membrane ion currents, which support the key role of ion channel ac-
tivity in gamete physiology (Franchet et al., 1998). It was also later
tested the effects of TBT and diuron on gamete quality in the ascidian
Ciona intestinalis (Gallo and Tosti, 2013). Consistent with the toxic ef-
fect of TBT, it was demonstrated an impact on electrical properties of
the oocyte plasma membrane that underlie oocyte activation, followed
by a short-term effect on events during fertilization and a long-term
effect on larval development. In contrast, diuron also affected electrical
properties by reducing the amplitude of plasma membrane sodium
currents; however, this was not followed by further impairment of
fertilization rate and transmissible damage to offspring. It was also
tested the effect of a new antifoulant, chlorothalonil, on C. intestinalis
oocyte quality, showing that mature oocytes underwent a decrease in
the amplitudes of the sodium and fertilization currents followed by
arrest of embryo development at high chlorothalonil concentrations
(Gallo and Tosti, 2015). Exposure of oyster gametes to diuron revealed
a significant genotoxic effect, but this was not accompanied by im-
pairment of sperm mitochondrial activity and acrosomal membrane
integrity (Akcha et al., 2012). Closely related to the direct impact of
antifoulants, paint has recently been claimed to have harmful effects
due to the presence and release of nanosized copper and zinc particles
(Adeleye et al., 2016).

2.4. Herbicides

Herbicides are used in agriculture, and long-term exposure of or-
ganisms to these compounds raises particular concern. Atrazine,

Environment International 138 (2020) 105627

classified as a potential endocrine disruptor, is widely used. In crayfish,
atrazine causes dysregulation of hormone synthesis in the ovary, re-
sulting in reduced oocyte size (Silveyra et al., 2018). A survey following
three generations of rats exposed to atrazine demonstrated epigenetic
alterations in oocytes and sperm, followed by a capacity to promote a
range of developmental diseases with transgenerational epigenetic in-
heritance (McBirney et al., 2017).

Glyphosate is another emerging toxic herbicide, and this has been
tested on gametes and embryos of the common carp Cyprinus carpio L. A
commercial glyphosate preparation reduced oocyte swelling and ex-
erted a minor toxic effect on sperm motility at low concentrations, but
motility was impaired at higher concentrations. Long-term effects in-
cluded reduced embryonic survival without affecting rate of develop-
ment; however clear embryo malformations and poor larval quality
were reported (Lugowska, 2018). Results regarding glyphosate re-
protoxicity are still controversial; however, a recent systematic review
and meta-analysis disclosed an association between glyphosate ex-
posure and reproductive impairment in rodents, with a significant de-
crease in sperm concentrations (Cai et al., 2017).

Propoxur, a carbamate pesticide, has recently been shown to exert a
further reprotoxic effect on sperm density in rats (Kenfack et al., 2018).
The results of this study confirmed a significant decrease in sperm
density and in the total quantity of intratesticular proteins. However, no
significant effects on reproductive performance and fertility were re-
ported.

2.5. Nanoparticles

The rapid growth of nanotechnologies and nano-industry devoted to
production and commercialization of electronics, catalytics, cosmetics
and medical devices is causing widespread release of nanoparticles
(NPs) into the environment (Weissig et al., 2014). NPs are nanoma-
terials characterized by their small size and specific physical-chemical
properties that allow them to adhere to cell plasma membranes or to
enter cells via transport systems. NPs in the environment can thus affect
physiological processes in a variety of living organisms (Maurer-Jones
et al., 2013). Recent studies report a wide range of effects in marine
systems, due to the fact that seawater often represents the ultimate sink
for NPs (Baker et al., 2014). There is evidence that NPs of silver, copper
oxide, and zinc oxide severely affect a wide range of organisms, from
algae to mammalian cell lines (Bondarenko et al., 2013). To date, little
is known about the impact of NPs on gamete quality. In mussels,
spermatozoa exposed to zero-valent nanoiron showed a 20% decline in
successful fertilization, and 30% mortality; exposure to higher con-
centrations caused significant DNA damage (Kadar et al., 2011). Testing
the nanoiron NPs on spermatozoa of different marine species identified
a species-specific impact: exposure of ascidian spermatozoa led to ser-
ious disruption of embryo development. This impact was less evident in
mussels, whereas no significant effect was detected in sea urchins
compared to controls (Kadar et al., 2013).

The impact of silver, titanium oxide and cobalt NPs on sea urchin
sperm was also investigated by analyzing functionality, morphology
and biochemistry of early developmental stages following exposure.
Although no effect on fertilization events was observed, developmental
anomalies in embryos from the gastrula to pluteus larval stages, to-
gether with skeletogenic alterations were observed (Gambardella et al.,
2013). Interestingly, in buffalo, a species that is evolutionary distant
from marine invertebrates, titanium oxide NPs exerted similar cytotoxic
effects on sperm function, causing a high level of DNA fragmentation
(Pawar and Kaul, 2014).

