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Introduction

Couple infertility has become a top priority for the public health, as one in every four couples ex-
periences problems to conceive [1]. The causes of couple infertility are attributed in equal parts to the
female and male partners, and male infertility affects about 7% of men, including 6—27% of cases with
unexplained male factor infertility [2]. Epidemiological trends in the last decades indicate an increase
of the pathologies of male reproductive tracts, including impaired spermatogenesis, testicular cancer,
cryptorchidism and hypospadias [3,4]. These trends reflect changes in lifestyle factors such as intense
use of cell phone, smoking habit, obesity and physical inactivity [5]. However, a major risk for male
reproductive health comes from the spread contamination of water, soil, air, food, beverages and
household exposing humans to many environmental toxicants, including endocrine disruptors (EDs).
EDs mimic or block or interfere with the synthesis, secretion, transport, metabolism or degradation of
the endogenous hormones [6] and consist in a wide range of substances, both natural and synthetic,
including air pollutants, pharmaceuticals, dioxin and dioxin-like compounds, polychlorinated bi-
phenyls, dichlorodiphenyltrichloroethane (DDT) and other pesticides, and plasticizers such as
bisphenol A.

The damaging effects of environmental contaminants on male infertility have been indicated by
several studies conducted on animals or humans. Investigations carried out on animals reported de-
creases in daily production and DNA integrity of spermatozoa after exposure to car exhaust [7] or air
pollution [8]. In human, it has been reported that blood concentrations of polychlorinated biphenyls
and related metabolites negatively correlated with sperm count and motility [9]. Similarly, Bloom and
coworkers found that urinary concentrations of some monoester metabolites of phthalate diesters are
associated with lower sperm count and abnormal sperm morphology [10], whereas exposure to high
air pollution increased sperm DNA damage in policemen working in the center of Praga [11]. Poor
semen quality may occur also in consequence of exposure to EDs during foetal development, when a
decrease of androgen action might damage Sertoli and Leydig cell function, in turn responsible for the
onset of clinical reproductive disorders in the adult life [4].

The mechanisms through which pollution impacts male fertility are far to be fully elucidated, but
DNA, chromatin and epigenome of spermatozoa appear to be major targets for the action of envi-
ronmental toxicants, including EDs.

Sperm DNA fragmentation

Sperm DNA fragmentation (sDF) consists of both single and double stranded DNA breaks in the
sperm nuclei. High levels of sDF can be present in semen with normal motility, morphology and count,
indicating that this type of sperm damage is independent from conventional semen parameters [12]
and may underlie cases of idiopathic male infertility. In animals, the negative effect of high levels of
sDF on reproduction and health of the offspring is well known [13]. In humans, Evenson and coworkers
first reported both the delayed time to pregnancy in infertile couples or complete infertility, when the
male partner shows increased levels of sDF [14]. Subsequent reports confirmed this result using
different techniques to reveal sDF [12,15] and in couples treated by treated by intrauterine insemi-
nation [16,17]. Conversely, data on the relationship between increased levels of sDF and early repro-
ductive outcomes after In vitro Fertilization (IVF) and Intracytoplasmic Sperm Injection (ICSI) are
conflicting [18]. However, two recent meta-analyses reported that high levels of sDF reduce the
probability of clinical pregnancy after IVF and ICSI [19,20]. In addition, it is well established that the risk
of miscarriage increases with sDF in couples who conceive spontaneously or after Assisted Repro-
duction Technology (ART) [21].

Origin of sDF

The pathways leading to increased levels of sDF are numerous and involve diseases, lifestyle factors,
drugs, aging and leukocytospermia [22]. In addition, many epidemiological and occupational studies
identified several environmental chemicals able to induce sDF. Many of these reproductive toxicants
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are EDs and include pesticides such as organophosphates, phthalates, polychlorinated biphenyls, and
metals such as lead [23].

