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Preface

Zootechnics has the mission to improve animal production, according to
the human needs, that will influence market demand and animal and
human health. Animal reproduction can represent a surrogate model to
address environmental pollution and lifestyle impacts and the effects of
natural countermeasures in the prevention of reproductive disorders.

This thesis reports the research studies carried out during the doctorate,
born from the collaboration between the Unit of Andrology and
Reproductive Medicine and Male and Female Sexuality (FERTISEXCARES)
and Laboratory of Veterinary Genetics and Biotechnology applied to
Animal Productions (GENENVET) of the University Federico Il of Naples. The
general aim of the current research study was to determine the overall
impact of the environment on semen quality and male fertility potential,
by particularly addressing the effects of both environmental pollution and
lifestyle components, and the contribution of genetic and epigenetic
changes to such reproductive effects. Specific aims included the
assessment of the potential epigenetic changes induced by heavy metals
exposure, particularly cadmium (Cd) and to correlate epigenetic changes
to semen quality and potential for male fertility (in humans and dogs). As
reguard these specific aims, the human-dog pair represents an interesting
study model, as the close relationship between owner and animal implies
that the two elements of the couple share common environmental effects
and are, therefore, plausibly exposed to a set of common
pollutants/environmental factors. Lastly, a further specific aim was to
assess the effects of healthy lifestyle, particularly the supplementation
with nutraceuticals, on semen quality, in order to identify natural
substances as alternative treatments for seminal impairment in animals.
For this cause a horse model was used, by determining the effect of food
supplementation with a plant rich in antioxidant substances: maca
(Lepidium meyenii) on seminal parameters of Italian thoroughbred
stallions. In particular, morphometric analyzes and sperm DNA
fragmentation (SDF) tests were performed on the ejaculates in addition to
the qualitative and quantitative evaluations routinely carried out.



Abstract

Aim of this doctorate has been to explore the links between environment,
genetics and characteristics of spermatozoa in mammals and in particular
three species have been studied: humans, dogs and horses. This study was
in fact conceived following the collaboration of two important research
areas: human reproduction and the genetic improvement of livestock
species. We started from the premise of wanting to fill gap of information
concerning semen quality of men living in the high environmental pressure
area of the “Land of Fires” (LF), and to investigate the potential association
withenvironmental pollutants, such as cadmium (Cd). Specific aims
included the assessment of the potential epigenetic changes induced by
heavy metals exposure, particularly Cd, and to correlate these changes to
semen quality and spermatozoa charachteristics (in humans and dogs).
The study included two different cohorts of subjects comprising 730 (C1)
and 512 (C2) participants belonging to the LF. All subjects in C1 were
offered a diagnostic clinical examination in their domestic dogs. The dogs
recruited (N=30) for the study had to be clinically healthy and with at least
one litter in the last 12 months. In C2 subjects a strict correlation was
demonstrated between seminal parameters, particularly sperm total
count, and Cd burden in semen samples, testifying a potential harmful
effect on reproductive health in humans. Moreover, reduced SDGM was
associated to reduced semen quality, demonstrating an overall similar
relationship between epigenetic changes and seminal parameters in men
and their dogs. This is the first report demonstrating a correlation between
SGDM percentage and conventional seminal parameters in dogs; this
epigenetic finding could be of considerable interest also in the zootechnical
field, due to the possible reproductive and economic repercussions.
Lastly, a further specific aim was to assess the effects of healthy lifestyle,
particularly the supplementation with nutraceuticals, on semen quality, in
order to identify natural substances as alternative treatments for seminal
impairment in stallions. Four stallions were food supplemented with maca
(Lepidium meyenii) during the breeding season. Maca food
supplementation in stallions during breeding season reduced the
percentage of spermatozoa with fragmented DNA, significantly increased
sperm concentration and lengthened spermatozoa head, suggesting that
food supplementation of maca could be useful in horse breeding.



CHAPTER 1

Introduction



1.1 Temporal and geographic trends in semen quality in human

Infertility is defined as the inability to conceive after 1 year of unprotected
intercourses (Zheng et al., 2000). It affects millions of people worldwide, in
particular, it is exstimated that about 15% of couples are afflicted, with
male factors accounting for 50% of causes of fertility problems, alone or in
combination with female factors. The 16% is due to genetic factors (1%), or
to unexplained, or idiopathic, infertility, which is diagnosed in absence of a
specific etiological determinant (O'Flynn 2014). Male infertility diagnosis is
most commonly based on semen analysis, according to the 2010 World
Health Organization laboratory manual guidelines (WHO 2010). The
worldwide decline in human fertility has been recorded since the early
1950s, and reported by the international literature (Bank 2019), as well as
a steady decay of birth rates in all European countries was reported by
several demographic surveys (Lutz et al., 2003). Changes in lifestyle such as
increased women occupational rate and maternal age at pregnancy,
prevention of undesired parenthood, or increased socio-economic burden
of parenthood did not justify and support the progressive worsening of
couple fertility (Figure 1). Evidence suggested that worldwide sperm total
counts have dropped by 50% since the 1930s, as reported by a 1992
metanalysis of 61 studies on semen quality published over a 50-year period
(1938-1991), comprising almost 15.000 men from 23 different countries
(Carlsen et al., 1992); in particular, has been reported an average sperm
counts of 100 million, 75 million, and 50 million/ml in 1950, 1970, and
1990, respectively, in western countries (Dindyal 2003). The declining
semen quality was afterward confirmed by an extended metanalysis of 101
studies (1934-1996) (Swan et al., 2000). The gross changes in sperm counts
are not necessarily linked to corresponding changes in fertility trends, since
successful pregnancy might also occur in case of low sperm counts;
nevertheless, impairment of semen quality might result in longer waiting
time to pregnancy, and, on a long-term basis, might eventually result in the
observed decline in fertility trends (Slama et al., 2004). It is interesting how
recent studies highlighted marked geographical variations in semen quality
within both United States and Europe, suggesting the hypothesis of a
possible impact of local persistent environmental pollution patterns on
male fertility (Nordkap et al., 2012) (Figure 2). Therefore, the contribution



of concurrent, global, and local factors should be taken into account to
explain differences among studies.
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Figure 1: Fertility rate, total (births per woman, weighted average). Trends
in birth rate from 1960 to 2015, showing a progressive decline in worldwide
total fertility rate. Total fertility rate represents the number of children that
would be born to a woman if she were to live to the end of her childbearing
years and bear children in accordance with age-specific fertility rates of the
specified year. https://data.worldbank.org/indicator/SP.DYN.TFRT.IN.
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Figure 2: Sperm concentrations and sperm total count of young men from
seven European countries. The bars show the adjusted median sperm
concentration (nx10%/ml) and sperm total count (nx10%/ejaculate) in the
entire study populations (A and C) and in subgroups of men without any
recent use of medicine or known andrological disease (B and D) (Nordkap
etal.,, 2012).

1.2 Male fertility as a target of environmental exposures: heavy metals

Human semen contains trace elements such as calcium (Ca), sodium (Na),
potassium (K), magnesium (Mg), manganese (Mn), copper (Cu), zinc (Zn),
and selenium (Se), which are essential for normal spermatogenesis, sperm
maturation, sperm motility and capacitation (Mirnamniha et al., 2019).
Deficiencies of these trace elements might therefore be a relevant factor
affecting semen quality, as demonstrated by studies in infertile patients,
reporting reduced Ca, Mg, Zn, Cu and Se in seminal plasma (Mirnamniha et
al., 2019). On the other hand, a number of different environmental
chemicals, including trace elements belonging to the class of heavy metals,



have been claimed to exert sharp detrimental effects on male reproductive
function.

A direct consequence of global industrialization has been the exponential
increase of environmental pollutants, particularly in countries with poorer
surveillance and regulations (CDC 2019; 2019.2). Epidemiological evidence
has shown associations of human exposure to heavy metals with adverse
reproductive outcomes due to widespread cumulative burden and low
human body clearance. Based on this evidence, there is a growing concern
for the effects of heavy metals on semen quality and male fertility, even at
low environmental, non-occupational, level of exposure (Wirth 2010).
Nevertheless, although the effects of high level exposure to several non-
essential heavy metals, such as cadmium (Cd), chromium (Cr), lead (Pb),
nickel (Ni), and mercury (Hg), on male reproductive function have been
clearly demonstrated by experimental studies in animal models and/or in
human occupational exposure studies (ATSDR 1999; 2005; 2012; 2012;
2019; 2019), there is a lack of strong confirmatory clinical studies
concerning low environmental level of exposure, as well as evidence quite
sparse, conflicting or inconclusive, due to several shortcomings including
heterogeneity in study design (mostly retrospective), small sample size,
and lack of adjustment for potential confounders. Moreover, dose-
response studies linking exposure to reproductive outcomes are limited,
and contemporary exposure to multiple heavy metals potentially exerting
synergistic or antagonistic effects is frequently disregarded (Wirth 2010;
Sunetal., 2017).

The presence of Cd and its compounds in the environment is a
consequence of both natural and anthropic processes. Natural sources of
Cd include volcanic activity, weathering consumption of rocks, sea
aerosols, forest fires and mobilization from soils and landfills, while
anthropic sources include batteries, pigments, plastic stabilizers, pesticides
and fertilizers, and photovoltaic devices, as well as spreading from rubber
processing, galvanization process, fossil combustion and waste
incineration (de Angelis et al., 2017). Among the male reproductive organs,
testis is particularly susceptible to Cd poisoning. Indeed, it has been
repeatedly shown, in experimental studies in animal models and human
spermatozoa, that Cd is able to exert reproductive toxicity, mediated by
multiple mechanisms, including structural damage to testis vasculature and



blood-testis barrier, inflammation, cytotoxicity on Sertoli and Leydig cells,
oxidative stress mainly by means of mimicry and interference with
essential trace elements, apoptosis, interference with selected signaling
pathways and epigenetic changes of genes involved in the regulation of
reproductive function, and disturbance of the hypothalamus-pituitary-
gonadal axis (de Angelis et al., 2017) (Figure 3). Different epidemiological
studies addressing the effect of environmental Cd exposure on semen
quality reported conflicting results, although most of them have
demonstrated a negative correlation between Cd burden and seminal
parameters (de Angelis et al., 2017). Inconsistencies among studies might
be addressed by discrepancies in cohort’s selection, statistical drawbacks,
and the inappropriate choice of the biological matrix for Cd burden
guantification. The choice of the biological matrix or Cd burden
guantification represents an interesting issue because the biological
matrices commonly used for metal burden determination may not
precisely reflect the real local exposure of the male reproductive tract,
whereas semen certainly represent a more suitable substrate (Mendiola et
al., 2011; Oldereid et al., 1993, Minguez et al., 2012); and, as largely
demonstrated in different studies, heavy metals have a heterogeneous
distribution within human body fluids and/or compartments, and
particularly Cd, Pb, and Zn, display preferential accumulation in male
reproductive organs (Mendiola et al., 2011; Oldereid et al., 1993; Minguez
et al., 2012). A metanalysis of 20 case-control studies on heavy metal
concentrations in semen from a total of 2.146 patients (1.538 for Cd, 832
for Pb, 1.029 for Zn, and 1.166 for Cu) with different fertility status,
highlighted that significantly higher semen Pb and Cd, and lower semen Zn
concentrations, are detected in patients with reduced fertility (Sun et al.,,
2017). A huge contribution has been provided by animal studies in the
identification of the specific Cd targets, and the characterization of the
pathogenetic mechanisms underlying Cd reproductive toxicity.
Nevertheless, conceivable differences in the susceptibility to adverse
reproductive effects between humans and mammalian animals must be
addressed; moreover, the precise correspondence between realistic
human exposure levels and the experimental doses employed in animal
studies remains to be fully established, by making it demanding to establish



a clear-cut safety reference value for semen quality and reproductive
outcomes.




Figure 3: Overview of the proposed pathogenetic mechanisms of cadmium
reproductive toxicity. Colored circles report the main pathogenetic
mechanisms of cadmium reproductive toxicity, along with the
corresponding target organ or cell. The word “testis” refers to pathogenetic
mechanisms demonstrated by experiments in vivo, or on whole testis
homogenates. Light blue squares represent the proposed or hypothesized
final effect on male reproductive function (de Angelis et al., 2017).

1.3 The “Land of Fires” phenomenon

The Campania region has been the subject of great media interest in recent
years, as well as intense scientific debate relating to the risk of harmful
effects on human health related to exposure to environmental pollutants,
due to the illegal disposal of urban, toxic and industrial waste, which
includes several types of substances such as heavy metals, polychlorinated
biphenyls, hydrocarbons etc. (Triassi et al., 2015); illegal burying of waste
in inappropriates sites such as rural or agricultural areas, along with the
diffuse practice of illegal waste burning, determined a significant increase
in local environmental pressure (Triassi et al., 2015). Waste exposure
exerts both short- and long-term health effects, which may include stress,
anxiety, headache, dizziness, nausea, asthma, respiratory infections or
irritation and congenital anomalies (short-term), as well as chronic
respiratory and cardiovascular diseases, cancer, and even brain, nerves,
liver, lympho-hematopoietic or kidneys diseases (Triassi et al., 2015).
Growing media attention and pervasive concern among residents in
regards of potential waste exposure-induced health problems led Italian
authorities to establish emergency measures and to release a dedicated
decree (L.n.6, February 2014), the “Land of Fires” (LF) Decree, issued with
the main purposes of mapping contaminated sites and provide health
screening of resident population, by also ensuring territorial remediation,
and illegal waste disposal control within Campania Region. Ninety
municipalities in the Province of Naples and Caserta are comprised within
the LF area, which is characterized by high environmental pressure from
both waste illegal disposal and high anthropic activity; despite a variety of
studies attempted to address general health status of residents within the
LF, just few investigations have been performed so far, concerning the male



reproductive function. Two studies demonstrated that traffic pollution
exposure, particularly to nitrogen oxide and lead, was negatively correlated
to sperm total count, total sperm motility, and sperm viability, and was
associated to impaired sperm physiology, by exerting negative effects even
at environmental concentration of nitrogen oxide below Italian legislation
limits (De Rosa et al., 2003; Boggia et al., 2009). One study evaluating the
relationship between the geochemical distribution of heavy metals in soils
of the metropolitan area of Naples and human semen quality described a
strong correlation between high Pb and antimony (Sb) concentrations in
soil and poor seminal parameters, and a weaker correlation with high Hg
and Zn, whereas other heavy metals in soil were not correlated with semen
quality (Giaccio et al., 2012). In addition, a more recent pilot human
biomonitoring study on trace elements (Zn, Cu, Cr, Fe) in blood and semen
from a small cohort of men living in the LF, demonstrated significantly
higher Zn, Cu, Cr and reduced iron (Fe) semen concentrations, increased
percentage of immotile spermatozoa, higher sperm DNA fragmentation
(SDF) index, and reduced redox biomarkers and antioxidant enzymes
activity, in their semen, compared to individuals from a low environmental
pressure area (Bergamo et al., 2016). No large investigations have been
performed so far addressing semen quality of young men living within the
LF, and the potential implication of heavy metals burden, quantitatively
determined in a large number of semen samples.