Zinc oxide, another widespread NP, affected sea urchin sperm fer-
tilization slightly, with resulting skeletal alterations in the offspring and
early block of subsequent larval development that were strictly related
to sperm DNA damage (Manzo et al., 2013; Oliviero et al., 2019).

Although zinc oxide NPs were reported to exert a dose-dependent
cytotoxic impact on human sperm (Barkhordari et al., 2013), other
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studies contradicted this negative impact, demonstrating a low, or no
specific effect on spermatozoa. Zinc oxide NPs do not penetrate the
sperm membrane, and their addition to cryopreservation medium ap-
pears to attenuate human sperm damage after thawing (Isaac et al.,
2017).

Nickel nanoparticles are increasingly used in modern industries as
catalysts, sensors, and in electronic applications. it was recently de-
monstrated that nickel and copper oxide NPs have the potential to in-
duce spermiotoxicity in C. intestinalis and sea urchin, representing a
threat to reproductive success in these species, with possible decrease in
existing populations. In particular, nickel NPs generated mitochondrial
dysfunction, altered sperm morphology and in turn oxidative stress,
lipid peroxidation and DNA fragmentation in C. intestinalis spermatozoa
(Gallo et al., 2016). Similar results were obtained after exposing Para-
centrotus lividus spermatozoa to copper oxide NPs, with decrease in
viability, impaired mitochondrial activity, increased ROS production,
lipid peroxidation, DNA damage and morphological alterations (Gallo
et al., 2018).

The safety of some NPs is still debated, with conflicting data re-
ported. An initial study reported that gold NPs are toxic to sperm, with
nanoparticle penetration into the sperm head identified (Wiwanitkit
et al., 2009). Moretti et al. provided evidence that neither gold or silver
NPs appeared to be harmful for human spermatozoa (Moretti et al.,
2013). This finding has recently been supported in mammals, since
silver and gold NPs showed no impact on rat sperm chromatin integrity
(Fathi et al., 2018) or on other sperm parameters such as motility,
membrane integrity and morphology (Tiedemann et al., 2014). In
contrast, both of these NPs were shown to induce detrimental effects in
mice; in particular, gold NPs reduced sperm motility and normal mor-
phology with a short-term impact on chromatin remodeling and stabi-
lity (Nazari et al., 2016). Similarly, human and mouse spermatozoa
treated with silver NP exhibited highly detrimental changes, including
chromatin damage, marked ROS-induced DNA fragmentation, reduced
membrane integrity and impaired mitochondrial activity (Lafuente
et al., 2016; Mathias et al., 2015; Wang et al., 2017a).

Silver NPs were shown to be internalized into mouse sperm cells,
with a serious cytotoxic effect leading to a long-term effect on fertili-
zation and embryonic development (Yoisungnern et al., 2015). In the
bovine, gold NPs decreased sperm motility through a different me-
chanism of action, involving an interaction between NPs and the sur-
face of the sperm membrane (Taylor et al., 2014).

Conflicting results have also been provided for cerium oxide NPs,
with some authors reporting beneficial effects. In diabetic mice, cerium
oxide NPs were shown to ameliorate sperm DNA fragmentation
(Artimani et al., 2018), and in the ram, no cold shock-induced damage
to sperm motility or the integrity of membranes and DNA was observed
(Falchi et al., 2018). However, these data were not corroborated by
studies on human and mouse sperm, where cerium oxide NPs were
shown to induce sperm abnormalities, DNA damage and a reduction in
motility and concentration (Adebayo et al., 2018; Préaubert et al.,
2018).

Although a large number of studies have been carried out to in-
vestigate the impact of NP on sperm physiology, this is not the case for
oocytes, due to the difficulty of obtaining material for experimental
investigation, especially in mammals and human. Although the poten-
tial toxic effects of NPs on female reproductive fitness is receiving in-
creasing attention, few data are available to date. Recent findings from
in vitro experiments revealed that silver NPs impair mouse oocyte ma-
turation, affecting either fertilization rates or subsequent embryo de-
velopment (Huang et al., 2018). In contrast to adverse effects seen in
male gametes, several NPs appear to be beneficial for oocyte phy-
siology. For example, adding different NPs to cryoprotectant medium
may improve the efficiency of porcine oocyte vitrification, by acting on
the properties of solutions (Li et al., 2016b). Similar positive effects
have been noted for cerium oxide and silver NPs, which apparently
improve the developmental competence of in vitro-matured ovine
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oocytes (Ariu et al., 2017), protect oocytes against oxidative stress
(Courbiere et al., 2013) and promote zebrafish oocyte maturation (Chen
et al., 2017). In contrast, cerium oxide NPs have been reported to in-
duce a genotoxic effect in the mouse, with impairment of in vitro fer-
tilization related to disruption of gamete interaction and generation of
oxidative stress (Preaubert et al., 2015).