All the pathways leading to sperm DNA damage converge on one of three main cell mechanisms i.e.
abortive apoptosis, defect in sperm chromatin maturation and oxidative stress. Abortive apoptosis
originates in testis, proceeds up to germ cell DNA cleavage but fails to delete committed cells to death
and thus spermatozoa with apoptotic traits can be found in the ejaculate [24]. Whether or not an
apoptotic process may occur also after spermiation being responsible of extra-testicular generation of
sDF is a controversial issue, as the strict compaction of the sperm nuclei might prevent the action of
apoptotic nucleases [25]. Defects in sperm chromatin maturation refer to a failure of repairing those
DNA nicks that are produced to promote histone to protamine transition during sperm nuclei
remodeling [26] in spermatids. Finally, the third mechanism originating sDF is sperm oxidative stress,
occurring when Reactive Oxygen Species (ROS) production overwhelms the antioxidant defenses [22].
Oxidative stress seems to be the main mechanism acting during sperm transit in the male genital tract
as ejaculated spermatozoa exhibit higher levels of sDF than testicular ones [27].

A recent study investigated the relative contribution of these three mechanisms to the origin of sDF
by detecting the co-presence, in the single spermatozoon, of DNA breakage and characteristic traits of
apoptosis, chromatin maturation failure and oxidative damage [28]. In native semen samples, sDF
highly overlapped with apoptosis and chromatin immaturity, indicating that both apoptotic cleavage
and failure in chromatin maturation play a role in causing sperm DNA breaks. Conversely, overlapping
between sDF and oxidative damage to nucleus or to membrane was present only in few spermatozoa,
suggesting that DNA breakage occurs independently from any oxidative attack [28]. This scenario
changed considerably when the co-presence of sDF and oxidative damage was studied in the viable
fraction of native semen samples. Indeed, viable spermatozoa with sDF exhibited oxidative DNA/
membrane damage, suggesting that an oxidative assault can be responsible for DNA breakage in the
viable fraction of the ejaculate [28]. These results must be interpreted keeping in mind that in native
semen samples most of the ejaculated DNA fragmented spermatozoa are dead [29]. These spermatozoa
are likely cells beginning DNA breakage because of testicular apoptosis, and arriving moribund or dead
in the male genital tract where thus cannot be injured by a possible oxidative environment [30] (Fig. 1).
Conversely, an oxidative milieu in male genital tract may attack viable spermatozoa [30] and induce
DNA breakage (Fig. 1).

Sperm chromatin condensation

In male germ cells, chromatin architecture undergoes a dramatic remodeling during the maturation
of spermatids to spermatozoa, when histones are nearly completely substituted by protamines. This
process leads to a unique nuclear architecture where chromatin is organized in very stable toroidal
structures and sperm DNA is six times more condensed than in somatic nuclei [31]. To accomplish this,
histones undergone hyper-acetylation in order to reduce their DNA binding affinity and thus pro-
moting their displacement [32]. After hyper-acetylation, histones are first replaced by transition pro-
teins and then by protamines [33]. Only a small amount of DNA (about 15% in human spermatozoa)
remains associated to histones maintaining the nucleosomal structure [34]. The highly compacted
sperm chromatin structure guarantees that mature spermatozoa acquire a hydrodynamic nuclear
shape and that paternal genome will be delivery safely to the oocyte. However, chromatin remodeling
has also a pivotal role in the epigenetic reprogramming of paternal DNA after fertilization [35]. Prot-
amines bind DNA very tightly and disulphide bonds between cysteine residues of adjacent protamines
further condense sperm chromatin. In humans, there are two types of protamines: protamine 1 (P1)
and protamine 2 (P2) and defects in their expression and processing may alter sperm chromatin
condensation and affect male fertility. Similarly, abnormal P1:P2 ratios (the normal ratio is 0.8—1.2) has
been associated to poor semen quality, increased sDF, reduced sperm penetration ability and male
infertility [33]. Impairment of a proper histone to protamine replacement, decreasing sperm chromatin
condensation, is involved in male infertility as well [33]. Indeed, reduction or premature histone hyper-
acetylation provokes abnormal spermatogenesis [36] and an excessive histone retention is frequently
observed in infertile men [37]. In couples treated by ART, the amount of spermatozoa with proper
chromatin condensation is positively associated to fertilization rate [38,39], embryo quality [40] and
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Fig. 1. Origin of sperm DNA fragmentation. Several stimuli, including impairment of chromatin maturation, can trigger apoptosis in
germ cells and thus DNA fragmentation and death (rows 1-2). These cells go through an eventual oxidative milieu in male genital
tracts without injures. Conversely, oxidative species attack live cells, leading them to apoptosis and DNA fragmentation (row 3).