CHAPTER 2
Semen parameters



2.1 Semen anlysis in human and animals (dogs and horse)

Semen analysis, or spermiogram, represents the starting point for a correct
diagnostic and therapeutic classification of the infertile male. It is an
operator-dependent examination, that is, the technician evaluates the
number and characteristics of spermatozoa by means of microscopic
observation. It is therefore essential that it must be carried out exclusively
by experienced and specialized personnel, in order to reduce misleading
results. Compared to human medicine, little is known in animal (as dogs
and horse) medicine regarding specific findings on semen analysis and their
correlation with fertility. Recommendation to optimize quality of semen
analysis in veterinary practice include creating standardized protocols for
evaluation of all seminal parameters and updating reference values where
needed, eventually creating quality controls for the clinic laboratory. It is
also necessary to inform owners that it is impossible to predict with 100%
accuracy the fertilizing ability of animals with poor or those with excellent
semen quality. Veterinary may perform seminal analysis as part of a
complete animal evaluation thus verifying more accurately reproductive
performances. Unfortunately, there are very few association studies
between seminal parametes measured with standardized seminal analysis
and issues like testicular function, fertilizing capability of spermatozoa, and
likelihood that offspring will develop normally (Amann 1981; England
1989). Martinez et al. (2004) suggested that seminal analysis in the dogs
can only be reliably predictive of fertility if the sperm quality is either very
good or very bad. Results of tests that may be performed in a seminal
analysis are influenced by sample collection technique and timing,
concentration of spermatozoa in the sample, amount of time from sample
collection to evaluation, temperature at which the sample was held,
equipment used, and many other factors (Rui et al., 1986, WHO 2010). In
humans, it is recommended that semen is collected after 2 to up to 7 days
of sexual rest, and that two separate samples, collected 7-21 days apart,
are evaluated before that any recommendations would be prescribed.
There are no published guidelines for timing of semen collection in animals
(relative to abstinence from sexual activity) as in humans; furthermore, the
collection of animal semen takes place through manual ejaculation (Kutzler
2005).Currently, conventional seminal parameters, unlike those in human,



do not provide a reliable marker of fertility status in animals, mainly due to
the lack of validated cut-off values and of a scientific evidence of a
correspondence between seminal parameters and reproductive outcomes,
namely, fertilizing capability, litter number and size, and offspring health
status (Martinez, 2004; Graham 1996). The seminal parameters considered
for analysis in both humans and animals are: pH, semen volume (ml), sperm
concentration (Nx10%/ml) sperm total count (Nx10%/ejaculate), sperm
motility (%) and normal sperm morphology (%). The first difference
between human and animal is in the volume of the ejaculate, which
changes in quantity according to the animal. A second difference concerns
the fractions of the ejaculates; for example, in dog there are three fractions
while in horse there are three fractions rich in spermatozoa and a fourth
fraction consisting only of seminal fluid and gel, which is not used for
analysis. In dog species the first (pre-sperm) fraction is small in volume and
contains few to no spermatozoa; the second (sperm-rich) fraction comes
from the epididymes and testes; the third (prostatic) fraction consists
solely of prostatic fluid and also contains few to no spermatozoa. As
regards the volume, it is not an indicator of semen quality in animals, while,
in humans there is a cut-off for the volume parameter (1.5-6.8 ml),
below/above which it is associated with specific andrological pathologies.
Moreover, in humans there is only one fraction of ejaculated semen. Sperm
concentration is inversely related to the volume collected (Power 1963),
and it is a fuction of sperm total count in the ejaculate, which is obtained
by multiplying sperm concentration for semen volume; sperm total count
depends on testicular size (Olar et al., 1983), in humans, a normal value for
this parameter is 239 million (WHO 2010), in dogs is 2300 million (Root
Kustritz 2007) and in horse 25 billion (Viguer 1987). Sperm concentration is
traditionally assessed by using counting chamber such as Makler. The
counting chamber Makler technique has been reported to be equally or
more accurate than Computer-based automated semen analysis (CASA)
systems and is considered the gold standard. For human and animal semen,
motility is better maintained if samples are kept at room temperature than
at body temperature (BARTLETT 1962); therefore, quick temperature
fluctuations should be avoided. In humans the evaluation of sperm motility
must be performed within 1 hour from collection. These indications are still
lacking in the evaluation of animal sperm motility. The classification of



sperm motility in human and animal is the following: progressive motility,
in situ sperm motility, and immotile spermatozoa. The reference cut-off for
progressive motility (%) in humans, dogs and horses is as follows: >232%,
>70% and 280% (WHO 2010; Root Kustritz 2007; Viguer 1987). The CASA
systems also has been described for assessment of motility in animals
(Agarwal et al., 2003; Glinzel et al., 1993; Rigau et al., 2001). In humans,
the CASA is only recommended for research purposes, while in animals it
is also used for clinical evaluation due to the lack univoque guidelines.
Human and animal spermatozoa comprise the following structures: head,
which contains the genetic material and the acrosome; intermediate
section and tail. The reference cut-off for normal sperm morphology (%) in
humans, dogs and horses is as follows: 24%, 260% and >80% (WHO 2010;
Root Kustritz 2007; Viguer 1987). Sperm is a specialized cell in which
chromatin is the main constituent, and its integrity is essential for
successful fertilization and normal embryo development. SDF is the index
used to evaluate chromatin integrity and it is inversely related to fertility.
Unlike conventional semen analyses for quality assessment, such as sperm
concentration, sperm motility and sperm morphology, SDF allows the
evaluation of sperm genetic integrity; moreover, its rate is not necessarily
linked to other sperm parameters. In fact, it has been observed that
infertile men with normal semen may show a poor SDF index (Agarwal et
al., 2016). Although structures such as the acrosome and flagellum are of
great importance for spermatozoa functionality, the shape of the head,
too, strongly influences their motility and fertilization ability. In a variety of
mammal species it has been shown that sperm head morphometry is
correlated with fertility (Hirai et al., 2001; Ostermeier et al., 2001; Vicente-
Fiel et al., 2014; Waheed et al., 2015). Malo et al. (2006) affirmed that
spermatozoa with more elongated heads may reach a higher swimming
speed because they are more hydrodynamic. According to Yaniz et al.
(2015) morphometric analyses could be a useful predictive tool for semen
fertility and storage, once the technique to perform them is standardized.
Length, width, area and perimeter are the morphometric measures mainly
used to objectively characterize sperm head shape.

Interestingly morphometric measures of spermatozoa is typical both in
dogs and horses but not in humans. The morphometric measures has more
value in the animal field given the high percentage of morphologically



normal forms of spermatozoa, whereas the human spermatogenesis is
highly imperfect, for which morphometric studies have been abandoned
over time.



CHAPTER 3
Epigenetics and Male fertility



3.1 What is epigenetics?

“The difference between genetics and epigenetics can probably be
compared to the difference between writing and reading a book. Once a
book is written, the text (the genes or DNA: stored information) will be the
same in all the copies distributed. However, each individual reader of a
given book may interpret the story slightly differently, with varying
emotions and projections as they continue to unfold the chapters. In a very
similar manner, epigenetics would allow different interpretations of a fixed
template (the genetic code) and result in different read-outs, dependent
upon the variable conditions under which this template is interrogated.”
Thomas Jenuwein

(Max Plank institute of Immunobiology and Epigenetics, Freiburg,
Germany)

The term “epigenetics” was first proposed by Conrad Waddington to
describe the study of the processes by which the genetic information of an
organism, defined as genotype, interacts with the environment in order to
produce its observed traits, defined as phenotype (Waddington 1942).
More recently, the term has been used to describe heritable changes in
genome function that occur without a change in DNA sequence (Holliday
1994). These two definitions are closer than they seem. In eukaryotic cells,
genomic DNA is packaged by histones and non-histone proteins into a
dynamic polymer defined as chromatin. Several enzymes can modify the
architecture and the composition of chromatin, both locally and globally,
and they can direct the inheritance of local chromatin structures through
cell division (Turner 1993; Jenuwein 2001). Thus, an individual's cells all
share the same linear sequence of DNA nucleotides, the genome, but
different cell types are characterized by the presence of different
chromatin conformations of this genome, the epigenomes, that specify the
characteristic functions of each cell type and allow the maintenance of the
memory of these functions through cell division. Indeed, a large set of
genome regulatory processes involve epigenetic determination and
inheritance.

Epigenetic modifications are covalent modifications such as methylation,
acetylation, phosphorylation and ubiquitination, present on the DNA itself,



or on associated proteins (such as histones in somatic cells and protamines
in male germ cells), which modify gene expression, without alter its
sequence (Carrell 2010).

DNA methylation is catalyzed by a family of DNA methyltransferases
(Dnmts) that transfer a methyl group from S-adenyl methionine (SAM) to
the fifth carbon of a cytosine residue to form 5mC (Figure 4). Dnmt3a and
Dnmt3b can establish a new methylation pattern to unmodified DNA and
are thus known as de novo Dnmt (Figure 4a). On the other hand, Dnmt1
functions during DNA replication to copy the DNA methylation pattern
from the parental DNA strand onto the newly synthesized daughter strand
(Figure 4b). All three Dnmts are extensively involved in the development of
an embryo. By the time cells reach terminal differentiation, Dnmt
expression is much reduced. This would seem to suggest that the DNA
methylation pattern in postmitotic cells is stable. However, postmitotic
neurons in the mature mammalian brain still express substantial levels of
Dnmts, raising the possibility that Dnmts and DNA methylation may play a
novel role in the brain (Goto et al., 1994; Feng et al., 2005).
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Figure 4: DNA methylation pathways. A family of DNA methyltransferases
(Dnmts) catalyzes the transfer of a methyl group from S-adenyl methionine
(SAM) to the fifth carbon of cytosine residue to form 5-methylcytosine
(5mC). (a) Dnmt3a and Dnmt3b are the de novo Dnmts and transfer methyl!
groups (red) onto naked DNA. (b) Dnmt1 is the maintenance Dnmt and
maintains DNA methylation pattern during replication. When DNA



undergoes semiconservative replication, the parental DNA stand retains the
original DNA methylation pattern (gray). Dnmtl associates at the
replication foci and precisely replicates the original DNA methylation
pattern by adding methyl groups (red) onto the newly formed daughter
strand (blue) (Moore et al., 2013).

3.2 Methylation and male fertility

Early evidence for a link between epigenetic markers and male fertility was
provided by studies in rodent models, which revealed that exposure to 5-
azacytidine triggers a dose-dependent DNA hypomethylation in
spermatozoa (Egger et al., 2004). Moreover, rats treated with 5-aza-2’'-
deoxycytidine showed impaired testicular histology, reduced sperm counts
and infertility (Doerksen 1996). DNA methylation is an epigenetic
modification consisting in changes, sometimes heritable, influencing gene
expression that not causes changes in DNA sequence (Holliday 1987).
Epigenetic changes not only have an impact on developmental processes
and fetal growth but are also relevant in many different areas of biology
and medicine, including cancer, aging, and environmental toxicology
(Herceg 2011; Liu 2011). DNA methylationn is one of the most important
epigenetic mechanisms called into question in numerous biological
functions including spermatogenesis. As regard spermatogenesis,
epigenetic changes are involved in the proper arrangement and
maintenance of sperm genome and exert crucial effects on sperm quality
and function and fertilization potential. A complex and precise epigenetic
reprogramming takes place starting from germ cells during migration to the
genital ridge and is essential for spermatogenesis completion (Kelsey 2013;
Seisenberger et al., 2013). In humans, alteration of both sperm global DNA
methylation (SGDM) and gene-specific (i.e. H19, MEST, BRDT, MTHFR) DNA
methylation patterns have been related to poor quality semen, impaired
seminal parameters, azoospermia and reduced fertility (Boissonnas et al.,
2010; Hammoud et al., 2010; Kobayashi et al., 2007; Marques et al., 2008;
Minor et al., 2011; Poplinski et al., 2010). Houshdaran et al. (2007)
reported that poor semen quality samples displayed an abnormal global
DNA sperm hyper-methylation, as assessed by the analysis of repetitive
elements, and locus-specific sperm DNA at imprinted and non-imprinted



genes. Conversely, the majority of studies showed an abnormally reduced
sperm global DNA methylation in poor semen quality samples. Most
studies demonstrated that SGDM level is associated not only with sperm
concentration but also with sperm motility: oligozoospermic and severely
asthenozoospermic men have significantly lower levels of SGDM,
compared to normozoospermic men or men with moderately impaired
motility (Marques et al., 2004; Montjean et al., 2015; Pacheco et al., 2011).
The first association between methylation levels and infertility was
reported by Benchaib et al. (2005), who demonstrated that SGDM levels
above an arbitrary threshold were seemingly linked to high pregnancy
rates, suggesting that SGDM status independently affects embryogenesis.
Urdinguio et al. (2015) showed significant differences in SGDM levels
between fertile and unexplained infertile patients, with significantly lower
methylation levels in spermatozoa from infertile individuals. In another
study on 141 semen samples used for assisted reproductive technologies,
El Hajj et al. (2011) found a significantly lower methylation level in semen
samples resulting in abortions, compared to those leading to a delivery.
Independently from the cause and the time of occurrence of the epigenetic
alterations (in utero vs prepubertal vs adulthood), it has been
demonstrated that sperm epigenetic landscape has transgenerational
effects and is likely influential in the developing embryo. Indeed, mature
sperm provide epigenetic marks that drive the activation/inactivation of
specific genes by contributing to the pluripotency of the embryonic cells
and by influencing its future adult health status, including fertility and
reproductive disorders (Kobayashi et al., 2007; Poplinski et al., 2010;
Marques et al., 2004). All these studies support the hypothesis that sperm
DNA methylation pattern of both imprinted and non-imprinted genes is
essential for normal sperm function, fertility, and embryo development.
However, the etiology and whether DNA methylation errors are acquired
during fetal or early post-natal development are still unresolved questions.
An improved knowledge of sperm epigenetics is not only necessary to
understand the physiology of reproduction, but also to provide clues on the
potential causes of male infertility of unknown origin.



3.3 Methylation and dog male fertility

Reproduction and fertility are the most important traits in animals
domestic, therefore a lot of studies are aimed to identify the causes of
reproduction failure in these species. Among the most investigated fields
there are the disorders of sex development (Albarella et al., 2019; Albarella
et al., 2020) and reproductive performances (Fuente-Lara et al. 2019). As
regards dog specie, the occurrence of male infertility is an emerging
problem and the knowledge of underlying causes is the first step to identify
new diagnostic and therapeutic strategies. To date, the main analyses used
to evaluate semen quality in domestic animals might be classified as
qualitative (semen volume, aspect, viscosity and pH) and quantitative
(sperm concentration/count, motility, morphology, vitality, DNA frag-
mentation, morphometric) (Root Kustritz 2007). However, it has been
observed that, in humans, infertility may occur even in the presence of
parameters within the normal range, and it has been proven that SGDM is
related to human fertility rate independently from other seminal
parameters, such as sperm total count, progressive motility and
morphology (Urdinguio et al., 2015). Furthermore, the use of animal
models (such as the mouse) has made us lose sight of the relationships that
exist between the environment and organisms and between the various
parts of an organism, ignoring the individual as a whole. The animals used
for the experiments are artificially selected, kept in cages, without those
stimuli necessary to develop their potential self-defense. Thus, the
laboratory animal does not correspond to the one that lives in its natural
environment and all the experiments done on it are not even extrapolable
to other animals of the same species, which live in a normal space-time
context. Dog is considered as an advantageous model of study for human
biology and disease (Ostrander 1997). Indeed, dogs generally cohabitate
with their human owners, therefore representing a valuable model for the
study of environmental factors on health, and receive medical care from
them almost like a human; lastly, the use of pet animals reduce the
requirement of experimental animals (Tsai et al., 2007), in fact, by using
non invasive and harmeless methods for the analysis of owned dog we may
have an indication of the effect that enviroment could have on people. An
improved knowledge of sperm epigenetics is not only necessary to



understand the physiology of reproduction, but also to provide clues on the
potential causes of male infertility of unknown origin. The total absence of
studies on SGDM related to seminal parameters in dogs, and the
relationship with fertility dogs, raises a series of questions but also
numerous research opportunities on this topic.