2.6. Plastics

For several decades, the presence of plastics in aquatic environ-
ments has been a cause for particular concern: islands of plastic litter
have even been formed, and these migrate through oceans where they
will affect the reproductive fitness of marine biota (Santos et al., 2015).
Pollution by micro- and macro-plastics is one of the most alarming
threats to the health of the environment and to human fitness, presently
raising serious economic and health concerns all over the world. Plas-
tics are synthetic organic polymers that have been used as basic con-
stituents of a series of commercial products due to their versatility,
strength and low cost: bags, bottles, food storage containers, personal
care products and some types of drug delivery. When released into the
environment, plastics are degraded to fragments < 5 mm in size (mi-
croplastics) and to nano-sized plastic debris (< 1 pm) (Gregory, 1996).
Plastic industrial waste that ends up in water, air and soil remains there
permanently due to continuous recycling (Kukulka et al., 2012). Many
authors have shown that microplastics affect reproductive activity
(Auta et al., 2017; Gardon et al., 2018); however, to date, very few have
investigated the effect of plastics on gamete quality. During the last
decade, phthalates in plastic goods have been shown to have an impact
on sperm quality, with an association between phthalate levels and
reduced sperm parameters such as concentration, morphology and
motility (Duty et al., 2003; Hauser, 2006; Jurewicz et al., 2009; Wirth
et al., 2008). In particular, clear adverse effects of two different
phthalates were detected in human sperm motility, activation, pene-
tration, and on the tyrosine phosphorylation signaling pathway, an
essential regulator of sperm function (Gualtieri et al., 2005; Xie et al.,
2019). Exposure of the adult oyster Crassostrea gigas to polystyrene
microplastics affects fecundity by reducing oocyte number to 38% and
sperm velocity to 23%, ultimately resulting in a negative impact on
offspring growth (Sussarellu et al., 2016). In the same oyster, poly-
styrene nanoplastics are highly toxic to both gametes, seriously im-
pairing embryo-larval development with numerous malformations and
total developmental arrest (Tallec et al., 2018). These nanoplastics
adhere to the surface of both gametes, and this may be the possible
mechanism of their toxicity (Gonzélez-Fernandez et al., 2018). Bi-
sphenol A (BPA) is a ubiquitous compound present in food and plastic
storage containers, as well as containers used for infant feeding. Al-
though there is conflicting evidence (Minguez-Alarcén et al., 2016), it is
now widely recognized that BPA acts as an endocrine disruptor. This
feature is of increasing concern because of the association with re-
productive disorders, ultimately threatening human fitness and health
(Chianese et al., 2017; Tomza-Marciniak et al., 2018). Despite the high
level of attention given to the toxic impact of BPA, only a few studies
have evaluated its effect on human gamete quality. Environmental ex-
posure to BPA has been shown to affect sperm and oocyte quality
through epigenetic mechanisms that represent a risk for the resultant
offspring and their reproductive ability. Even low dose BPA exposure
has been shown to cause serious impairment of spermatogenesis, sperm
parameters and DNA damage (Omran et al., 2018), as well as oocyte
quality, growth, maturation, during both in vivo and in vitro fertilization
(Machtinger et al., 2013; Wang et al., 2018).

2.7. Climate change
The functions of natural ecosystems and human economies are

fundamentally dependent on climate. At present, climate change is
defined as seasonal changes associated with increasing accumulation of
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greenhouse gases in the atmosphere, in particular carbon dioxide (CO,),
with two different alarming consequences: global temperature increase
(global warming) and ocean acidification (OA). Rising global tem-
perature threatens species fertility, and in turn biodiversity and per-
sistence, at some levels exerting an ecological and evolutionary impact
known as 'thermal fertility limit' (Walsh et al., 2019). In recent years,
several studies have addressed possible relationships between rising
temperature and the reproductive output of animal species (Boni,
2019). Local Italian coastal seawater temperature changes have been
associated with a decrease in reproductive potential of zooxanthellate
coral, due to oocyte loss during gametogenesis. In particular, oocytes
did not reach maturity at the warmest temperatures, possibly due to
inhibition of metabolic processes (Airi et al., 2014).