= apoptotic cells

= DNA fragmented apoptotic cells

clinical pregnancy [41]. In addition, sperm nuclear decondensation is higher in the male partners of
couples with recurrent pregnancy loss than in fertile subjects [42].

EDs may interfere with maturation of sperm chromatin, as reported by studies both in animals and
humans. Chronical exposure to vinclozolin in rats disrupted both the sperm nuclear morphology and
the chromatin texture, which are related to the status of nuclear condensation [43], and similar results
were reported after treating rats for 3—6 weeks with bisphenol A [44]. In human, environmental
exposure to DDT provoked an improper sperm chromatin condensation in 46.6% of exposed subjects
and the blood concentrations of dichlorodiphenyldichloroethylene (DDE, the major metabolite of DTT)
correlated with the amount of the most severe sperm chromatin decondensation [45]. Finally, some
studies reported that lead competes or replaces the Zn in protamines, changing protein conformation
and thus provoking poorly condensed sperm nuclei [46,47].

Epigenetic changes

There is now accumulating evidence that epigenetics could be a major mechanism to mediate the
environmental impact on male infertility and on the health of the offspring. The most impactful action
of environmental factors on germ line occurs in developmental windows of sensitivity, namely during
the prenatal differentiation of primordial germ cells and during the differentiation of germ cells into
spermatogonia [48]. However, as spermatogenesis is a life-long ongoing process, a third window of
sensitivity occurs also in the adult male [49,50]. Aberrations in the sperm epigenome may provoke
adverse effects on male fertility and on embryogenesis [51] and can be perpetuated across generations
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(transgenerational inheritance). The main epigenetic mechanisms include DNA methylation, histone
modifications and post-transcriptional regulation by micro RNAs.

DNA methylation in spermatozoa

DNA methylation mainly occurs on cytosine residues at cytosine-phosphate-guanine (CpG) di-
nucleotides and is a powerful regulator of gene transcription. The methylation status of spermatozoa is
the results of the incomplete erasure of DNA methylation in the primordial germ cells in early embryo
development, and the de novo DNA methylation during all stages of sperm maturation [52]. It has been
extensively reported that anomalies of DNA methylation in the global sperm genome or in specific gene
loci is associate with poor semen quality [53], unexplained male infertility [54] or poor reproductive
outcome [55,56]. In addition, incorrect methylation in imprinted and non-imprinted genes is associ-
ated with male infertility [57,58]. Environmental factors, including lifestyle and exposure to toxicants,
can induce changes in sperm DNA methylation. For instance, both physical exercise and obesity are able
to alter methylation of genes involved in nervous system development [52]. In animal, exposure during
foetal gonadal sex determination to several plastics derived EDs associated to differential methylation
at 197 promoters [59]. Similarly, transient exposure in utero to fungicide vinclozolin provoked trans-
generational adult onset disease that was correlated to changes of DNA methylation pattern in the
sperm epigenome [60]. Finally, administration of methoxychlor to adult male mice induced defects of
methylation of several maternally and paternally imprinted genes in sperm DNA [61].

Histone modification

Histone modifications represent another basic mechanism of epigenetic regulation. They consist of
histone variants as well as tail modifications to lysine and serine residues of histone proteins (post-
translational modifications, PTMs). Histone modifications regulate gene transcription by altering
chromatin structure, in turn modulating gene expression [62,63].

As mentioned, spermatids undergo intense chromatin remodeling during the histone to protamine
transition, affecting about 85% of all DNA. Although excessive histone retention is considered a sign of
sperm chromatin immaturity, emerging evidence supports the fact that position of the remaining
histones in 15% of DNA is not randomly distributed and possibly plays an important role in sperm
function [52,64]. In particular, retained histones are located in telomeric and pericentromeric chro-
mosome sites where they play a structural role [34,65], although at least a portion of histones is
retained at promotor regions and near genes involved in embryo development [66,67].