CHAPTER 4
Nutraceuticals and male fertility



4.1 Nutraceuticals and male fertility

Nutraceuticals are food elements that that can provide medical or health
benefits by potentially contributing to prevent the occurrence of several
diseases by supporting physiological functions, and are therefore widely
marketed as ingredients of dietary supplements (EUR-Lex 2020). A large
number of recent studies have focused on the ability of nutraceuticals to
improve the hormonal status and sperm parameters by different
mechanisms (Falsig et al., 2019).

The improvement of semen quality and pregnancy rate by feed
supplementation has been much disregarded in male livestock, in
comparison to females. Nevertheless, the success of artificial insemination
(Al) also depends on the livestock animals’ semen production. On the other
hand, removing bulls with insufficient sperm number or capability to
fertilise from commercial semen production is costly and often results in
the loss of interesting genotypes and animals with high breeding value.
Kastelic and Thundathil (2008) stated that, in an unselected population,
20-40% of bulls are likely to have a reduced fertility due to impaired semen
quality. Feed supplementation might offer benefits in the treatment of
these male animals improving the abnormal semen. Indeed, nutritional
status is of primary importance in determining semen quantity and quality
(Brown, 1994, Petherick, 2005, Robinson et al., 2006, Martin et al., 2010).
In adult animal conditions of under-nutrition, malnutrition and nutrient
imbalances, may induce reduced androgen secretion and low semen
quality (Brown, 1994, Petherick, 2005). In these last cases the approache to
feed supplementation would consist of complementing animal diets with
the lacking nutrient or energy (Brown, 1994, Almeida et al., 2007). Such
improvements would help to avoid nutritionally-caused, but often
reversible, sub- or infertility.

Currently, nutraceuticals -based dietary supplements are widely prescribed
to improve physiological aspects related to male fertility, also in humans.
Many dietary supplements are available on the market with various
formulations, containing both nutrients and botanicals at different doses;
despite many research studies demonstrating positive effects of some
ingredients on semen parameters and fertility outcomes, many others have
shown lack of efficacy of dietary supplements, mainly due to an extremely



heterogeneous formulation, containing up to a conspicuous number of
different active ingredients reported to exert beneficial effects or with
ineffective/unreported effects, and at variable concentrations often below
the minimal effective daily dose (Garolla et al., 2020). In a recent position
statement, the Italian Society of Andrology and Sexual Medicine (SIAMS)
summarized the state of the art on each single ingredient currently used in
the andrological field (Calogero et al., 2017). In particular, zinc, folic acid,
N-acetylcysteine, coenzyme Q10, vitamins E and C, selenium, carnitines,
and pentoxifylline, in various dosage and variable combinations have been
demonstrated to efficiently improve seminal parameters in human
(Calogero et al., 2017) (Table 1), as well as in several animal species (Pereira
etal.,, 2020; Pitel et al., 2020, Kendallet al., 2000; Aliarabi et al., 2019). The
most part of nutraceuticals currently used are antioxidant compounds
supporting spermatogenesis by contributing to maintain a physiological
balance between reactive oxygen species (ROS) and ROS scavenger activity.
Indeed, oxidative stress (OS) has been widely recognized as one of the most
common factors contributing to male infertility (Hemingway, 2003); OS is
defined as the imbalance between the production of ROS and antioxidant
activity (Hemingway, 2003; Agarwal, 2010; Sikka, 2001), and may occur
within the male reproductive tract as a consequence of urogenital or
systemic disorders, and exposure to environmental and lifestyle factors
(Hemingway, 2003). Excessive ROS production determines spermatozoa
lipid peroxidation, and consequent reduction of membrane fluidity,
resulting in the inhibition of mechanisms required for fertilization, and DNA
oxidative damage, including SDF, base modification, deletions, frame
shifts, DNA crosslinks and chromosomal aberrations (Hemingway, 2003).
Antioxidants have been increasingly introduced among the potential
medical treatments for male infertility in the last decades (Lanzafame et
al., 2009); they are generally recommended, without a specific preference
concerning the bioactive compound, only after performing accurate
diagnostic workup of infertility, in male with idiopathic infertility and
documented alterations of seminal parameters and increased SDF, a
marker of ROS-mediated DNA damage (Calogero et al., 2017; Agarwal et
al., 2019). The high costs associated with assisted reproductive techniques
for male infertility have led consumers to find less expensive alternatives
for potential treatment. An attractive option has been pointed out,



concerning plants rich in antioxidant active components. Many studies
have shown that using maca (Lepidium meyenii) and khat (Catha edulis)
positively affect sperm production and semen quality in animals. Some
evidence points to favourable effects of leucaena (Leucaena leucocephala
and Leucaena pallida), sesbania (Sesbania sesban), pomegranate (Punica
granatum), tomato (Solanum lycopersicum) and amaranth (Amaranthus
hypochondriacus) as well, but studies are either superficial or provide
partially contradictory results (Clément et al., 2012). Taking together the
available studies, increasing attention both in the public forum and in the
scientific community, and increasing bodies of evidence are developing for
some plants with beneficial effects on health (nutriceuticals); nevertheless,
even though there are many claims of positive effects on semen quality,
very few nutraceuticals have been subjected to rigorous scientific
investigation and the promising effects can be deducted only from indirect
indications (Clément et al., 2012).

Nutraceuticals | Evidence Possible
indications
Ascorbic acid | Its administration positively correlates with | OAT
(vitamin C) sperm count and motility, and negatively with
sperm DNA fragmentation index
Carnitine Improves concentration, total sperm count, | OAT
and progressive motility
Carotenoids Improve sperm parameters OAT
(lycopene, B-
carotene)
Coenzyme Improves sperm count, motility, and | OAT
Q10 morphology [
Myoinositol Improves sperm progressive and total motility | OAT
and the mitochondrial function; increases the
number of sperm recovered after swim-up
technique




Nutraceuticals | Evidence Possible
indications

Glutathione Improves sperm concentration, motility, and | OAT
morphology

N-acetyl- Improves sperm volume, viscosity] and | OAT

cysteine motility. Prevents oxidative DNA damage

a-Tocopherol | Increases sperm motility OAT

(vitamin E)

Table 1: Main nutraceuticals used for the treatment of male infertility
(Calogero et al., 2017).

4.2 Maca and male fertility

Reproduction and fertility are main concerns in horse breeding (Albarella
et al., 2018) and the discovery of new plant-based food supplements that
are safe, economically valid and able to improve these parameters is an
aim both in human and livestock has. As antioxidants have a positive effect
on semen storage and maintenance of the functionality of spermatozoa
(Del Prete et al., 2019) close attention has been paid to plants that are rich
in them, such as maca (Lepidium meyenii). This is a Peruvian plant, the
hypocotyl of which has been used for centuries in the Andes for nutrition
and fertility enhancement in humans and animals (Gonzales, 2012; Tafuri
et al., 2019a). As regard semen characteristics it has been proven that the
main effects of an oral supplementation with maca are: increased sperm
total count and motility, improved SDF index, a better quality of semen
after storage at 5°Cup to 72 h (Clément et al., 2012; Del Prete et al., 2018a).
All these beneficial effects are probably due to the antioxidant—oxidant
balance induced by macamides and the lipid-extractable fraction of maca
with an unknown mechanism of action (Melnikovova et al., 2015; Tafuri et
al., 2019b). Although pregnancy rates are the preferable endpoint to
evaluate the fertilizing capacity of a semen in human and animals, a lot of
techniques have been used to assess the quality of fresh and cooled semen



(Casey et al., 1997; Pauciullo et al., 2012; Yaniz et al., 2015; Agarwal et al.,
2016; Del Prete et al., 2018b).



CHAPTER 5
Aim of the study



The general aim of the current research study was to determine the overall
impact of the environment on semen quality and male fertility potential,
by particularly addressing the effects of both environmental pollution and
lifestyle components, and the contribution of genetic and epigenetic
changes to such reproductive effects. Moreover, a further general aim of
the current research was to put an effort in identifying potentially suitable
animal species, as surrogate models to address environmental pollution
and lifestyle impacts and the effects of natural countermeasures in the
prevention of reproductive disorders.

Specific aims included the assessment of the potential epigenetic changes
induced by heavy metals exposure, particularly cadmium, which represents
an ideal toxicant when trying to determine the impact of both
environmental and lifestyle burden of exposure, due to widespread
presence in the environment and, in particular cigarette smoke. Moreover,
a correlation between epigenetic changes and semen quality has been
performed. The human-dog model represents an interesting study model,
as the close relationship between owner and animal implies that the two
elements of the couple share common environmental effects and are,
therefore, plausibly exposed to a set of common pollutants/environmental
factors.

Lastly, a further specific aim was to assess the effects of healthy lifestyle,
particularly the supplementation with nutraceuticals, on semen quality, in
order to identify natural substances as alternative treatments for seminal
impairment in animals. For this reason a horse model was used, by
determining the effect of food supplementation with a plant rich in
antioxidant substances: maca (Lepidium meyenii) on seminal parameters
of Italian thoroughbred stallions. In particular both conventional semen
analyses, and non-conventional endpoints, such as SDF index and
spermatozoa morphometric measures, has been used.



CHAPTER 6

Epigenetic and environment in male fertility



6.1 Participants and methods
6.1.1 Recruitment and enrolment of participants (humans and dogs)

The research study was carried out upon approval of the Ethical Committee
of “Federico II” University of Naples, and included Caucasian healthy males
of reproductive age (13-50 years old) resident in Campania Region. The
study included two different cohorts of subjects, recruited within two
awareness and prevention campaigns on infertility and testis cancer in high
environmental impact (HI) areas, identified on the basis of the Campania
Region Environmental Protection Agency (ARPAC) reports (Arpac, 2016)
(Figure 5). Awareness campaigns were promoted by Unita di Andrologia e
Medicina della Riproduzione e della Sessualita Maschile e Femminile
(FERTISEXCARES) — Azienda Ospedaliera Universitaria “Federico II” of
Naples by publication of the initiative on the official website of the
FERTISEXCARES centre, by social media networks, and by locally distributed
flyers. The clinical diagnostic investigations on dogs were carried out in
collaboration with the Laboratory of Veterinary Genetics and
Biotechnology applied to Animal Productions (GENENVET) of the University
Federico Il of Naples held at the University Veterinary Didactic Hospital
(OVUD) of the Department of Veterinary Medicine and Animal Production
(MVPA). Human subjects from both the awareness campaign attending to
FERTISEXCARES centre had to meet the following inclusion criteria to be
eligible for enrolment in the study cohorts: residence for at least 10 years
in Campania Region; no known chronic diseases (diabetes, endocrine
disease, other systemic diseases, fertility-related genetic disorders); no
reported history of drug abuse. No “a priori” selection based on the
presence/absence of infertility and/or andrological disorders was applied
as a criterion for participants enrolment.

Among males approaching to the first awareness campaign, 730
participants were enrolled; study cohort (C1) consisted of 544 healthy
males aged 13-33 years resident in a HI area comprising municipalities
within the Province of Naples and Caserta belonging to the LF, officially
recognized by the ARPAC as the Campania Region area with the highest
concentration of illegal disposal sites of toxic waste, and also characterized
by frequent illegal and uncontrolled waste burning (Turner, 1993), and 186



healthy males aged 17-33 years resident in a low environmental impact (LI)
area comprising municipalities not belonging to the LF, hereinafter referred
to as “Other Areas”. The relative geographical distribution within Campania
Region of residential municipalities of enrolled participants, as well as the
density of enrolments at each residential municipality (for both HI and LI
groups), are depicted in Figure 6.

Within the second awareness campaign 512 participants were enrolled;
study cohort (C2) consisted of healthy males aged 14-50 years resident in
the HI municipalities of Acerra (N=197), Afragola (N=117), and Giugliano in
Campania (N=162), belonging to the LF. Written informed consent was
obtained from all participants attending to FERTISEXCARES centre enrolled
into the study. Upon enrolment, a progressive code number was assigned
to each participant by the recruiting andrologist; the examining biologist
performed semen analysis blinded to participant identity, residential
municipality, and clinical characteristics. All subjects in C1 were offered a
diagnostic clinical examination in their domestic dogs. The dogs recruited
for the study had to be clinically healthy and with at least one litter in the
last 12 months (Table 2). To exclude external factors affecting DNA
methylation, only dogs housed under standard conditions and not taking
drugs were included in the study. The absence of adhesion by the dog
owners, the selection made based on the state of fertility and with at least
one litter, allowed to recruit only 30 dogs for the study.
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Figure 5: Map depicting the 90 municipalities of the province of Naples and
Caserta belonging to the “Land of Fires”, an area officially recognized as a
high environmental impact area on the basis of the Campania Region
Environmental Protection Agency reports (2013-2014-2015), identifying the
“Land of Fires” as the Campania Region area with the highest concentration
of illegal disposal sites of toxic waste, and also characterized by frequent
uncontrolled waste incineration.
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Figure 6: Relative geographical distribution of research study participants
residential municipalities within Campania Region, referred to the entire C1
cohort: 544 males resident in a high environmental impact (HI) area
comprising municipalities within the Province of Naples and Caserta
belonging to the so-called “Land of Fires” (LF), and of 186 males resident in
a low environmental impact (LI) area comprising municipalities not
belonging to the LF. Municipalities belonging to a Hl area are displayed as
orange dots, municipalities belonging to a LI area are displayed as blue
dots. Dots radius is proportional to the density of enrolments at each

residential municipality.




Breed N° of animals Age ranges (Y)

Neapolitan Mastiff 8 2-4
German shepherd 5 1-6
English Bull dog 4 2-5
Dachshund 2 2-9
Beagle 1 8
Caucasian Shepherd dog 1 4
Maremmana Sheepdog 1 5
Pointer 1 3
Kangal 1 2
Labrador retriever 1 2
Half-breed 5 2-8

Table 2: Breed and age of the analyzed dogs
6.1.2 Clinical procedures and blood collection (human and dogs)

Participants were interviewed on medical history and underwent a
complete physical examination including evaluation of anthropometric
characteristics, weight, height, body mass index (BMI), urogenital
examination, and scrotal ultrasonography (US); C1 also had prostate
transrectal US (TRUS) performed. Peripheral venous blood samples were
drawn by venipuncture using stainless steel needles and collected into
tubes containing ethylene diamine tetra-acetic acid (EDTA), and tubes
containing clot activator with separating gel, for whole blood and serum
preparation, respectively, for routine blood tests and hormone profile
assessment by chemiluminescence immunoassay (CLIA) [follicle
stimulating hormone (FSH), luteinizing hormone (LH), prolactin (PRL), total
testosterone (TT), estradiol (E2), and sex hormone-binding globulin
(SHBG)], in C1; trace elements quantitative determination but not
hormone profile assessment was performed in serum, in C2.

For each dogs the following data were collected: anamnesis, clinical
findings (general physical examination and objective examination of the
reproductive apparatus) and instrumental examinations (ultrasound and
radiography); blood samples for genetic and biochemical analysis; past
surgical procedures, when present. The anamnesis data collected,



concerned physiological and pathological aspects of the single dog and
family members such as sex, age, lifestyle (home, garden, sports), diet,
present and / or past pathologies. With the general physical examination
(EOG) constitution and skeletal development were evaluated; nutrition
status (BCS) and muscle tone; state of the sensory; signs and attitudes; skin
and subcutaneous connective tissue; explorable lymph nodes; apparent
mucous membranes; body temperature; arterial pulse; breath; great
organic functions. With the physical examination of the reproductive
system (EOP), the reproductive organs were evaluated both by inspection
and palpation and with the aid of diagnostic tools such as ultrasound.