In mytilids, both gametes were shown to be vulnerable to thermal
stress, with impaired oocyte development detected after parental ex-
posure to a gradual temperature elevation up to 28 °C (Mugica et al.,
2015). Similarly, adult mussels subjected to the same temperature
threshold had impaired sperm function, with a reduction in con-
centration, motility and mitochondrial activity, and increased lipid
peroxidation and DNA fragmentation (Boni et al., 2016).

In insects, repeated experimental heatwaves reduced male fertility
and sperm competition, exerting several different effects, including
reduced sperm production, viability and migration in the female tract.
A transgenerational impact and even male sterilization have also been
found a further troubling cause for concern (Sales et al., 2018).

Based on these findings, it may be predicted that growing global
temperature may shift reproductive cycles in mussels, significantly af-
fecting their production for commercial use. Microcosm experiments
that evaluated the effect of high temperature on ram spermatozoa de-
monstrated a significant alteration in sperm motility in terms of line-
arity and the average path velocity (De et al., 2017). In the past, in vitro
maturation and fertilization of bovine oocytes were thought to be
temperature-dependent processes (Lenz et al., 1983). Several studies
later identified oocyte sensitivity to be due to thermal stress, affecting
mainly processes during maturation (Hunter et al., 2017; Lopes et al.,
2012). Even warm season temperature can affect oocyte developmental
capacity to blastocyst (Al-Katanani et al., 2002), also inducing blas-
tocyst fragmentation, decrease in mitochondrial DNA and increased
expression of apoptotic genes (Ferreira et al., 2011; Ferreira et al.,
2016).

Alterations in the kinetics of oocyte nuclear and cytoplasmic ma-
turation were also reported, and insemination of these oocytes resulted
in reduced blastocyst development (Edwards et al., 2005). A tempera-
ture above physiological homeostasis, such as 41 °C, affects bovine in
vitro oocyte nuclear maturation by inducing apoptosis and impairing
subsequent oocyte fertilization capacity. Cytoskeletal elements such as
microtubules and microfilaments, involved in meiotic maturation and
in the meiotic spindle, are disrupted by heat shock, and this may be
responsible for altering the process of oocyte maturation (Ju et al.,
2005; Roth and Hansen, 2005). A recent study in porcine oocytes ex-
amined whether short-term thermal stress might affect oocyte function
and developmental competence. This thermal stress induced mi-
tochondrial degradation and biogenesis but enhanced the oocyte mi-
tochondrial membrane potential and ATP content, and improved their
ability to develop to blastocysts (Itami et al., 2018).

Climate models have shown that the change in sea water salinity is a
further side effect of global warming. Recent studies have confirmed
that ocean surface salinity is affected by global intensification of the
water cycle: abnormal increase in salinity is closely related to more
evaporation, whereas more precipitation and ice melting induce a de-
crease in salt (Durack et al., 2012; Liu et al., 2018). The impact of
salinity variation on marine gametes has demonstrated a generalized
adaptation potential for sperm or oocytes, with reduced fertilization
detected. Osmolality plays a fundamental role in sperm activation by
inducing sperm motility after release into sea water. Spermatozoa of
teleost fishes reared in fresh water, sea water and hypersaline water
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showed acclimatization to all the three conditions, with adaptive re-
sponses completed within two months (Legendre et al., 2016). Shorter
longevity and lower sperm swimming speed that affected fertilization
capacity was also observed in the euryhaline teleost P. flesus, suggesting
that marine teleosts increase the number of spawned spermatozoa as an
adaptation mechanism aimed towards sustaining fertilization capacity
(Nissling and Larsson, 2018).

Recent studies demonstrated that mussel sperm submitted to dif-
ferent hypo-saline conditions had alterations in protamine-like pro-
teins/DNA binding, highlighting the phenomenon of gamete plasticity
as a strategy for fertility preservation (Lettieri et al., 2019a).

In contrast, oocytes appear to be more sensitive to alterations in
salinity. Plerocercoid S. solidus oocytes developed normally in salinities
of up to 12.5%o, but viability dropped rapidly above this, and no
hatching was obtained at > 20%o salinity (Simmonds and Barber,
2016). Reduced fertilization potential of both gametes in hypo-saline
conditions confirmed previous findings reported in corals (Hédouin
et al., 2015). However, apart from conditions of extreme hyper-salinity,
oocytes were able to regulate their volume with respect to the osmol-
ality of surrounding water (Hansen et al., 2012). In the sand dollar,
both gametes were submitted to low salinity conditions in order to
determine which gamete was responsible for diminished fertilization;
reproductive failure was attributed to failure of fertilized oocytes to
cleave, rather than inability of sperm to fertilize. This confirms that
oocytes are more vulnerable, compared with the resilience exhibited by
spermatozoa (Allen and Pechenik, 2010).