In male germ cells, the expression of a large number of non-canonical histone variants may mediate
an epigenetic influence by environmental factors. Histone variants differ from canonical histones by
small amino acid sequences, are differentially expressed during germ cells development and play both
structural and gene regulatory functions [68]. Some of these variants (for instance H2AL1 and H2AL2)
seem to play a role only during spermatogenesis, whereas others might represent epigenetic marks
transmitted to the next generation [69].

Histone PTMs consist of methylation, acetylation, phosphorylation and other modifications of the
N-terminal domain of these proteins. Their occurrence in the octamer core of the nucleosomes alters
the electrostatic charge of chromatin, thus influencing the structural organization of chromatin and
DNA accessibility to transcription factors or adaptor proteins [70,71]. Hence, histone PTMs and the
network of the enzymes adding and removing tail modifications appear to be important players in the
epigenetic control of germ cell development [72]. Defects in the histone PTMs are associated to male
infertility. It has been reported that alterations in histone acetylation and/or methylation result in an
improper sperm chromatin condensation [73] and a reduced expression of Brdt [74], a gene playing an
important role for establishing germ cell differentiation. Similarly, inhibition or loss of activity of the
enzymes catalyzing PTMs associates to a decrease of number of spermatids, germ cell apoptosis and
severe male infertility [75].

Environmental toxicants could induce alterations in the sperm epigenome by acting on histone
positioning and modification, as already reported for diet induced factors [76]. In addition, as prot-
amines erase epigenetic marks due to the removed histones, also protamination participates to sperm
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epigenome and may represent another mechanism mediating environmental influences [52], albeit
vastly unknown.

Micro RNAs

Micro RNAs (miRNAs) are the most well-characterized small RNAs (sRNAs), i.e. non coding RNA
species regulating gene expression by interfering at translational level and/or degrading their com-
plementary mRNAs [52]. The occurrence of RNA species in mature spermatozoa has been long inter-
preted as remnants of molecules of immature germ cells. After the pioneering study by Krawetz's
group [77], indicating that the male gamete passes paternal transcripts to the oocyte during fertil-
ization, it is now clear that sperm borne miRNAs play an important role in the early embryo devel-
opment [78,79]. In addition, miRNAs are essential molecules for a normal sperm production, as they
participate in the control of each step of spermatogenesis [80]. In this scenario, it is not surprising that
aberrant expression of miRNAs negatively impact male fertility. Compared to fertile men, alterations in
seminal plasma miRNA profiles were found in infertile men with azoo-, astheno- [81] and oligozoo-
spermia [82]. In addition, changes in the expression of specific mRNAs are associated to germ cell arrest
and increased rate of testis apoptosis, both leading to male infertility [83].

It has been extensively reported that miRNA expression and function in somatic cells is deeply
affected by environmental contaminants [84,85]. Although specific studies on germ cell line have not
been published so far, it can be anticipated that environmental exposure to toxicants yields similar
effect in miRNA expression during spermatogenesis.

Conclusive remarks

Human are exposed to a wide number of environmental pollutants, including the reproductive
toxicants EDs. Many studies indicate that EDs induce sDF, improper chromatin condensation and
epigenetic modifications. All these effects impact sperm functions and male fertility status with
relevant consequences for reproduction. Importantly, a crosstalk between the pathways impairing
DNA, chromatin integrity and epigenome of spermatozoa can occur during spermatogenesis. It is well
known the link between poor chromatin condensation and the higher susceptibility to ROS attack, a
cause of sDF [22]. On the other hand, a derailment in chromatin maturation can trigger apoptosis in the
testis [28] and, vice versa, maturation fails in germ cells committed to apoptosis [86]. In addition, any
impairment in histone to protamine transition, and thus chromatin condensation, may yield epigenetic
perturbations, as protamine positioning may represent an epigenetic mark as well. Further, it is known
from animal models that several EDs stimulate testicular ROS generation [87,88], which can induce
both DNA breaks and changes in the epigenome of spermatozoa [89]. Finally, aberrant expression of
small non coding RNA, including miRNAs [83], or of histone PTMs [75], are associated with impaired
germ cell function such as increased apoptosis, the main testicular mechanism originating sDF.