6.1.3 Semen analysis in humans

Semen samples were collected on-site by masturbation directly into a
sterile plastic container after 3—5 days of sexual abstinence. Semen was
analyzed according to the 2010 World Health Organization laboratory
manual guidelines (WHO, 2010). After collection, ejaculates were left to
liquefy for 30’at 37°C. The following seminal parameters were considered
for analysis: pH, semen volume (ml), sperm concentration (n x10%/ml)
sperm total count (n x10%/ejaculate), total sperm motility (%), progressive
sperm motility (%), normal sperm morphology (%) and abnormal sperm
morphology (%). Sperm count and motility were evaluated with the Makler
Counting Chamber; sperm morphology was evaluated at the optical
microscope (100X) by Giemsa staining. WHO 2010 criteria for
normozoospermia are as follow: sperm total count > 39 x108/ejaculate or
sperm concentration >15 x10%/ml; progressive sperm motility > 32% or
total sperm motility 2 40%; normal sperm morphology = 4% (WHO, 2010).
In cases of azoospermia (absence of spermatozoa in the ejaculate), the
analysis was repeated twice, and the diagnosis was made after evaluation
of the entire post-centrifuge semen sample pellet. Factors potentially
affecting semen quality (fever, medications, exposure to X rays etc.) were
taken into account. Aliquots of semen were stored in metal-free tubes at -
80°C for trace elements quantitative determination by ICP-MS, in C2.



6.1.4 Semen analysis in dogs

The semen was collected after 3 days of abstinence, obtained by a previous
controlled manual manipulation performed as described by Kutzler (2005).
Dog semen is ejaculated in three fractions. The first (pre-sperm) fraction is
small in volume and contains few to no spermatozoa. The second (sperm-
rich) fraction comes from the epididymes and testes. The third (prostatic)
fraction consists solely of prostatic fluid and also contains few to no
spermatozoa. The first and second fractions of the ejaculate were collected
in the same conical tube, whereas the third fraction was collected in
another tube using glass funnels. Semen quality was evaluated in the
combined first and second fractions. Volume (ml) was determined using a
graduated tube. Sperm count were evaluated with the Makler Counting
Chamber; sperm motility was visually assessed under a phase contrast
microscope (Nikon Eclipse 80i) at x200 magnification; sperm morphology
was evaluated at the optical microscope (x1000) by Giemsa staining. For
the assessment of sperm motility, 10 uL of semen were pipetted onto a
clean glass slide with a positive displacement pipette and the drop covered
with a 22 mm x 22 mm coverslip; at least five fields were evaluated to
classify at least 200 spermatozoa. Sperm concentration (x108/ml), followed
by calculation of the sperm total count (sperm concentration x semen
volume), and percentage of motile spermatozoa (%) were determined
according to the WHO guidelines and procedures by classifying the
spermatozoa in progressive motility, in situ sperm motility, and immotility
based (WHO, 2010). We categorized dogs as normozospermic considering
cut off of sperm count is greater than 300 x 10%/ejaculate, the percentage
of progressively motile spermatozoa is 70% or greater and the percentage
of morphologically normal spermatozoa is 60% or greater based on dog’s
literature indexes (Root Kustritz, 2007). Dogs are defined Oligozoospermic
when the sperm count is <300 x 10%/ejaculate, Asthenozoospermic when
percentage of progressively motile spermatozoa is <70% and
Teratozoospermia when percentage of morphologically normal
spermatozoa is <60% (Root Kustritz, 2007).



6.1.5 Trace elements analysis in humans

Quantitative determination of trace elements in serum and semen
included lithium (Li), beryllium (Be), aluminum (Al), vanadium (V),
chromium (Cr), manganese (Mn), Iron (Fe), cobalt (Co), nickel (Ni), copper
(Cu), zinc (Zn), arsenic (As), selenium (Se), rubidium (Rb), strontium (Sr),
cadmium (Cd), tin (Sn), antimony (Sb), tellurium (Te), barium (Ba), lead
(Pb), and uranium (U); mercury (Hg) was also determined in serum. Briefly,
500 pl of serum and/or semen sample were transferred into glass tubes
and 1 ml of 269%, (v/v) nitric acid (HNOs)(TraceSELECT®) was added. Sealed
tubes were subjected to sample acid oxidative digestions using an
automated microwave digestion system (DISCOVER SP-D; CEM) and the
following protocol: from room temperature (RT) to 160°C ramp time 3’;
constant temperature 160°C hold time 2’; from 160°C to 80°C cooling time
2’; from 80°C to RT with no auxiliary cooling control. Once at RT, 2% (v/v)
HNOsz was added to the mix to final volume 10 ml. Trace element analysis
was performed by inductively coupled plasma-mass spectrometry (ICP-MS)
(Aurora M90; Bruker), and elemental concentration was determined by
comparison to certified standard solutions calibration curve; final
concentrations were reported ad pg/l. The limits of detection (LoD) and
limits of quantification (LoQ) were calculated as the blank signal plus three
or ten times its standard deviation, respectively (Curri, 1999). LoD for trace
elements of interest were as follow: Li 0,4; Be 2,6; Al 6,4; V 1,8; Cr 0,8; Mn
0,4; Fe 3,4; Co0,4; Ni4,2; Cu4d,b; Zn 1,8; As 0,2; Se 1,1; Rb 3,0; Sr 0,2; Cd
0,2;Sn 0,2; Sb 7,0; Te 3,0; Ba 6,6; Pb 0,1; U 0,2. Recovery was calculated to
be within the range 70-120%.

6.1.6 Leukocytes depletion and spermatozoa purification and DNA
extraction (humans and dogs)

Semen samples were processed with Dynabeads® CD45 magnetic beads
(Invitrogen) in order to obtain purified spermatozoa samples, free from
contaminating leukocytes. Thereafter, spermatozoa were separated from
somatic cells using discontinuous two-layer (40:80: vol./vol.) density
gradient (PureSperm) (Nidacon International AB, Molndal, Sweden). After
centrifugation for 30 minutes at 300g the spermatozoa pellet was



collected and washed twice with phosphate-buffered saline (PBS). Purified
spermatozoa were subsequently used for DNA extraction.

Each spermatozoa sample was washed twice in 10 ml of Wash Buffer
containing 150mM NaCl and 10 mM EDTA (ph 8.0) in DNAse and RNAse
free water, and centrifuged at 750 x g for 10 minutes. Subsequently,
samples were incubated for 2 hours in water bath at 56 °C in DNA
Extraction Buffer (4,24 M guanidine thiocyanate, 100 mM NaCl, 1%
Sarkosyl, 150 mM DTT, and 200 pg/ml proteinase K in DNAse and RNAse
free water). DNA was precipitated in isopropanol, spooled with a U-shaped
Pasteur pipette and transferred to a tube containing Sodium Citrate in 10%
EtOH. DNA was then washed twice in 70% EtOH. DNA samples were
resuspended in 500 pl of 10 mM Tris-HCI pH 8.0 and stored at 4° C until use
(Carrell, 2013).

6.1.7 5-mC DNA ELISA (humans and dogs)

SGDM was evaluated by using an EZ DNA Methylation™ Kit, (Zymo
research) according to manufacturer instructions. Briefly, the percentage
of 5-Methylcytosine (% 5-mc), a surrogate marker of SGDM, was evaluated
in each DNA sample by loading 100 ng of denatured, single-stranded DNA
in a 96-well plate coated with an anti-5-mc monoclonal antibody and the
HRP-conjugated secondary antibody. Detection of % 5-mc was performed
after addition of the HRP developer and quantitation was performed by
reading absorbance at 405-450 nm using an ELISA plate reader and the
logarithmic equation of the line from the standard curve that was
constructed with negative and positive controls and standards with known
% 5-mc. Each DNA sample was assessed in duplicate.

6.1.8 Head area analysis and determination of SDF in dogs

At least 200 spermatozoa (50 per slide) from each ejaculate were observed
in a bright field under a Nikon Eclipse 80i microscope (100x), captured with
a digital camera (Nikon DS-Ril) and analyzed with the software Nis
Elements Imaging Software 4.00.02 (Nikon) for head area measurement.

SDF was evaluated by Halosperm® kit (Halotech® DNA SL, Madrid, Spain),
according to manufacturer instructions. The slide was left to dry at room



temperature and therefore stained for direct microscopic observation
under light microscopy. A minimum of 500 spermatozoa per sample were
analyzed and scored.

6.1.9 Statistical analysis

Statistical analyses were performed with GraphPad Prism 7.0 (La Jolla, CA)
and SPSS 22.0 [SPSS, Chicago, IL, USA] softwares. Descriptive analysis
included calculating the mean + standard deviation (SD) or median with 5°-
95° percentile range. Distribution of continuous variables was assessed by
D'Agostino & Pearson normality test. Independent groups were compared
using parametric t-test/ANOVA or non-parametric Mann-Whitney/Kruskal-
Wallis test for continuous variables. Ordered categorical variables
(residential address, smoking habits) were analyzed in contingency tables,
and Chi-squared or Fisher’s exact tests were run to assess differences in
the prevalence of pathological seminal parameters between groups.
Participants were dichotomized on the basis of semen quality as per WHO
2010 reference cut-off values described above (WHO, 2010);
normozoospermic participants who had values equal or greater than the
reference cut-off value for all seminal parameters were considered as the
comparison group. Pearson or Spearman correlation test was applied to
determine the linear relationship between two continuous variables or
between ranked values of ordinal variables, respectively. Serum and semen
concentrations of trace elements were often below the LoD, therefore,
these outcomes were treated as dichotomous variables, and participants
were grouped as being below or above this LoD cutoff point, in order to
detect differences in continuous variables and in the prevalence of
pathological seminal parameters by Chi-squared or Fisher’s exact tests.
Two-tailed significance was set at p < 0.05 for all comparison.



6.2 Study design

The current research study was a single-centre, observational, cohort
study, with a cross-sectional design. C1 cohort was recruited from 2013 to
2019, C2 cohort from 2018 to 2019. C1 participants were categorized into
two groups, according to residential address being comprised within an Hl
area or LI area; a preliminary descriptive analysis of seminal parameters
was performed and prevalence of pathological seminal parameters was
determined in both groups, for comparison. To corroborate the results of
preliminary analysis, a sub-analysis was carried out in both groups, by
excluding participants with past or present andrological disorders known
to affect semen quality, namely: unilateral and bilateral severe varicocele
IV-V, according to Sarteschi grading, unilateral and bilateral testis
hypotrophy (testis volume <12 ml) at scrotal US, hypotestosteronemia (TT<
3,5 ng/ml), cryptorchidism, testis cancer, orchitis, prostatitis, other
urogenital infections, testicular trauma, history of testicular injury or
surgery, Klinefelter Syndrome. All subjects in C1 were offered a diagnostic
clinical examination of their domestic dogs, performed by a specialized
veterinarian, in order to exclude dogs with andrological problems. In
addition, a semen sample was collected from dogs for the analysis of
conventional (volume, sperm concentration, sperm total count, motility
and morphology) and non convention (SDF, head area and SGDM) seminal
parameters. To exclude external factors affecting DNA methylation, only
dogs housed under standard conditions and not taking drugs were
included. In C2 cohort a preliminary descriptive analysis of seminal
parameters was performed and prevalence of pathological seminal
parameters was determined. No sub-analysis of results was carried out,
due to small sample size. In C2 cohort, serum and semen burden of trace
elements was determined, and correlated to semen quality and prevalence
of pathological seminal parameters, by correcting results for potential
confounders. Study design is depicted in Figure 7.
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Figure 7: Flow diagram of research study. Research study included
Caucasian healthy males of reproductive age (13-50 years old) resident in
Campania Region. Two different cohorts of subjects (C1, C2) were recruited
within two awareness and prevention campaigns on infertility and testis
cancer in high environmental impact (Hl) areas, identified on the basis of
the Campania Region Environmental Protection Agency (ARPAC) reports.
Within the first awareness campaign 730 participants were enrolled; study
cohort (C1) consisted of 544 males aged 13-33 years resident in a HI area
comprising municipalities within the Province of Naples and Caserta
belonging to the so-called “Land of Fires” (LF), and of 186 males aged 17-
33 years resident in a low environmental impact (LI) area comprising
municipalities not belonging to the LF. Within the second awareness
campaign 512 participants were enrolled; study cohort (C2) consisted of
males aged 14-50 years resident in the HI municipalities of Acerra (N=197),
Afragola (N=117), and Giugliano in Campania (N=162), belonging to the LF.
Both C1 and C2 cohorts were analyzed for semen quality and prevalence of
pathological seminal parameters; a sub-analysis of results was carried out
on C1 cohort, by excluding participants with past or present andrological
disorders known to affect semen quality. In C2 cohort, serum and semen
burden of trace elements was determined by inductively coupled plasma-
mass spectrometry (ICP-MS), and elemental concentrations were
correlated to seminal parameters. Further investigation was carried out by
focusing on semen cadmium (Cd), which yielded the most consistent results
at preliminary correlation analyses; semen quality and prevalence of
pathological seminal parameters were assessed in C2 cohort, grouped as
having semen Cd concentrations below or above Cd limit of detection (LoD).
Moreover, semen Cd burden was assessed in C2 cohort, by stratifying
participants based on semen quality.



6.3 Results
6.3.1 Participants characteristics and semen quality in C1 cohort

In C1 cohort (N=730), participants from HI (N=544) and LI (N=186) groups
did not differ for age (23,2 + 2,8 vs 23,2 + 2,8), BMI (24,6 £ 3,0 vs 24,6 +
3,0), diet, physical activity, or self-reported occupational exposure to toxic
chemicals. A higher prevalence of smokers was detected in HI, compared
to LI group (39,6% vs 20,7%; p<0,0001). HI and LI groups showed similar
values for pH (8,0 £ 0,4 vs 8,0 £ 0,4), semen volume (3,1+1,4vs 3,1+ 1,6),
sperm concentration (57,3 £ 47,9 vs 55,9 + 42,3) sperm total count (167,0
+ 147,6 vs 164,3 £ 130,0), total sperm motility (56,9 + 16,0 vs 57,9 + 16,2),
progressive sperm motility (48,0 + 16,2 vs 48,4 + 15,9), normal sperm
morphology (9,4 £ 5,9 vs 9,5 * 6,3) and abnormal sperm morphology (89,6
+ 10,5 vs 89,9 £ 9,2). C1 cohort characteristics and seminal parameters are
shown in Table 3.

23,2+2,8

Age (years) 23,2+2,8 23,3+2,8
+
BMI (Kg/m?) 24630 24,6 £ 3,0 24,6 +£3,0 NS
8,0+0,4 8,0+£0,4 8,0+0,4
pH NS
1+1 1+1 1+1
Semen Volume (ml) 3 4 3 /4 3 /6 NS
7,0 £ 4 7,3t47 42
Sperm Concentration (nx10/ml) >7,0£46,6 >7,3 9 359 3 NS
Sperm Total Count 166,3 £ 143,3 167,0 + 147,6 164,3 + 130,0
. NS
(nx10%/ejaculate)
57,1+16,0 56,9 £ 16,0 57,9 £ 16,2
Total Sperm Motility (%) NS
+ + +
Progressive Sperm Motility (%) 481:161 48,0+16,2 4841159 NS
+ 4+ +
Normal Sperm Morphology (%) 95£6,0 94£59 9563 NS
89,7 £ 10,2 89,6 £ 10,5 89,9+9,2

Abnormal Sperm Morphology (%) NS



Table 3: C1 cohort characteristics and seminal parameters expressed as
mean £ SD.