OA is the other facet of climate change that is a result of continuous
uptake of atmospheric CO, into the seas, lowering global pH values of
the ocean surface. Marine animals spawn their gametes into sea water,
and they are thus subjected to a lowered pH (Foo and Byrne, 2017);
however, the impact of acidified water on reproductive processes varies
between species, sometime resulting in an enhanced fertilization that is
suggestive of a novel process of natural selection (Schlegel et al., 2012).

The sensitivity of C. robusta spermatozoa after short-term acidified
seawater exposure has been investigated providing a new evidence of
resilience of ascidian spermatozoa in response to OA that opens a new
scenario on the ascidian capacity to continue to reproduce and persist
in changing oceans (Gallo et al., 2019). On the contrary, the exposure of
Mytilus galloprovoncialis spermatozoa to OA prevent sperm motility ac-
tivation, which may cause a fertilization success decrease with im-
portant implications for the fitness and the survival of marine in-
vertebrates (Esposito et al., 2020).

Sea urchin spermatozoa have frequently been examined in order to
test the impact of acidification on gamete quality, with conflicting re-
sults. In some sea urchin species, low pH significantly decreased the
proportion of motile sperm (Schlegel et al., 2012), sperm swimming
speed (Havenhand et al., 2008) and had a significant effect on fertili-
zation and cleavage (Moulin et al., 2011). The reduced fertilization rate
appears to be influenced by an initial alteration in sperm motility, ve-
locity and path linearity, which in turn lowers the probability of sperm-
egg collision and fusion (Campbell et al., 2017; Shi et al., 2017). Sperm
competition is extremely important in sea water, although whether it is
related to beneficial sperm performance is not yet fully understood.
Although inter-individual variation in sperm populations has often been
reported (Schlegel et al., 2014), in the sea urchin P. lividus rapidly
motile spermatozoa successfully fertilize in natural conditions, and this
does not occur under acidified conditions (Campbell et al., 2016). Sea
urchin oocytes are surrounded by a jelly coat whose components pro-
mote sperm attraction toward the oocyte, optimizing the success of
interaction and stimulating the acrosome reaction (Tosti, 1994). In
order to clarify the effect of acidification on sperm-egg interaction, a
recent study evaluated the effects of OA on oocyte extracellular struc-
tures. The oocyte jelly coat was reduced in acidified conditions, sug-
gesting not only an adverse effect on sperm chemotaxis, but also in-
terference with the oocyte block to polyspermy. This highlights the
importance of oocyte chemistry in successful fertilization (Foo et al.,
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2018), an impact of OA on marine gamete function that had not been
previously appreciated. However, the jelly coat of different sea urchin
species showed different sensitivities to OA, possibly associated with
oocyte evolutionary mechanisms.

An increase in greenhouse gas emission induces changes in both
temperature and OA; special attention is currently focused on detecting
the impact of these interactive effects. Although studies reporting the
combined effect of global warming and OA on gamete quality are not
yet available, previous investigations in the sea urchin predict that low
pH affects sperm density with reduced fertilization, but this was com-
pensated for by an increase in temperature, which enhanced fertiliza-
tion (Byrne et al., 2010; Ho et al., 2013). This observation suggests the
possibility of reciprocal buffering effects, but also hints at the tolerance
and resilience of gametes subjected to multiple environmental stress
factors (personal communication).

2.8. Air pollution

Air quality is of the utmost importance for both general health and
for the reproductive function of living organisms. Global air has been
contaminated by a series of compounds released by industrial activity,
diesel fuels and cigarette smoke. Most of the compounds, such as ni-
trogen and sulfur derivatives, heavy metals, polycyclic aromatic hy-
drocarbons and particulate matter act as endocrine disruptors that can
alter the male reproductive system; spermatogenesis appears to be
particularly prone to genetic and epigenetic alterations (Vecoli et al.,
2016). Over the last few decades, a link between ambient air pollutants
and sperm parameter impairment has been reported (Jurewicz et al.,
2009; Rubes et al., 2005). Studies on animals and humans have pro-
vided strong evidence that airborne particulate matter is particularly
genotoxic to male germ cells, resulting in DNA damage, abnormal
sperm morphology and altered sperm performance (Somers, 2011); in
addition, the development and function of testicular tissues can be af-
fected by impaired intercellular communication in testicular junctions
(Kubincova et al., 2019). A troubling secondary effect was also identi-
fied: parents who are smokers can transmit altered sperm DNA to
preimplantation embryos, with an increased risk of childhood cancer
(Lafuente et al., 2016b; Zenzes, 2000). However, a survey that also took
into account the effects of different outdoor air pollutants on sperm
function parameters reported conflicting data, suggesting a lack of
consistency so that results are not comparable (Lafuente et al., 2016b).
Nonetheless, two recent systematic reviews (Carré et al., 2017; Menezo
et al., 2019) confirmed that air pollution has a direct effect on sperm
motility, morphology, vitality, DNA integrity and other parameters
required for a normal outcome of reproduction. Most of the studies
quoted utilized spermatozoa as the gamete model, since they are easily
collected. However, a few studies have also demonstrated an adverse
impact on the oocyte meiotic spindle and ovarian follicular reserve after
exposure to cigarette smoke and polycyclic aromatic hydrocarbon from
cigarette combustion, resulting ultimately in possible chromosome er-
rors and premature onset of menopause (Zenzes, 2000).