Strategies to prevent or treat sDF, aberrant chromatin condensation and epigenetic modifications
are sought, however we are still far from this goal. Indeed, the molecular mechanisms by which EDs
damage sperm structures and functions are not fully elucidated. Currently, therapies for high levels of
sDF are available but their effectiveness is debated. Indeed, although the use of antioxidants has shown
some positive effects, clear conclusions cannot be drawn because of the several limitations of the
studies on the outcomes of these therapies [90]. Similarly, the effectiveness of FSH administration in
targeting testicular apoptosis is debated, due to the presence of non-responding subjects [91,92].

In the ART setting, the procedures to prepare semen should yield sperm populations with higher
nuclear maturity and DNA integrity, other than motility. Indeed, many studies reported a decrease in
sperm nuclear immaturity [93] or sDF [94] after selection with swim up or density gradient centri-
fugations, the two popular techniques to select spermatozoa for ART. In case of sDF, however, some
groups observed that these procedures can even induce DNA damage [95—97] and, most importantly,
subjects increasing the damage during selection experience a 50% lower probability to achieve preg-
nancy [97].

In recent years, advanced procedures to prepare spermatozoa with increased maturity and DNA
integrity have been proposed. These procedures select spermatozoa based on surface charge or
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external exposure of phosphatidylserine or binding sites for hyaluronic acid [98]. Another selection
procedure takes advantage from the fact that mature sperm nuclei have high intrinsic birefringence
and can be recognizable with suitable microscopes [99]. Finally, ultra-high magnification microscopy
has been proposed in ICSI to select spermatozoa devoid of subtle defects in cell structures [100].
However, despite individual small studies reporting clinical benefits with these procedures in terms of
ART outcomes, a clear conclusion cannot be drawn. Indeed, Cochrane reviews [98,100] reported that
there is insufficient evidence or that studies of suitable quality are still lacking to demonstrate that any
of these procedures can improve the clinical results.

In conclusion, the wide diffusion of environmental toxicants threatens male reproductive health by
deeply affecting DNA integrity, chromatin density and epigenetic signature of human spermatozoa. To
now, no fully effective therapy is available to treat these types of sperm damage.

Summary

Widespread environmental contamination threats male reproductive health. In particular, exposure
to EDs may be responsible for the decline in sperm count and the increase of testicular cancer,
cryptorchidism and hypospadias. The mechanisms by which EDs impact male fertility are not fully
clarified but DNA, chromatin and epigenome of spermatozoa appear to be relevant targets for these
molecules. Indeed, many studies report that the exposure to EDs induces sDF and chromatin decon-
densation and, on the other hand, it is well known that high levels of sDF reduce the probability to
achieve pregnancy and increase the risk of miscarriage after natural or assisted conception. Similarly,
an impaired sperm chromatin condensation negatively affects reproduction as well. Further, emerging
evidence indicates that exposure to EDs impacts on male fertility through changes in DNA methlyla-
tion, histone modifications and, likely, miRNA profiles of spermatozoa. However, the pathways by
which EDs damage these sperm traits are not fully understood and therapies for these types of damage
are far to be developed. Although, antioxidants and FSH have been proposed to target testis apoptosis
and oxidative stress, two main mechanisms originating sDF, the effectiveness of these therapies is still
debated. In addition, in the ART setting, it is not sure that the popular procedures to prepare semen
ameliorate sperm DNA integrity, and the advantage of using sophisticated selection techniques to
improve reproductive outcomes remains controversial. Hence, further efforts are necessary to address
possible strategies to prevent or treat sperm damage due to environmental contaminant exposure.

Research agenda

e Exposure to environmental toxicant is a threat for reproductive male health

e Further studies are necessary to fully understand the mechanisms by which endocrine dis-
ruptors impact sperm structure and function.

e Effective strategies to treat or prevent DNA fragmentation, chromatin decondensation and
epigenetic modifications of spermatozoa are sough, but we are still far from this goal.
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