Prevalence of normozoospermia and pathological seminal parameters did
not differ in HI (73,4% and 26,7%), compared to LI (73,1% and 26,9%)
group. More in detail, for pathological seminal parameters the following
prevalence was detected in HI, compared to LI group: oligozoospermia
(5,2% vs 5,4%); asthenozoospermia (7% vs 7%); teratozoospermia (2,4% vs
4,8%); oligo-asthenozoospermia (1,3% vs 2,2%); oligo-teratozoospermia
(2,2% vs 2,2%); astheno-teratozoospermia (1,8% vs 0,5%); oligo-astheno-
teratozoospermia (5,9% vs 4,3%); azoospermia (0,9% vs 0,5%) Prevalence
of normozoospermia and pathological seminal parameters in C1 cohort is
shown in Table 4.

Normozoospermia (%)

Pathological seminal parameters (%) any type 26,7 26,7 26,9 NS
Oligozoospermia (%) 5,2 5,2 5,4 NS
Asthenozoospermia (%) 7,0 7,0 7,0 NS
Teratozoospermia (%) 3,0 2,4 4.8 NS
Oligo_Asthenozoospermia (%) 1,5 1,3 2,2 NS
Oligo_Teratozoospermia (%) 2,2 2,2 2,2 NS
Astheno_Teratozoospermia (%) 1,5 1,8 0,5 NS
Oligo_Astheno_Teratozoospermia (%) 5,5 5,9 4,3 NS
Azoospermia (%) 0,8 0,9 0,5 NS

Table 4: Prevalence of normozoospermia and pathological seminal
parameters in C1 cohort.



Sub-analysis of results was carried out in both HI and LI groups, by
excluding participants with past or present andrological disorders known
to affect semen quality, namely: unilateral and bilateral varicocele IlI-V,
according to Sarteschi grading, unilateral and bilateral testis hypotrophy
(testis volume <12 ml) at scrotal US, cryptorchidism, testis cancer, orchitis,
prostatitis, other urogenital infections, testicular trauma, history of
testicular injury or surgery, Klinefelter Syndrome. In C1 sub-cohort
(N=192), participants from HI (N=130) and LI (N=62) groups did not differ
forage (23,0£2,1vs22,9+2,7),BMI (24,3 £2,7 vs 24,2 + 2,5), diet, physical
activity, medical history, or self-reported occupational exposure to toxic
chemicals. A higher prevalence of smokers was detected in HI, compared
to Ll group (45,4% vs 22,5%; p<0,01). HI and LI sub-groups showed similar
values for pH (8,0 £ 0,4 vs 7,9 £ 0,3), semen volume (3,1+1,3vs 2,9+ 1,5),
sperm concentration (60,1 + 41,9 vs 61,4 + 45,6) sperm total count (180,7
+149,3 vs 177,4 £ 159,0), total sperm motility (59,6 + 12,6 vs 57,0 + 16,3),
progressive sperm motility (50,5 + 13,6 vs 48,9 + 16,3), normal sperm
morphology (10,8 £ 6,0 vs 9,5 £ 5,9) and abnormal sperm morphology (89,2
+ 6,0 vs 90,5 + 5,9). C1 sub-cohort characteristics and seminal parameters
are shown in Table 5. Prevalence of normozoospermia and pathological
seminal parameters differed in HI (69,4% and 30,7%; p<0,05), compared to
LI (83,1% and 16,9%; p<0,05) sub-group. Nevertheless, when analyzing
results stratifying per each pathological seminal parameter, results were
no longer significant. The following prevalence was detected in HI,
compared to LI sub-group: oligozoospermia (8,1% vs 3,9%);
asthenozoospermia (9,7% vs 4,6%); teratozoospermia (6,5% vs 1,5%);
oligo-asthenozoospermia (1,6% vs 0,8%); oligo-teratozoospermia (0% vs
1,5%); astheno-teratozoospermia (0% vs 1,5%); oligo-astheno-
teratozoospermia (4,8% vs 3,1%); azoospermia (0% vs 0%). Prevalence of
normozoospermia and pathological seminal parameters in C1 sub-cohort s
shown in Table 6.



BMI (Kg/m?) 24,3+2,6 24,3+2,7 24,2 +2,5

Semen Volume (ml) 3,1+1,4

Sperm Total Count (nx10%/ejaculate) 179,7+152,1 180,7+149,3 177,4+159,0 NS

Progressive Sperm Motility (%) 50,0 + 14,5 50,5+ 13,6 489+16,3 NS
Abnormal Sperm Morphology (%) 89,6 + 6,0 89,2+6,0 90,5+5,9 NS

Table 5: C1 sub-cohort characteristics and seminal parameters expressed
as mean * SD.



Normozoospermia (%) *p<0,05
Pathological seminal parameters (%) any 21,3 30,7 16,9 *p<0,05
type

Oligozoospermia (%) 52 8,1 39 NS
Asthenozoospermia (%) 6,3 9,7 4,6 NS
Teratozoospermia (%) 3,1 6,5 L5 NS
Oligo_Asthenozoospermia (%) 1,0 1,6 0,8 NS
Oligo_Teratozoospermia (%) 1,0 0 15 NS
Astheno_Teratozoospermia (%) 1,0 0 1,5 NS
Oligo_Astheno_Teratozoospermia (%) 3,7 4,8 il NS
Azoospermia (%) 0 0 0 NS

Table 6: Prevalence of normozoospermia and pathological seminal
parameters in C1 sub-cohort.

6.3.2 Participants characteristics and semen quality in C2 cohort

In C2 cohort (N=512), mean residence period in a Hl area was 25,6 years;
no participants had lived for less than 10 years in the HI area of residence.
Prevalence of never-, past-, and current-smokers was 43,2%, 9,7%, and
47,0%, respectively. Self-reported occupational exposure to toxic
chemicals was 12,2%. Seminal parameters values are: pH (8,3 +0,3), semen
volume (3,1 %+ 1,7), sperm concentration (37,5 + 30,2) sperm total count
(111,2 + 104,0), total sperm motility (56,8 + 16,1), progressive sperm
motility (50,2 + 16,6), normal sperm morphology (8,0 + 4,0) and abnormal



sperm morphology (92,0 + 4,0). C2 cohort characteristics and seminal
parameters are shown in Table 7. Prevalence of normozoospermia and
pathological seminal parameters in the cohort 2 are 66,6% and 33,4.
Prevalence the cohort 2 are: oligozoospermia (14,0%); asthenozoospermia
(3,0%); teratozoospermia (0,6%); oligo-asthenozoospermia (3,4%); oligo-
teratozoospermia (2,4%); astheno-teratozoospermia (1,2%); oligo-
astheno-teratozoospermia (6,1%), and azoospermia (2,2%). Prevalence of
normozoospermia and pathological seminal parameters in C2 cohort is
shown in Table 8.

Age (years) 29,1+7,2
BMI (Kg/m?) 25,8+4,1
pH 8,3+0,3
Semen Volume (ml) 3,1+1,7
Sperm Concentration (nx10/ml) 37,5+ 30,2
o
Total Sperm Motility (%) 56,8 + 16,1
Progressive Sperm Motility (%) 50,2 + 16,6
Normal Sperm Morphology (%) 8,0+4,0
Abnormal Sperm Morphology (%) 92,0 £4,0

Table 7: C2 cohort characteristics and seminal parameters expressed as
mean £ SD.



Normozoospermia (%) 66,6

Pathological seminal parameters (%) any

type 33,4
Oligozoospermia (%) 14,0
Asthenozoospermia (%) 3,0
Teratozoospermia (%) 0,6
Oligo_Asthenozoospermia (%) 3,4
Oligo_Teratozoospermia (%) 2,4
Astheno_Teratozoospermia (%) 1,2
Oligo_Astheno_Teratozoospermia (%) 6,1
Azoospermia (%) 2,2

Table 8: Prevalence of normozoospermia and pathological seminal
parameters in C2 cohort.

6.3.3 Trace elements burden in serum and semen and semen quality

In C2 cohort, quantitative determination of trace elements by ICP-MS was
performed in 258 serum (Li, Be, Al, V Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Rb,
Sr, Cd, Sn, Sb, Te, Ba, Pb, U, Hg) and 386 semen samples (same trace
elements determined in serum, except for Hg). Trace elements burden in
serum and semen was correlated to seminal parameters in the entire C2
cohort. In a preliminary analysis, the most consistent results in terms of
statistical significance and available number of samples were found for Cd
and Se; therefore, further analyses were performed on these selected trace
elements. For both Cd and Se, serum burden did not correlate to semen
burden, in C2 cohort (Table 9). Conversely, a negative correlation was
found between Cd and Se burden in semen in C2 cohort (r=-0,280; p<0,01)



(Table 9). Mean Cd concentration was significantly higher in semen,
compared to serum, in total C2 cohort (1,0 pg/l vs 0,8 ug/l; p<0,01) (Figure
8), as opposite, mean Se concentration was significantly higher in serum,
compared to semen, in total C2 cohort (67,6 ug/l vs 54,7 ug/l; p<0,0001)
(Figure 8). In regards to semen quality, semen Cd, but not serum Cd burden,
was negatively correlated to sperm concentration (r=-0,211; p<0,05) and
sperm total count (r= -0,177; p<0,05), in the entire C2 cohort (Table 10)
(Figures 9, 10). Conversely, semen Se, but not serum Se burden, was found
to be positively correlated to sperm concentration (r= 0,398; p<0,0001),
sperm total count (r= 0,312; p<0,0001), progressive sperm motility (r=
0,120; p<0,05), and normal sperm morphology (r= 0,224; p<0,0001), and
negatively correlated to pH (r= -0,209; p<0,0001) and abnormal sperm
morphology (r=-0,224; p<0,0001), in the entire C2 cohort (Table 10). Based
on these results, additional analyses were carried out to further determine
the relationship between semen Cd burden and semen quality. Cd
concentrations in semen were frequently below the LoD (0,20 pg/l) across
C2 cohort; therefore, Cd concentration was set as a dichotomous variable,
and participants were grouped as having semen Cd concentration below or
above Cd LoD cutoff. Participants were grouped as follow: entire C2 cohort
had 33,4% (129/386) detectable and 66,6% (257/386) undetectable semen
samples.

Serum Cd Semen Cd Serum Se Semen Se
Serum Cd r=1 r=0,254 r=0,244 r=-0,074
Semen Cd r=0,254 r=1 r=-0,183 r=-0,280**
Serum Se r=0,244 r=-0,183 r=1 r=-0,017
Semen Se r=-0,074 r=-0,280** r=-0,017 r=1

Table 9: Correlation matrix of serum and semen cadmium (Cd) and
selenium (Se) within the same participants in total C2 cohort; a negative
correlation was found between Cd and Se in semen (r=-0,280). **p<0,01
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Figure 8: Comparison between semen and serum cadmium (Cd) and
selenium (Se) concentrations (ug/l), expressed as mean + SD, within the
same participants in total C2 cohort; mean Cd concentration was
significantly higher in semen, compared to serum (1,0 ug/I vs 0,8 ug/l),
whereas mean Se concentration was significantly higher in serum,
compared to semen (67,6 ug/l vs 54,7 ug/l). **p<0,01, ****p<0,0001.



Serum Cd Semen Cd Serum Se Semen Se
Sperm r=-0,087 r=-0,211* r=0,017 r=0,398****
Concentration
(nx10%/ml)
Sperm Total Count r=-0,191 r=-0,177* r=-0,041 r=0,312%***
(nx10¢/ejaculate)
Total Sperm Motility | r= 0,085 r=0,027 r=-0,004 r= 0,094
(%)
Progressive Sperm r=0,067 r=0,029 r=-0,037 r=0,120*
Motility (%)
Normal Sperm r=-0,151 r=-0,159 r=-0,014 r=0,224****
Morphology (%)
Abnormal Sperm r=0,151 r=0,159 r=-0,014 r=-0,224****
Morphology (%)

Table 10: Correlation matrix of serum and semen cadmium (Cd) and
selenium (Se) within the same participants in total C2 cohort; semen Cd, but
not serum Cd, was negatively correlated to sperm concentration (r=-0,211)
and sperm total count (r=-0,177), Conversely, semen Se, but not serum Se,
was positively correlated to sperm concentration (r= 0,398), sperm total
count (r= 0,312), progressive sperm motility (r= 0,120), and normal sperm
morphology (r= 0,224), and negatively correlated to abnormal sperm
morphology (r=-0,224). *p<0,05, ****p<0,0001.
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Figure 9: Distribution of semen cadmium (Cd) concentration plotted on a
Log10 scale against sperm concentration. Semen Cd was negatively
correlated to sperm concentration (r=-0,211; p<0,05), in total C2 cohort.
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Figure 10: Distribution of semen cadmium (Cd) concentration plotted on a
Log10 scale against sperm total count. Semen Cd was negatively correlated
to sperm total count (r=-0,177; p<0,05), in total C2 cohort.

Due to the small sample size, mainly determined by the few samples with
detectable semen Cd concentrations, no sub-analysis was performed in
single municipality. In the entire C2 cohort, participants with detectable
and undetectable semen Cd concentrations did not differ for age (30,5 +
7,5vs 29,5 +7,0), BMI (26,0 + 3,8 vs 26,0 £ 4,1), diet, physical activity, self-
reported occupational exposure to toxic chemicals (11,1% vs 15,6%).
Conversely, a higher prevalence of smokers was found in participants with
undetectable, compared to detectable, semen Cd concentrations (48,2% vs
36,7%; p<0,05). Participants with detectable semen Cd concentrations
displayed worse semen quality, compared to those with undetectable
concentrations. Specifically, participants with detectable and undetectable
semen Cd concentrations had significantly different values for sperm total
count (92,8 + 85,1 vs 113,5 + 101,5; p<0,05), normal sperm morphology
(7,3+3,7vs 8,2 +3,9; p<0,05) and abnormal sperm morphology (92,7 + 3,7
vs 91,8 + 3,9; p<0,05); no differences were found for pH (8,4 + 0,3 vs 8,4 +
0,2), semen volume (3,1 + 1,6 vs 3,3 + 1,6), sperm concentration (32,2 +
26,6 vs 35,4 + 26,3) total sperm motility (56,4 + 16,2 vs 57,9 + 15,9), and
progressive sperm motility (49,6 + 16,9 vs 51,8 + 16,4). Participants
characteristics and seminal parameters are shown in Table 11.

Moreover, in the entire C2 cohort the prevalence of normozoospermia and
pathological seminal parameters differed significantly between detectable
and undetectable semen Cd concentrations, although no significant
differences were detected when considering each pathological seminal
parameter separately; specifically, normozoospermia was significantly less
prevalent (59,7% vs 72,4%; p<0,05), whereas, as expected, pathological
seminal parameters were significantly more prevalent (40,3% vs 27,6%;
p<0,05) in detectable, compared to undetectable samples. Prevalence of
normozoospermia and pathological seminal parameters is shown in Table
12.

In the attempt to further characterize the relationship between semen Cd
burden and semen quality, an inverse approach was adopted; semen
quality was set as a dichotomous variable, and participants of the entire C2



cohort were grouped as being normozoospermic (N=329) or having
pathological seminal parameters (N=165), in order to detect differences in
semen Cd burden and to determine a cut-off concentration, potentially
predictive of poor semen quality. Semen Cd concentration was significantly
higher in participants belonging to the pathological seminal parameters
group, compared to those within the normozoospermic group (1,08 pg/l vs
0,93 pg/l; p<0,05) (Figure 11).

Age (years) 29,5+7,0 30,5+7,5

BMI (Kg/m?) 26,0+4,1 26,0+3,8 NS
pH 8,4+0,2 8,4+0,3 NS
Semen Volume (ml) 3,3+1,6 3,1+1,6 NS
Sperm Concentration (nx10%/ml) 35,4+26,3 32,2+26,6 NS
Sperm Total Count (nx10%/ejaculate) 113,5+101,5 92,8 +85,1 p<0,05
Total Sperm Motility (%) 57,9+15,9 56,4 + 16,2 NS
Progressive Sperm Motility (%) 51,8+16,4 49,6 +£16,9 NS
Normal Sperm Morphology (%) 8,2+3,9 7,3+3,7 p<0,05
Abnormal Sperm Morphology (%) 91,8+3,9 92,7+3,7 p<0,05

Table 11: Characteristics and seminal parameters of C2 cohort, grouped as
semen cadmium (Cd) below or above limit of detection (LoD) cutoff (0,20
ug/l). Data expressed as mean #* SD.