2.9. Lifestyle

Tobacco smoke, drugs and alcohol consumption in combination
with occupational hazards represent unfortunate habits that are mod-
ifying lifestyle all over the world, with general deterioration of re-
productive function as a result (Sansone et al., 2018; Sharma et al.,
2013). Male and female gametes possess their own specific epigenomes,
and several studies have shown that the germline is affected by epi-
genetic events. Parental lifestyle can alter maternal and paternal gen-
omes, giving rise to heritable epigenetic changes that in turn may im-
pair the health of offspring (Gold et al., 2018; Schagdarsurengin and
Steger, 2016). Tobacco smoking not only contributes to air pollution,
but is also a part of negative lifestyle and social behaviors that affect
gamete physiology and function, irrespective of gender status. The
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heavy burden of toxicants contained in cigarette smoke can
target almost all stages of reproductive activity. Both animal models
and patients attending for in vitro fertilization treatment demonstrate
negative effects of cigarette smoke on gamete quality, as well as on
crucial steps of fertilization such as the acrosome reaction and sperm
binding to the zona pellucida (Dechanet et al., 2011; Talbot and Lin,
2011). Nearly a decade ago, cigarette smoke extracts were tested on
human sperm parameters, revealing concentration- and time-dependent
motility suppression and reduction of mitochondrial membrane po-
tential. Effects on genomic integrity and induction of apoptosis together
with the formation of DNA adducts were also suggested (Calogero et al.,
2009). A survey of 10,823 infertile smoking and non-smoking males
demonstrated an association between cigarette smoke and lower sperm
count, with a higher incidence of morphological defects in smokers;
however, other parameters such as pH, motility and hormone produc-
tion were not affected (Bundhun et al., 2019). These authors confirmed
previous meta-analyses suggesting a generalized deterioration of semen
quality in either moderate or heavy smokers, and an overall negative
effect on conventional semen parameters other than sperm chromatin
condensation and viability. These abnormalities were also shown to be
strictly related to dose, time and duration of exposure (Mostafa et al.,
2018; Sharma et al., 2016). The adverse effect of tobacco is of greater
concern in females, because of the limitation imposed by the fact that a
finite reserve of oocytes is established in the ovaries at birth. The da-
mage produced by components of cigarette smoke on a limited number
of gametes may seriously harm adult reproductive capacity. Tobacco
has in fact been shown to exert adverse effects on folliculogenesis and
oocyte quality both in animals and in women (Budani and Tiboni, 2017;
Mai et al., 2014). Accelerated follicle loss, abnormal follicular growth
and impaired oocyte morphology and maturation has been reported in
female smokers, and this in turn appeared to affect the long-term fer-
tility of female progeny. Transmission of smoking-induced sperm DNA
alterations have been found in pre-implantation embryos, and this
poses a risk of malformations, cancer and genetic diseases in progeny.

Habitual drug use poses a further risk to human health as well as
reproductive fitness and outcome. Marijuana smoking is widespread in
numerous countries; a 7-year longitudinal study examined semen
quality in more than one thousand semen samples from men who had
smoked marijuana. Although a generally deleterious effect of marijuana
on testicular function had been previously reported, the findings of this
study were not consistent with this observation; in fact, marijuana
smokers exhibited higher sperm concentrations compared to a popu-
lation that had not consumed marijuana. However, other sperm para-
meters were found to be under the threshold of WHO standards for
semen assessment. Despite these reassuring results, the authors spec-
ulate that they may not be generally applicable to men in the global
population (Nassan et al., 2019). Cannabinoids are active components
in marijuana that are known to modulate reproductive events in
mammals; they bind to receptors in the reproductive system, competing
with hormonal regulation. Endocannabinoids have been shown to exert
different noxious effects on male reproduction by inhibiting sperm
motility and capacitation, and by inducing a precocious acrosome re-
action, possibly also interfering with sperm mitochondrial activity
(Francou et al., 2017). Although therapeutic opioid administration for
pain management is accepted worldwide, heroin consumption may also
be recreational, especially in young people. Direct human sperm ex-
posure to opioid analgesics has a toxic effect on sperm motility in vitro,
with repercussions for male reproductive health (Xu et al., 2013). Al-
though ethical considerations make investigation of male cohorts dif-
ficult, studies in which patient consent was obtained revealed a sig-
nificant negative correlation between opiate consumption in adult men
and semen quality, sperm function, seminal plasma antioxidant capa-
city, and sperm DNA integrity (Drobnis and Nangia, 2017; Safarinejad
et al., 2013). More recently, disclosure of clinical aspects in male active
heroin users related to male reproductive parameters provided valuable
new insights about correlations between opiate addiction, semen
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parameters and hormone levels. This investigation revealed a sig-
nificant association between heroin use and impaired spermatogenesis,
semen parameters and in particular alteration of histone-to-protamine
transition ratios that form the basis of sperm chromatin condensation.
The parameter that was most greatly affected was semen pH, which in
turn can decrease sperm viability and motility; opiate receptors are
present in regions of the sperm cell involved in motility, and heroin
addiction apparently causes an anti-motility effect (Nazmara et al.,
2019). Cocaine is another widely used recreational drug whose constant
use may affect both spermatogenesis and ovarian response (Sharma
et al., 2013); however, to date the effect of cocaine on gamete quality
has not been investigated in any detail. Alcohol abuse has been sug-
gested to have an impact on fertility, causing poor semen production
and apoptosis-related sperm chromatin disorders. In rats, chronic
ethanol consumption impairs sperm motility, nuclear maturity and
genome integrity (Talebi et al., 2011); however, recent investigations
also demonstrated a relationship between alcohol consumption and a
generalized reduction in semen quality including volume, sperm con-
centration, motility, morphology and increase in DNA fragmentation
(Borges et al., 2018; Muthusami and Chinnaswamy, 2005). A systematic
review and meta-analysis of the effects of alcohol intake on human re-
productive fitness distinguished between moderate, occasional and
high consumers, showing that only high daily alcohol consumption was
related to adverse effects on semen volume and sperm morphology
(Ricci et al., 2017). Although women who regularly consume alcohol
may experience infertility, a clear effect of alcohol on oocyte physiology
is at present not available in the literature.

Intense use of modern technologies has led to a rapid change in the
lifestyle of young people. Electronic pollution is a growing concern,
since the 21st -century human being is literally surrounded by high
levels of radiofrequency electromagnetic fields (RF-EMF) and ionizing
radiation that emanates from several types of devices such as mobile
phones, cell phone towers, radar, laptops, wireless (Wi-Fi) and micro-
wave ovens (Kesari et al., 2018). In order to assess the safety of these
devices, numerous studies have evaluated their impact on fertility po-
tential, starting with studies conducted in mammals. The vulnerability
of human spermatozoa to RF-EMR was investigated in pilot studies
initiated a decade ago, which highlighted that continuous exposure to
radiation is harmful, inducing a decline in sperm motility, viability and
a reduction in total antioxidant capacity associated with increased ROS
levels, leading to DNA base adduct formation and ultimately DNA
fragmentation (Agarwal et al., 2009; De Iuliis et al., 2009). These effects
were later confirmed in mice, rats, rabbits and human sperm exposed to
magnetic fields, resulting in a deterioration of sperm quality in terms of
count, motility, morphology and the generation of DNA damage, as well
as apoptosis induced via a possible increase in oxidative stress (Adams
et al., 2014; Kesari et al., 2013; La Vignera et al., 2012; Wright et al.,
2014). Very few studies have investigated human oocytes; however,
studies on chicken eggs exposed to the immediate environment of a cell
phone demonstrated an increase in embryo mortality rather than clear
damage to the gamete itself. The ubiquitous use of cell phones means
that it is difficult to establish reliable control groups for human studies,
and therefore results are often inconsistent and conflicting (Merhi,
2012). Testing the direct impact of laptop computers connected to local
Wi-Fi networks on human spermatozoa revealed a significant decrease
in progressive sperm motility and increase in DNA fragmentation
(Avendano et al., 2012); keeping a computer connected wirelessly to
the internet may adversely affect regions that are close to the testicles,
also compounded by heat produced by the battery. With the introduc-
tion of new technologies, electromagnetic waves from 3G + WiFi
modems have been adopted and widely used. An initial investigation of
the effect of these specific waves demonstrated a further significant
decline in human sperm motility and kinetics (Kamali et al., 2017). In
addition to the factors related to lifestyle, some occupational agents
also influence both spermatogenesis and male reproductive functions.
Sperm quality is not only affected by environmental insults, but also by

10

Environment International 138 (2020) 105627

factors in the workplace. Men exposed to high levels of X-rays and heat
are at risk of a reduced sperm count. This is particularly evident when
testicles are exposed to high temperatures from industrial machinery,
ovens and regular sauna use (Garolla et al., 2013; Hamerezaee et al.,
2018). Furthermore, a sedentary work position may contribute to in-
creased scrotal temperature, which appears to be negatively associated
with sperm concentration (Hjollund et al., 2002). Although con-
troversial, fertility parameters have been shown to be impaired in
professional drivers and in young men who wear tight clothing around
the thighs: further in vitro and in vivo studies are needed to investigate
this further (Jung and Schuppe, 2007).