Normozoospermia (%) 2,4

Pathological semen parameters (%) any type 27,6
Oligozoospermia (%) 12,2
Asthenozoospermia (%) 2,0
Teratozoospermia (%) 0,0
Oligo_Asthenozoospermia (%) 3,1
Oligo_Teratozoospermia (%) 2,8
Astheno_Teratozoospermia (%) 1,2
Oligo_Astheno_Teratozoospermia (%) 51
Azoospermia (%) 0,8

l

40,3

21,7

4,7

0,8

2,3

3,1

0,8

7,8

0,0

p<0,05

p<0,05

NS

NS

NS

NS

NS

NS

NS

NS

Table 12: Prevalence of normozoospermia and pathological seminal
parameters in C2 cohort, grouped as semen cadmium (Cd) below or above

limit of detection (LoD) cutoff (0,20 ug/l).
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Figure 11: Prevalence of normozoospermia and pathological seminal
parameters in C2 cohort, grouped as semen cadmium (Cd) below or above
limit of detection (LoD) cutoff (0,20 ug/l). Normozoospermia was
significantly less prevalent (59,7% vs 72,4%), whereas, as expected,
pathological seminal parameters were significantly more prevalent (40,3%
vs 27,6%) in detectable, compared to undetectable samples; *p<0,05.

6.3.4 Assessment of confounders

Study results were modeled to address the relative contribution of smoking
habit, or potential environmental exposure, as a main source of Cd burden
in semen, and to further depict the relationship between semen Cd and
semen quality. Given the low prevalence of past-smokers in C2 cohort,
analysis was limited to smokers vs non smokers, the latter group being
composed by never-smokers and past-smokers pooled together; moreover
analysis was carried considering the entire C2 cohort as a whole, rather
than single municipalities.

In participants with available data on both smoking habits and semen Cd
burden (N=364), smokers (N=161) had detectable concentrations of semen




Cdin27,3% (44/161), and undetectable concentrationsin 72,7% (117/161),
whereas non smokers (N=203) had detectable concentrations of semen Cd
in 37,4% (76/203), and undetectable concentrations in 62,6% (127/203);
prevalence of detectable concentration between groups was significantly
different, with smokers displaying the lower prevalence of participants
with semen Cd concentration above LoD (p<0,05), although mean Cd
concentration did not differ between groups (0,9 ug/l vs 1,1 ug/l). In
regards to semen quality, no differences were found between smokers and
non smokers, in seminal parameters, nor prevalence of normozoospermia
and pathological seminal parameters; moreover, semen Cd concentration
was no longer correlated to any of the assessed seminal parameters, in
either group, when analyzing smokers and non smokers separately. In
order to further investigate the higher prevalence of semen Cd
concentrations above LoD in non smokers, groups were analyzed for
potential confounders; no differences were detected in smokers,
compared to non smokers, concerning alcohol consumption, self-reported
occupational exposure to toxic chemicals (17,6% vs 12,0%), mean
residence period in a Hl area (26,3 vs 25,8 years), and mean time spent/24
hours in a Hl area (16,3 vs 16,8 hours).

Therefore, smokers and non smokers were analyzed by stratifying
participants based on smoking habit plus relative residential distribution
within HI municipalities.

When addressing mean semen Cd concentrations and prevalence of semen
Cd above LoD in smokers vs non-smokers, stratifying by single municipality,
a significantly higher prevalence of semen Cd above LoD in the non smokers
group (6,9% vs 30,8%; p<0,05) was detected in Afragola, therefore
probably explaining the higher prevalence of detectable semen Cd in the
entire group of non-smokers. A graphical summary of cumulative semen
Cd concentrations at each municipality is depicted in Figure 12.

In regards to semen quality, no differences were detected between
smokers and non-smokers resident in Afragola.
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Figure 12: Geographical distribution of semen Cd detection by municipality.
Bars represent cumulative semen Cd burden (pooled values) in smokers
(vellow bars) vs non-smokers (orange bars); gray bars indicate the number
of samples assayed at each municipality, therefore, the higher the bar, the
stronger the statistical power of observations. The three main
municipalities of interest are characterized by the higher gray bars; from
the left to the right Giugliano in Campania (smokers N=56, non-smokers

=57), Afragola (smokers N=29 vs non-smokers N=52) and Acerra (smokers
N=70, non-smokers N=76). When addressing mean semen Cd
concentrations and prevalence of semen Cd above LoD in smokers vs non-
smokers, stratifying by single municipality, no differences were detected in
Acerra (0,9 ug/l vs 1,1 ug/l; 28,6% vs 39,5%) and Giugliano in Campania
(1,0 ug/l vs 1,3 ug/l; 35,7% vs 35,1%). Conversely, although there was no
difference in mean semen Cd concentration in smokers vs non-smokers (0,6
ug/l vs 0,8 ug/l), the analysis detected a significantly higher prevalence of
semen Cd above LoD in the latter group (6,9% vs 30,8%; p<0,05), in
Afragola.



6.3.5 SGDM in semen of humans

BMI and age of the analysed dogs’ owners were 25,5 + 2,7 Kg/m? and 22,9
t 2,5 years, respectively. Mean values for qualitative and quantitative
seminal parameters were as follow: ph 8,2+ 0,3; semen volume 3,1+1,3 ml;
sperm concentration 34,5 + 27,1 x10%/ml; total sperm count 139,1+ 121
x10%/ejaculate; total sperm motility 56,8 + 11,5%; progressive sperm
motility 48,9 £ 10,4%; normal sperm morphology 10,1 £ 5,8%; abnormal
sperm morphology 89,9 + 5,8% (table 13). Prevalence of oligozoospermia,
asthenozoospermia and teratozoospermia were 20% (6/30), 3,3% (1/30)
and 0% (0/30), respectively. When evaluating SGDM we found a value of
3,3 £ 2,6% (mean * SD), ranging from 0,5 and 11,2%. The Skewness test,
Kurtosis test and, Zvalue and Shapiro test showed that data were non-
parametric distributed.

PARAMETER MEAN = SD N°
BMI Kg/m? 25.5+2.7 30
Age (years) 229+25 30
Ph 8.2+0.3 30
Semen volume (ml) 3.1+£13 30
Sperm concentration 345+27.1 30
(x10%/ml)

Sperm total count 139.1+121 30
(x108/ejaculate)

Total sperm motility (%) 56.8+11.5 30
Progressive sperm 4891104 30
motility (%)

Normal sperm 10.1+5.8 30
morphology (%)

Abnormal sperm 89.9+5.8 30
morphology (%)

SGDM (%) 33+2.6 30

Table 13: Dogs owners semen quality and quantity parameters.




According to Spearman’s rank coefficient a regular positive correlation
was found between %5-mc and sperm total count (r=0,4; p<0,05),
respectively (Figure 13).
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Figure 13: Relationship between %5-mc and and sperm total count in dogs
owners population. Spearman’s correlation analysis shows a significant
regular positive correlation between %5-mc a sperm total count (r = 0,4; p
<0,05).

SGDM percentage was significantly lower in oligozoospermic dogs owners
when compared to those with sperm total counts above normality
threshold (10,1% vs 20,1%; p<0,005), whereas no significant difference was
found in SGDM percentage when stratifying subjectsbased on progressive
sperm motility or sperm morphology normality thresholds (Figure 14).
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Figure 14: Histogram showing the SGDM (%5-mc) in non
oligozooospermic/oligozoospermic dogs owners. NO-OLIGO: Non
Oligozoospermic; OLIGO: Oligozoospermic. A significant difference was
found *p < 0,05.

6.3.6 SGDM in semen of dogs

Mean body weight and age of the analysed dogs were 41,8 + 14,7 kg and
3,5 + 2,2 years, respectively. Mean values for qualitative and quantitative
seminal parameters were as follow: semen volume 7 £ 3 ml; sperm
concentration 57,3 * 39,1 x10%/ml; sperm total count 356,7 + 226,3
x10%/ejaculate; progressive sperm motility 68,9 + 20,5%; normal sperm
morphology 7,1 + 10,8%; sperm head area 16,5 + 1,7um?; SDF 3,3 + 2,7%
(table 14). Prevalence of oligozoospermia, asthenozoospermia and
teratozoospermia were 46% (14/30), 34% (10/29) and 20% (6/29),
respectively. When evaluating SGDM we found a value of 7,8 + 6,4% (mean
+ SD), ranging from 1,2 and 30,5%. The Skewness test, Kurtosis test and,
Zvalue and Shapiro test showed that data were non-parametric distributed.



PARAMETER MEAN * SD N°

Body weight (kg) 41.8+14.7 30
Age (years) 3.5+2.2 30
Semen volume (ml) 7+3 30
Sperm concentration 57.3£39.1 30
(x10%/ml)

Sperm total count 356.7+226.3 30
(x10%/ejaculate)

Progressive sperm 68.9+£20.5 29
motility (%)

Normal sperm 71.1+£10.8 29
morphology (%)

Sperm head area (um?) 16.5+1.7 30
SDF (%) 3.3+2.7 12
SGDM (%) 7.8£6.4 30

Table 14: Dogs semen quality and quantity parameters.

According to Spearman’s rank coefficient a regular positive correlation was

found between body weight and sperm concentration (r = 0,5; p<0,005)
and between body weight and sperm total count (r = 0,56; p<0,05) (Figure
15) while a regular positive correlation and a strong positive correlation
were found between %5-mc and sperm concentration (r= 0,41; p<0,05),
and sperm total count (r= 0,61; p<0,001), respectively (Figure 16).
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Figure 15: Relationship between body weight and sperm concentration (A),
and sperm total count (B). Spearman’s correlation analysis shows a
significant regular positive correlation between body weight and sperm
concentration (r = 0,5; p <0,005) (A) and a significant regular positive
correlation between body weight and sperm total count (r = 0,5; p <0,05)

(B).
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Figure 16: Relationship between %5-mc and sperm concentration (A) and
sperm total count (B) in dogs population. Spearman’s correlation analysis
shows a significant regular positive correlation between %5-mc and sperm
concentration (r = 0,4, p <0,05) (A) and a significant strong positive
correlation between %5-mc and sperm total count (r = 0,6; p <0,001) (B).

SGDM percentage was significantly lower in oligozoospermic dogs when
compared to those with sperm total counts above normality threshold
(10,1% vs 20,1%; p<0,005) (Figure 17), whereas no significant difference
was found in SGDM percentage when stratifying animals based on
progressive sperm motility or sperm morphology normality thresholds.
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Figure 17: Histogram showing the SGDM (%5-mc) in non
oligozooospermic/oligozoospermic dogs, in the total study population. NO-
OLIGO: Non Oligozoospermic; OLIGO: Oligozoospermic. A significant
difference was found **p < 0,005.

A further analysis was performed dividing the samples according to dog’s
size in medium (n=11), large (n=9) and giant sized (n=10). When analysing
data by dividing dogs according to their size (medium, large and giant) a
significant differencewas observed across medium, large and giant
cathegories in observed across medium, large and giant cathegories in
body weight (27,3 + 7,5 vs 39,4 + 1,7 vs 60,0 = 1,5; p<0,0001), sperm
concentration (40,0 + 14,8 vs 57,9 + 46,2 vs 75,8 + 45,1; p<0,05) and sperm
total count (259,9 + 136,0 vs 356,3 + 226,0 vs 463,7 + 242,6; p<0,05), as we
expected. No difference observed across medium, large and giant
cathegories for age (4,1+2,4vs 4,5 +2,3vs 2,8 + 2,4); semen volume (6,9
+3,3vs7,2+3,1vs7,1%2,9); progressive sperm motility (70,9 + 15,4 vs
71,3 £ 25,9 vs 64,7 + 21,3); normal sperm morphology (71,5+9,9vs 72,5 +
12,1vs 69,3 +11,5); sperm head area (16,7 +1,5vs 16,4+ 1,9vs 16,6 +1,7);



SDF (3,7 £3,4 vs 2,8 £ 1,3 vs absence of data) and SGDM (5,8 +2,4vs 9,6 +
9,6 vs 8,3 + 6,0) Table 15.

For medium sized dogs a strong positive correlation was found between
SGDM percentage and sperm concentration (r=0,6; p<0,05). For large sized
dogs a strong positive correlation was found between SGDM percentage
and sperm concentration (r= 0,7; p<0,05) and sperm total count (r=0,8;
p<0,005), respectively. For giant sized dogs a strong positive correlation
was found between SGDM percentage and sperm total count (r= 0,7;
p<0,05). Furthermore, when grouping large and giant dogs (n=19), a strong
positive correlation was found SGDM percentage and sperm total count (r=
0,7; p<0,0001) (Figure 18). Interestingly when grouping large and giant
dogs the correlation between SGDM percentage and total sperm count is
more evident. Based on the same dog’s size grouping, SGDM has assessed
in oligozospemic and non-oligozospemic dogs. The prevalence of
oligozoospermia in medium sized, large sized, giant sized, and large and
giant dogs grouped together was 63% (7/11), 55% (5/9), 20% (2/10), and
36% (7/19), respectively. The SGDM percentage was overall lower in
oligozoospermic dogs compared to those with sperm total counts above
normality threshold in all groups, with a statistically significant difference
in large sized dogs (3% vs 7,5%; p<0,05), and in large and giant dogs
grouped together (5,2% vs 12,8%; p<0,005) (Figure 19).



PARAMETER Medium sized Large sized Giant sized
Body weight (kg) 27.3+7.52 39.4+1.7% 60.0 +1.5P
Age (years) 41+2.4 45+2.3 28+2.4
Semen volume (ml) 6.9+3.3 7.2+3.1 7.1+£29
Sperm concentration (x10%/ml) 40.0 £ 14.8¢ 57.9+46.2 75.8 £45.14
Sperm total count (x10%/ejaculate) | 259.9 + 136.0¢ 356.3+226.0 463.7 £+ 242.64
Progressive sperm motility (%) 70.9+154 71.3+259 64.7 +£21.3
Normal sperm morphology (%) 71.5+9.9 72.5+12.1 69.3+11.5
Sperm head area (um?) 16.7+1.5 16419 16.6 +1.7
SDF (%) 3.7+34 28+13 n.d.

SGDM (%) 58+2.4 9.6+9.6 8316.0

Table 15: Dogs semen quality and quantity parameters in medium, large
and giant sized. A value of p < 0,05 indicates a statistically significant
difference (*°p<0,0001; “p<0,05).
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Figure 18: Relationship between %5-mc and sperm concentration (A,C,E,G)
and total sperm count (B,D,F,H) dividing the samples according to dog’s
size: medium (A, B); large (C,D); giant (E,F) and grouped large and giant
sized dogs (G,F).Spearman’s correlation analysis shows a significant strong
positive correlation between %5-mc and sperm concentration in medium
sized dogs (r = 0,6; p <0,05)(A) and large sized dogs (r=0,7; p<0,05) (C). A
significant strong positive correlation between %5-mc and sperm total



count was found in large (r = 0,8; p <0,005) (D), giant (r=0,7; p<0,05) (F) and
grouped large and giant sized dogs (r=0,7; p<0,0001) (H).
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Figure 19: Histogram showing the SGDM(%5-mc) in non
oligozooospermic/oligozoospermic dogs, dividing the samples according to
dog’s size. NO-OLIGIO: Non Oligozoospermic; OLIGO: Oligozoospermic.
Medium sized (A) and giant sized dogs (C) show no significant differences.
Large sized dogs (B) and grouped large and giant dogs (D) show a
significant difference: (B) *p<0,05 and (D) **p<0,005.