2.10. Mechanism of action of environmental stressors on gamete quality

The effect of environmental stress on gamete quality and re-
productive process is now well established. If, however the mechanisms
of action of either oxidative stress, EDCs and metabolic disorders are
still to be elucidated, several hints on epigenesis and imprinting via
perturbation of DNA methylation processes are now increasing. In fact,
it has been highlighted that oxidative stress and DNA methylation have
as common denominator, i.e. the one carbon cycle, which is a metabolic
pathway stimulating the gluthatione synthesis an endogenous anti-
oxidant defense that in turn triggers the recycle of homocysteine, in-
terfering with the methylation process (Dattilo et al., 2016; Menezo
et al., 2019; Menezo et al., 2016). Furthermore, in spermiogenesis re-
modeling, some developmental and imprinted genes maintain their
association with histones. In particular, the developmental genes show
bivalency, a peculiar epigenetic signature, which is at the basis of
embryonic activation. Anomalies related to this epigenetic signature, as
DNA methylation irregularity, wrong protamination, or histone mod-
ifications, correlate to forms of infertility and reduced embryo devel-
opment. Since also small noncoding RNAs are kept, and others are ac-
tively added to the sperm by affecting normal embryo development it
has been suggested that the sperm epigenome may be used to evaluate
environmental risk exposure of either the man and the offspring
(Carrell, 2019).

3. Conclusions

(1) The impact of environmental deterioration on animal and human
reproductive health is now receiving special attention from both
scientists and governments all over the world. The huge body of
relevant literature shows impressive adverse effects of multifaceted
environmental insults on all phases of the reproductive process,
from gametogenesis to embryo and fetal development.

(2) This review reports biological consequences of chronic and acute
stress factors on the parameters of gamete quality that underpin
fertilization competence and developmental outcome.

(3) We have focused on environmental toxicants from a range of agri-
cultural, industrial and medical activities that permeate marine
waters, air, soil, consumer food and products, acting mainly as
disruptors of endocrine function. Studies in vitro and in vivo as well
as epidemiological data support the concept that both gametes are
vulnerable to pollutant exposure, interfering with their fertilizing
ability. The majority of studies have been performed on sperma-
tozoa, due to their continuous production in the testes and ease of
collection. Far less data are available on oocyte quality, as oocytes
are less readily available and are more difficult to assess. Animal
models as well as human studies confirm that sperm parameters
such as concentration, motility, morphology, viability, mitochon-
drial activity and genome integrity are affected by metals, anti-
foulants, organic pollutants, nano-particles and plastics. Emerging
environmental changes such as thermal increase and ocean acid-
ification also impair sperm quality. Specific studies demonstrate
impairment of plasma membrane electrical characteristics, and
oocyte quality seems to be affected in terms of morphological
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features such as size, number and maturational stage. These effects
in turn have been related to reduced fertilization rate and to the
capacity to develop to blastocyst.

Statistics report that almost 15% of couples in the world suffer
fertility disorders, and almost 50% of the problems are attributed to
male factors. Adverse lifestyle factors together with advanced par-
ental age and delayed childbearing in western countries have a
serious detrimental impact on reproductive success (Hart, 2016).
Hence, identifying the impact of environmental factors and the
mechanisms responsible for their effects on fertility is also relevant
in early diagnosis and potential prevention of infertility in couples.
Gametes play a key role in the reproductive scenario, and the
prevalence of alarming environmental influences on their quality is
under growing scrutiny; to date, clear evidence is still lacking.
Recent clues about gamete resilience to environmental stress may
account for the capacity of the ecosystem to reorganize and adapt to
future change.

More attention to research is needed to validate scientific and
clinical findings, in order to: i) further clarify the risk of environ-
mental toxicants and the impact of climate change on modification
of gamete physiology and reproductive health; ii) reveal new
emerging effects such as alteration of gamete gene expression and
transgenerational epigenomic effects; iii) further elucidate me-
chanisms of action of the environmental stressors, especially those
related to ROS production and oxidative stress; iv) utilize all new
information in order to promote government intervention for new
rules, remedial action, regulation and relevant quality guidelines to
protect the global environment.
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