6.4 Discussion
6.4.1 Enviroment and male fertility

The current research study on clinically healthy young men of reproductive
age, non-occupationally exposed to toxic chemicals, demonstrated that
seminal parameters of men who had lived for at least 10 years within the
LF, a Hl area of Campania Region, did not differ from age- and BMI-matched
controls with similar anthropometric characteristics, dietary habits, and
physical activity. Moreover, no difference in the prevalence of below-
reference values for any seminal parameter was detected, between Hl and
LI men, in both preliminary and andrological disorders-deprived analysis.
Results were partially in line with a previous smaller study with a similar
design (Bergamo et al., 2016), showing no significant differences in semen
quality, except for an increased percentage of immotile spermatozoa,
which was not detected by the current investigation on a much larger
cohort.

The current study also demonstrated that Cd, a known reproductive
toxicant, might be detected in semen at significantly higher concentrations,
compared to serum, suggesting that seminal Cd determination might serve
as a sensitive earlier marker of exposure, particularly in non-occupationally
exposed men; indeed, Cd concentrations in semen were frequently below
the LoD (0,20 pg/l) and mean semen Cd concentration was 1,0 pg/I,
suggesting an overall low Cd burden in the studied cohort. Moreover,
semen Cd did nor correlate to serum Cd, therefore confirming the widely
accepted notion that Cd specifically accumulates within the human testis,
and more precisely mirrors local testicular exposure. Noteworthy, semen
Cd, but not serum Cd burden, was negatively correlated to sperm
concentration and sperm total count and this finding was consistent across
different statistical modeling strategies; indeed, participants with
detectable semen Cd concentrations had significantly reduced sperm total
count and normal sperm morphology, and increased abnormal sperm
morphology, along with a higher prevalence of poor semen quality. As
confirmatory result, semen Cd concentration was significantly higher in
participants belonging to the below-reference values group, compared to
normozoospermic group. The robust association of semen Cd with poorer



semen quality found in a HI area of Campania Region underpins the
majority of clinical studies demonstrating an inverse relationship with
seminal parameters in environmentally exposed men de (Angelis et al.,
2017), and supports the assumption that even micro-doses of metal may
have effects on semen quality; nevertheless, these results also highlight a
limitation of the study, which is the lack of a control group for semen Cd
quantification in men from LI areas.

Among environmentally (non-occupationally) exposed population, tobacco
smoke is the main source of Cd, since tobacco leaves accumulate large
amounts of Cd; it has been estimated that smokers inhale about 1-3 pg Cd
from smoking one pack of cigarettes per day yielding approximately a
double Cd burden, compared to non-smokers (ATSDR, 2012). Non-smokers
are exposed to Cd by dietary intake of contaminated food (particularly
cereals and grains, leafy vegetables, potatoes and offal) and contaminated
water, and vegetarians intake of Cd from food is almost double, compared
to non-vegetarians; in most countries, the average daily intake of Cd from
food is between 0.1-0.4 pg/kg body weight. Cd may also be perfused in
alcoholic beverages, although alcohol consumption represents a significant
source of metals only in heavy drinkers (ATSDR, 2012; Angelis et al., 2017).
In the general population, blood plasma Cd concentration is within the
range of 0.4-1 pg/l in non-smokers and 1.4-4 ug/l in smokers; nevertheless,
higher concentrations have been reported in highly contaminated areas
(>10 pg/1)[21]. Gastrointestinal absorption of dietary Cd (about 5% in men)
varies among individuals and is influenced by dietary intake of essential
nutrients, including Fe, Zn and Se (Minguez et al., 2012). The estimated
biological half-life of Cd is very long, ranging from 10 to 40 years in humans,
and the clearance is very low, since about 0,007% and 0,009% is excreted
in urine and feces, respectively, per day (ATSDR, 2012); consequently, Cd
progressively accumulates in the liver and in kidney, primary targets of Cd
toxicity showing the earliest effects of intoxication, but also in ovaries and
placenta in women, as well as in testis, epididymis and, consequently,
semen, in men (Angelis et al., 2017). Taking into account that smoke is the
primary source of Cd in environmentally exposed men, study results were
repeatedly analyzed to address for this important confounder. First,
participants with available data on both smoking habits and semen Cd
burden were studied separately, and grouped as smokers or non-smokers;



surprisingly, no differences were found between smokers and non-smokers
in seminal parameters nor prevalence of normozoospermia and
pathological seminal parameters, which was also reflected by no different
mean of semen Cd. Moreover, semen Cd concentration was no longer
correlated to seminal parameters in either group, a result which was
however explained by the paucity of samples with detectable Cd
concentrations per group. Lastly, and again surprisingly, a higher
prevalence of semen samples with detectable Cd was found in non-
smokers. Interestingly, when recalculating mean semen Cd concentrations
and prevalence of semen Cd above LoD in smokers vs non-smokers,
stratifying by single municipality, a significantly higher prevalence of
detectable semen Cd persisted only in Afragola municipality. A possible
explanation of this result might include proxy reporting of smoking habit,
in particular for occasional smokers, which might have been incorrectly
classified as non-smokers; indeed, we had to rely on self-reported data and
misclassification might have occurred. Nevertheless, overall completion of
questionnaire was adequate, and the face-to-face interview modality with
a trained biologist should have minimized the risk of collecting false figures.
Another explanation might rely on the fact that non-smokers and past-
smokers were pooled together in the final analysis, which might have
generated “false negatives”. These considerations are of utmost
importance considering the high rate of Cd burden deriving from smoking,
and the long-term persistence in the human body; to address this,
however, questionnaire was properly structured to collect information on
time elapsed from the last smoked cigarette, in past-smokers.

Smokers and non-smokers did not differ in other potential lifestyle-related
confounders; it cannot be ascertained whether the different prevalence of
above LoD semen Cd concentrations between smokers and non-smokers,
in particular in Afragola, might reflect a different environmental exposure
or whether it is a consequence of other factors of susceptibility
determining cumulative risk of accumulating higher amounts of Cd.
Protective effects of Zn and Se from Cd-induced testis damage were
steadily proven by a number of experimental studies in animals (Angelis et
al., 2017); mimicry and interaction between Cd and Zn and Se, and
competition for transporters, enzymes, and molecules involved in
important essential ion-mediated biological processes, could partially



account for the different response or susceptibility thresholds to Cd
(Angelis et al., 2017). In particular, two mechanisms of Cd accumulation
within the testis are worth mention: ionic mimicry at the transporters
belonging to the ZIP family of Zn transporters, which might favor Cd uptake
within the testis in case of Cd excess or Zn deficiency; prevention of Cd-
induced testis toxicity by immobilization of Cd in Cd-Se protein complexes
(Angelis et al., 2017). These evidences suggest that the maintenance of
adequate concentrations of trace essential ions and their dietary
supplementation could contribute to protect testis and reproductive
function from Cd toxicity, and suggest further investigation of the inverse
correlation between semen Cd and Se which was demonstrated by the
current study.

6.4.2 SGDM in human-dog study

Defects of SGDM level have been related in humans and in model animal
species (like mouse and rat) to sperm DNA damages and defective
spermatogenesis. Sperm Global DNA hypomethilation, in particular, is
associated with fertility alterations in humans with normal and abnormal
seminal parameters (Montjean et al., 2015). Up to now no data are
available about SGDM in dog, a species whose breeding is of strong interest
and which at the same time is considered by all an important study model
for human with which often shares domestic environment, life style and
exposure to pollutants. The first main data is the absence of statistical
differences among average age of the dogs when grouped according to
their size indicating that the groups are homogeneous among themselves
by age. This prevents that aging could impact the differences eventually
observed among groups in SGDM percentage. Data reported in this study
show a relationship between dog size and sperm concentration and sperm
total count, thus the larger is the dog and the higher is the number of
produced spermatozoa. This is in line with previous observation and it is
due to the higher volume of testes of the larger dogs (Root Kustritz, 2007).
Moreover, this study shows, for the first time, a relationship between
SGDM measured as % 5-mc and seminal parameters in healthy dogs which
had fathered at least one litter. According to statistical analysis overall
levels of SGDM correlated positively to sperm concentration and sperm



total count, both in the general population and in dogs grouped according
to size. Also, in the dog owners sperm total count was positively correlated
to % 5-mc, but not the sperm concentration. SGDM was significantly lower
in oligozoospermic dogs, compared to those with sperm total counts above
normality threshold (>300x10°), in the general population, as well as in
both the groups of large sized dogs and large and giant dogs grouped
together. Interestingly, despite it is evident a lower level of SGDM
percentage in oligozoospermic medium sized dogs vs no- oligozoospermic
medium sized dogs.

Same result was obtained in the population of dog owners by dividing them
into oligozoospermics and non-oligozoopsemers, showing a significantly a
lower level of SGDM in oligozoospermic men.

These results suggest that epigenetic changes, specifically SGDM, might be
used as a marker of testis function and spermatogenesis in dogs and
humans. It can be hypothesized that higher SGDM levels might correspond
to improved spermatogenesis. This is in line with data reported in human,
showing a lower level of SGDM in oligozoospermic men (Marques et al.,
2004; Marques et al., 2008, Montjean et al., 2015; Benchaib et al., 2005; E/
Hajj et al., 2011). The positive correlation, found in this study, between
SGDM and sperm concentration and sperm total count suggest that
improper DNA methylation might be associated with spermatogenesis
alterations that reduce the number of spermatozoa. This is also confirmed
by the differences in methylation percentage observed between
oligozoospermic and non-oligozoospermic.



CHAPTER 7
Genetic and food: maca supplementation



7.1 Material and methods
7.1.1 Animals

Eight healthy Italian thoroughbred stallions (four treated and four
controls), aged between 9 and 16 years, were selected for this study. All
stallions were evaluated cytogenetically to exclude chromosome
abnormalities (Macri et al., 2014) that could affect sperm production
(Albarella et al., 2013) according to the protocols described in Ciotola et al.
(2012). All stallions were housed at a farm located in Teggiano (Salerno,
Italy) under the same breeding conditions and used for Al. The animals
were fed twice daily with hay and concentrates, and they had water
provided ad libitum.

7.1.2 Source and supplementation of maca

Yellow maca (Figure 20) hypocotyls used for this experiment were
harvested in the Junin district, in the Andean highlands of Peru (4100 m
above sea level), and exposed for 2 months to extreme temperature cycles,
strong light conditions and atmospheric pressures typical of a high-altitude
environment (>3500 m), therefore reproducing traditional open-field
drying. Hypocotyls were then selected, washed, milled to a powder with a
particle size of 0,8 mm and packaged to be used. Each stallion received a
daily dosage of 4 g of maca/100 kg body weight. The dose was chosen
according to that found to show beneficial effects on spermatogenesis in
humans and rats (Zheng et al., 2000; Gonzales et al., 2001; Cicero et al.,
2002). Lepidium meyenii Walp. improves sexual behaviour in male rats
independent of its action on spontaneous locomotor activity (Cicero et al.,
2002; Gonzales et al., 2004). Total glucosinolates content of dry extract
from maca powder used for this work was 6,67% of which 3,33% was benzyl
glucosinolate, 0,34% was m-methoxybenzyl glucosinolate and 3% was 3-
ox0-2-(2-entenyl) cyclopentane octanoic acid.



Figure 20: Peruvian Maca.

7.1.3 Ejaculate and semen processing

Immediately after collection, the total amount of ejaculate (semen and gel)
was established using a graduated laboratory bottle (Sigma, Italy), the gel
fraction was removed using a nylon semen filter (Minitube, Germany),
semen was filtered through a semen filter pouch (Minitube, Germany) and
the quantity was measured. Sperm motility was visually assessed under a
phase contrast microscope (Nikon Eclipse 80i) at x100 and x200
magnification. Sperm count was determined using a biophotometer
(Eppendorf), sperm total count (TSC) was calculated based on Jasko (1992)
and Juhdsz et al. (2000). For morphometric evaluation, fresh semen
samples were washed by centrifugation in physiological saline (0,9% NaCl)
at 1000 g for 5 min, and then re-extended to a concentration of 100 x
106 cells/ml. Amounts measuring 10 pl of the sperm suspension were fixed
on slides and stained with a modified haematoxylin standard protocol: 10
min in Mayer’s haematoxylin (code no. 05-M06002, Bio-Optica, Milano,
Italy), after removing the excess of stain with water the slides were
immersed in distilled water for 2 min and then for 5 min in eosin Y, 1%
solution (code no. BP2419, Fisher Scientific, Geel, Belgium). Slides were
then immersed in distilled water for 5 min and rinsed twice. Serial passages
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in ethanol (50% to absolute) were performed. Then slides were treated
with Xilolo and mounted with Eukitt (code no. CL04.0503.0500, Chem-Lab
NV, Zedelgem, Belgium).

7.1.4 Morphometric analysis

At least 200 spermatozoa (50 per slide) from each ejaculate were observed
in a bright field under a Nikon Eclipse 80i microscope (x100 magnification),
captured with a digital camera (Nikon DS-Ril) and analyzed with Nis
Elements Imaging Software 4.00.02 (Nikon). Morphometric parameters of
the head measured for each spermatozoon were length (L), width (W),
perimeter (P), area (A), shape factor (SF) and roughness (R) (Figure 21).
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Figure 21: Example of measures performed on the spermatozoon.

7.1.5 SDF analysis

SDF was evaluated for each semen sample only on treated stallions using a
Halomax kit for Equus caballus (Halotech® DNA) according to the user
manual. Slides were observed in a bright field under a Nikon Eclipse 80i
microscope (x20 magnification), and 300 spermatozoa from each semen
sample were captured using a digital camera (Nikon DS-Ri1) and analyzed
with Nis Elements Imaging Software 4.00.02 (Nikon) (Figure 22).



¢ ‘.‘ . L ’ x

Figure 22: Example of SDF.
7.1.6 Statistical analysis

For statistical analysis, data for each sample were grouped into four time
periods: TO+T1, T2+ T3, T4 + T5 and T6, corresponding to before the maca
effect (P1), starting maca effects (P2), maca effect (P3) and resting period
(P4), respectively. The effects of time of maca supplementation on quality,
SDF data and morphometric semen parameters were analyzed by a
repeated measurements procedures using mixed-effects models including
the random animal effect (SAS PROC MIXED 8.02; SAS Institute, Cary, NC).
The level of significance was fixed at p < 0,05.

7.2 Study design

The study was planned so that maca administration was performed for one
full horse spermatogenic cycle of 57 days (spermatocytogenesis, meiosis
and spermiogenesis) (Johnson et al., 1997), and its effects were controlled
for the next two cycles. Oral maca administration was performed for 60
days starting in April 2016, and sampling continued for 5 months after the
end of treatment (October 2016). The first semen collection was planned 1
week before the beginning of maca administration, and its parameters
were used as baseline control (T0); the subsequent collections were
planned for 15 (T1), 35 (T2), 60 (T3), 75 (T4), 90 (T5) and 180 (T6) days after



the first maca administration, for 28 samples. The experiment was carried
out in accordance with the code of ethics (D.lgs. 26-04/03/2014) and the
Ethics Committee of the Department of Veterinary Medicine and Animal
Productions at the University of Naples Federico I, Italy (protocol no.
0003909), approved the protocol and procedures

7.3 Results
7.3.1 Semen quantity and quality

Table 16 shows the data on semen quantity and quality parameters of the
TO group in all the stallions used in this study. According to the data
reported the groups were similar as regard semen parameters. Table 17
shows mean values (xSD) of all the parameters for semen quality and
quantity in the four periods. Total volume of ejaculate increased gradually
from P1 to P3 and then it decreases in P4 in treated stallions while it
remained similar to P3 in control group. Semen gel-free volume and TSC
increased from P1 to P2, then slightly decreased in P3 and increased again
during the resting period (P4) in both groups. TSC shows statistically
significant differences in the treated group when comparing P1 with P4 and
between the groups only in the P4 period (p < 0,05). Sperm concentration
showed an increase during the whole period under examination in both
groups, however statistically significant differences were observed only
when comparing P1 and P4 (p < 0,05) and when comparing the treated
group with control one, starting from the P2 period. In particular, in P4, the
difference was highly significant (p < 0,01). For sperm motility there were
no statistically significant differences during the whole time period
analyzed and between the two groups, while SDF gradually decreased from
P2 to P4, showing a statistically significant difference (p < 0,05).



Parameter Treated Control

1 2 3 4 5 6 7 8
Ejaculate volume | .. | oo |47 |s0 |30 |27 |s0 |ss
(ml)
Gel-free semen

10 15 25 24 20 14 25 20
volume (ml)
Sperm
concentration 164 | 98 133 | 155 | 160 | 120 | 100 | 143
(x10%/ml)
TSC (x10°) 1.64 | 1.47 3.32 | 3.72 | 3.20 | 1.68 | 2.50 | 2.86
Motility (%) 90 30 70 75 80 60 80 70
SDF (%) 8.38 | 12.10 | 7.40 | 7.90 | nd n.d n.d n.d

Table 16: Stallions semen quality and quantity parameters at TO collection

time

Paramet | Group p1 p2 P3 pa

er

:’“C“’“t Tratt | 50 7541067 | 45.42417.50 | 60.88+29.09° | 47.5+23.63
Cont

'(’:1’1‘)'"’6 oM | 38.3242.89 49.69+8.05 48.84+3.67 | 48.09+1.05

Semen | Tratt | 18 50+5 25 26.50+3.03 25.13#3.72 35.0045.25

gel-free

vol. (mi) | €OPtr | 21.68+2.88 32.03+7.21 29.15+2.44 36.67+1.55
Tratt

Sperm 137.50+45.80° | 183.75+26.44° | 178.88+32.39¢ | 279.00+45.80%

conc. Cont

(x105/m) | “°"" | 126.6625.78 | 153.30+20.827 | 155.82+29.21 | 181.67+32.50

TsC Tratt | 2.5441.97° 5.34+1.14 5.2741.39 8.8311.97%

(x10°) | Contr | 2.71#0.23 4.8140.38 4.55+0.98 6.69+1.47

Motility | Tratt | 66.25+11.70 | 70.0046.75 78.75¢8.27 | 67.50#11.70

(%) Contr | 73.33#11.57 | 63.34#12.60 | 72.50#14.07 | 70.01#17.31

SDF (%) | Tratt | 8.18+2.13 11.5744.11° | 8.5743.15 5.6442.99"




Table 17: Mean values (#SD) of stallions” semen quantity and quality
parameters in the four periods (P1, before maca effect; P2, starting maca
effect; P3, maca effect; P4, resting period). In the row:%’p < 0,05
(significant differences for different letters). In the column:¢fp<
0,05; ©F p < 0,01 (significant differences for different letters).

7.3.2 Morphometric analysis

Mean values (£SD) of all the parameters for semen morphometry of the
four periods are shown in Table 18. Values of spermatozoa L, W, P and A
increased significantly from P1 to P3 (p < 0,01) and then they decreased in
P4 (p < 0,01). This trend was observed in both groups, but was greater in
the treated subjects than in the control.

SF showed a statistically significant difference in P1 to P2 and P3 (p < 0,05)
and in P2 and P3 to P4 (p< 0,01). R showed a statistically significant

difference in P1, P2 and P3 versus P4 (p < 0,05).

Parameter Group |P1 P2 P3 P4

Tratt |5.73+0.01% 5.87+0.018 6.17+0.01¢ 5.95+0.01P¢
Length (L)

Contr |5.73+0.01 5.85+0.01 5.94+0.01F 5.62+0.01F

Tratt |3.08+0.01% 3.09+0.01%¢ |3.17+0.01%¢ 3.01+0.01%
Width (W)

Contr |3.07+0.01 2.99+0.01F 3.07+0.01F 2.79+0.01F

Tratt |14.32+0.07°° |14.88+0.04* |15.26+0.05% |14.40+0.07°¢
Perimeter (P)

Contr |14.33+0.04 |14.66+0.04 |14.26%0.04F |13.99+0.04f

) Tratt |12.13+0.05* |12.45+0.03%¢ |13.23+0.04°¢ |13.03+0.05°¢

Area (A

Contr |12.14+0.05 12.92+0.05" |12.95+0.05f 12.30+0.05F
Shape Factor | Tratt | 0.79+0.01° 0.77+0.017%¢ | 0.77+0.01*f | 0.81+0.01°
(SF) Contr |0.79+0.01 0.80+0.01f 0.8240.01F 0.82+0.01
Roughness |Tratt |1.02+0.01" 1.03+0.01* | 1.03+0.01*¢ 1.01+0.01%
(R) Contr |1.02+0.01 1.030.01 1.010.01° 1.020.01°

Table 18: Mean values (+SD) of the parameters for stallions’ semen
morphometry in the four periods. In the row: “®p< 0,05; #8%Pp < 0,01.




In the column: &p < 0,05; £Fp < 0,01.
7.4 Discussion

The mean values obtained in this study for quantity and quality parameters
conventionally used to evaluate stallion semen (gel-free semen volume,
sperm concentration, TSC and sperm motility) confirm results already
reported in the literature: maca food supplementation improves semen in
horses (Del Prete et al., 2018a; Tafuri et al., 2019b).

SDF progressively decreased from P2 to P4, which could indicate that active
substances in maca prevented spermatozoa from DNA damage due to
ageing after the second meiotic division has settled, and during the period
they stand in the genital tract. In particular, the decrease in percentage of
spermatozoa with fragmented DNA may indicate that DNA spermatozoa is
more fragile during the first stages of gametogenesis. Therefore, it is
conceivable that maca components are more effective in DNA damage
prevention if they are present in the seminal tract from the first stages of
the differentiation of the gametes. Unfortunately, it was not possible to
carry out this same test on control horses, therefore this hypothesis needs
be confirmed in the future with appropriate experimental tests.

According to Waheed et al. (2015), stallion spermatozoa L and W increases
from spring to summer and then decrease in autumn in a not statistically
significant manner. The same trend could be observed in the eight stallions
studied in this work, however the differences observed in this case were
statistically significant and were greater in the subjects treated with maca.
All this was then reflected on the measurements relating to P and A
(Table 18).

Among all the morphometric parameters measured, L was the one that
mainly increased (Table 18), indicating an elongation of the sperm head,
which is a shape that can positively affect sperm fluidodynamic behaviour,
making it move more efficiently. In fact, a recent study of Iberian reed deer
(Ramén et al., 2013) showed that spermatozoa with rapid and linear
movements were strongly correlated with spermatozoa having a small and
elongated head; both subpopulations occur more frequent in high-fertility
males. Sperm morphometry has also been successfully used in sperm
competition studies. Sperm competition has been associated with an


https://www.cambridge.org/core/journals/zygote/article/dna-fragmentation-and-morphometric-studies-in-sperm-of-stallions-supplemented-with-maca-lepidium-meyenii/FFAEBCA08D83D820901D9DB80603328E#r9
https://www.cambridge.org/core/journals/zygote/article/dna-fragmentation-and-morphometric-studies-in-sperm-of-stallions-supplemented-with-maca-lepidium-meyenii/FFAEBCA08D83D820901D9DB80603328E#r27
https://www.cambridge.org/core/journals/zygote/article/dna-fragmentation-and-morphometric-studies-in-sperm-of-stallions-supplemented-with-maca-lepidium-meyenii/FFAEBCA08D83D820901D9DB80603328E#r30
https://www.cambridge.org/core/journals/zygote/article/dna-fragmentation-and-morphometric-studies-in-sperm-of-stallions-supplemented-with-maca-lepidium-meyenii/FFAEBCA08D83D820901D9DB80603328E#tbl3
https://www.cambridge.org/core/journals/zygote/article/dna-fragmentation-and-morphometric-studies-in-sperm-of-stallions-supplemented-with-maca-lepidium-meyenii/FFAEBCA08D83D820901D9DB80603328E#r24

increase in total sperm dimensions and in sperm head elongation, and both
aspects have been related to an improved sperm migratory efficiency
(Sdnchez et al., 2013). When spermatozoa increase in size, all sperm
components increase in size simultaneously (Tourmente et al., 2011), and
are able to produce more energy and swim faster (Sanchez et al., 2013).
TSC, motility and sperm L, W, P and A, even when analyzed separately for
the four stallions, improved when associated with maca food integration.
Figure 23 shows how improvements in the quantity and quality parameters
of sperm were different in the four stallions indicating a marked individual
response to this food supplement. However, in all the animals the highest
values were in P3, corresponding to the maca effect period.


https://www.cambridge.org/core/journals/zygote/article/dna-fragmentation-and-morphometric-studies-in-sperm-of-stallions-supplemented-with-maca-lepidium-meyenii/FFAEBCA08D83D820901D9DB80603328E#r25
https://www.cambridge.org/core/journals/zygote/article/dna-fragmentation-and-morphometric-studies-in-sperm-of-stallions-supplemented-with-maca-lepidium-meyenii/FFAEBCA08D83D820901D9DB80603328E#r28
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66
64
62

Ess
56
54
52

pm
w

Sperm Head Area

. ~
P ~
=% ~*~\
- -7 - -
______ . - - L
-
_____ /e NS —
— — — /
TO T1 T T3 T4 TS T6
sampling time
MDF

TO T1I T2 T3 T4 T5 T6
sampling time

T0 T1 T2 T3 T4 T5 T6
sampling time

—
pu—1
--3

———

—_—1
-_—2

--3

———y

—
P—
--3

———

x10°

x10¢ celVml

16,00
14,00
12,00
10,00
8,00
6,00
4,00
2,00
0,00

110

Sperm Concentration

- = /
’ ~ /
/ S 7
/
Ly —
o [PV T —
‘455;;r S

T0 T1 T2 T3 T4 T5 T6
sampling time

TSC
"N
I' \
PN \
\
II )
K \
/ \
% \
2 \
> '
'/ s N \
S ) ~ O~ \
WY

TO T1 T2 T3 T4 T5 T6
sampling time

Motility

\,
i
N

s

\/’/_\

/s e

~_ 7 N
~

T0 T1 T2 T3 T4 T5 T6
sampling time

— 1
-_—2
--3

-——

-— 2
--3

———y

— |
-_—2
--3

———

Figure 23: Spermatozoa morphometry and quality parameters of the four
stallions treated with maca at each sampling time. (a) Sperm head area
(um?). (b) MFD, maximum Feret’s diameter (um). (c) mFD, minimum Feret’s
diameter (um). (d) Sperm concentration (x10°). (e) TSC sperm total count
(x10°). (f) Motility (%). TO, 1 week before maca administration; T1, Day 15
of maca administration (m.a.); T2, Day 35 of m.a.; T3 = Day 60 of m.a.; T4,
Day 75 of m.a.; T5, Day 90 of m.a.; T6, Day 180 of m.a.



CHAPTER 8
Conclusion



The aim of this doctorate research project has been to investigate the
interplay between environmental pollution, nutraceutical, genetics and
epigenetics, and their relative impacts of seminal parameters and semen
quality in mammalian species, whit particular references to humans, dogs
and horses. This aim was achieved by connecting expertise and
methodological skills from two research areas: human reproduction and
the genetic improvement of livestock species.

The studies here reported tried to bridge the existing gap of information
concerning semen quality of men living in the high environmental pressure
area of the LF, and to investigate the potential association with objectively
evaluated non-occupational exposure to non-essential trace elements with
known reproductive toxicity, such as Cd. To the best of our knowledge, this
is the largest study focused on these outcomes in young healthy men,
exhaustively adjusted for lifestyle factors, i.e. smoking habits, otherwise
disregarded by other studies. In study subjects a strict correlation was
showed between seminal parameters, particularly sperm total count, and
Cd burden in semen samples, testifying a potential harmful effect of both
environmental ad lifestyle-related sources of this toxicant on reproductive
health in humans. Moreover, reduced SDGM was associated to reduced
semen quality, particularly sperm total count, in a selected dog/owner
pairs group within the LF, demonstrating an overall similar relationship
between epigenetic changes and seminal parameters in men and their dog
in an area with high environmental pressure. Unfortunately, the lack of
particular interest, motivation or compliance by the dog owners and the
strict dog selection criteria (having produced at least one litter, to live with
their owners, with no drug treatments in place at the moment of the
collection, to live in LF) has determined that very few dogs were enrolled
in three years thus it was impossible to achieve an adequate sample size
for Cd burden assessment in dog semen; this piece of information collected
also in an animal model plausibly exposed to a set of common
pollutants/environmental factors with respect to their owners, would have
been helpful in a more detailed comprehension of the specific contribution
of environmental pollution or lifestyle components to the observed
epigenetic and seminal impairment, a specific aim which will be pursued in
the next future by this still ongoing study. In this scenario, seminal Cd
determination in dogs might serve as a sensitive earlier marker of Cd



exposure, particularly in non-occupationally exposed men; another future
direction of the present reaserch will indeed comprise trace elements
determination in the semen of selected human-dog pairs from LI areas,
therefore adding further strength to the provided results. Although
longitudinal data might be required, and the cross-sectional design of the
study restricts the feasibility of establishing causal relationships between
exposure and outcome, active biomonitoring with follow up visits and
semen analysis is already planned, to accomplish the goal. Moreover, this
is the first report in which a correlation of SGDM percentage with
conventional semen parameters in dogs is proved. This epigenetic finding
could be of considerable interest also in the zootechnical field, due to the
possible reproductive and economic repercussions. Indeed, it is evident
that a critical phase for animal reproduction is represented by the
triggering of epigenetic mechanisms during pregnancy, a period in which
the mother, the fetus, and the fecundating potential of the progeny, may
be affected by deleterious effects deriving from exposure to epigenetic
factors. It would be therefore interesting to verify the potential correlation
between SGDM percentage and assisted reproduction outcomes,
recurrent pregnancy loss etc., also in this species. Future studies should be
aimed at evaluating the relationship between SGDM and other factors
potentially affecting dog semen quality and fertility, to verify whether
SGDM could be used as an additional analysis, along with conventional
seminal parameters, in order to increase the predictive value on
reproductive potential. Lastly, considering that aberrant DNA methylation
and chromatin compaction may result in inherited genomic errors, a wider
implication of study results might comprise the role of epigenetic changes
in congenital diseases affecting the offspring.

Alongside the mentioned implications of the study findings, the evidence
of the efficacy of maca as a natural food supplement to improve stallion
convention seminal parameters as well as morphometric measures and
SDF during a stressful period, such as the reproductive season, offers a new
tempting potential approach to counteract the damaging effect of ROS on
seminal parameters. Future trials could be aimed to assess pregnancy rate
of mares sired with stallions supplemented orally with maca, or artificially
inseminated with their cryopreserved semen, to confirm its usefulness as
a dietary supplement in horse reproduction. The innovative data provided



by the current study concerning the use of maca held a potential
translational value for its applicability in the human reproduction field, as
both an in vivo (on patients) intervention in environmentally exposed men
with a potentially elevated ROS seminal content and increased risk of
sperm DNA damage, or in cases of nutritionally-caused impairment of
semen quality, and in vitro (on gametes) treatment before Al. Further in
dept investigation is at present still required to deepen this intruiguing
theoretical framework.
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