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ABSTRACT

Fertility assessment is challenging both in human and canine species because it is defined by a
combination of numerous genetic and environmental factors. In recent decades, a decline in humans
fertility occurred and was related to environmental pollutants, such as endocrine disruptor chemicals
(EDCs), that increased dramatically as result of technological development. Living close to their
owners, dogs are exposed to similar risks whose impact on their reproduction is still unclear. Many
widespread compounds may interfere with canine reproductive health from embryonic development

up to conception.

Since environmental hazards in dogs are poorly understood, this PhD thesis comprises four studies

devoted to exploring their consequences on canine reproduction and fertility.

The first two projects were centered on the exposure of breeding dogs to cigarette smoke. Cotinine
was applied as marker of nicotine intake in male dogs and pregnant bitches belonging to smoking
and non-smoking owners. Significant differences were highlighted between exposed and non-
exposed dogs, however measurable levels of this metabolite were detected in serum, semen, hair,
and amniotic fluid of all enrolled patients. Despite nicotine metabolites increase seminal oxidative
stress, in our caseload the level of total antioxidant capacity (TAC) in ejaculate didn’t correlate with
male dogs’ exposure to tobacco smoke. Albeit the practical effects of passive smoke should be
investigated on a larger sample size, results obtained demonstrated a non-negligible exposure that

could interfere with dogs’ reproductive performance.

Apart from tobacco smoke consequences, within other two studies we focused on cryptorchidism.
Through the application of immunohistochemical techniques and miRNomics, we found
precancerous lesions and molecular dysregulation in both retained and scrotal gonads of affected
patients. Interesting implications have emerged from this outcome especially concerning testicular
neoplastic predisposition and the appropriate therapeutic approach in unilateral cryptorchids. In
addition, molecular pathways suggested an abnormal expression of estrogen receptors that, as

assumed in humans, may justify a greater sensitivity to EDCs even in cryptorchid dogs.

Regardless some limitations, the overall outcomes of the present doctoral dissertation pointed out

the environmental role on canine reproduction. Although pollutants’ effects can’t be completely



eliminated, greater awareness should be placed on common bad habits like cigarette smoke which

could impair fertility potential even in “man’s best friend”.



SCIENTIFIC BACKGROUND




CANINE REPRODUCTION AND FERTILITY

Investigating fertility is a hard work both in human and veterinary medicine partly because it results
from the interaction between male and female spheres, and partly because it is affected by numerous

genetic and environmental factors whose impact is difficult to weight.

Fertility impairment is an issue of great concern in modern society (Felgueiras et al., 2020). In
humans, it is reported that almost 50% of infertility cases are due to women, and 20-30% of cases
are due to men while the remaining 20-30% results from a combination of male and female factors,
however these data are strongly influenced by World region, number of men included in statistical

analysis and difference in spermiogram reference values (Agarwal et al., 2015, Esteves et al., 2012).

Similar statistics have not yet been conducted in canine species: thus, it was impossible to estimate
if subfertility/infertility occurs more in male or female dogs and whether it is influenced by geographic

region.

It is interesting to note that in human medicine female infertility is much more reported than male
ones often for cultural and psychological reasons (Agarwal et al.,, 2015). In canine species, the
situation is diametrically opposite, in fact, male fertility evaluation often precedes the one in female.
The absence of the psychosocial factors found in humans together with the easy collection of semen
sample allow a more frequent fertility assessment in stud dogs (Kolster, 2018, Barstow et al., 2018).
Despite the only reliable proof of fertility is the birth of viable offspring, sperm evaluation provides
information regarding the whole genital tract, from seminiferous tubules to the prostate, and the
severity of the problem (Kolster, 2018, Freshman 1991, Meyers-Wallen, 1991). Indeed, not only
infertility, but also subfertility is a reproductive health issue which is suspected when over 75% of

breeding are unsuccessful (Freshman, 2001).

Over the last decades, in humans, total fertility rate (TFR), defined as the average number of live
births per woman, has significantly declined in European Union (EU), Japan, and the United States
(US) falling below replacement level. In parallel with TFR, human semen quality showed a relevant

negative trend (Levine et al., 2017, Sengupta et al., 2018, Merzenich et al., 2010, Swan et al., 2000).

Lea and colleagues (2016) reported an analogous reduction of semen parameters even in breeding

dogs over a period of 16 years (Figure 1). These downward trend in both human and canine species



was attributed to a common etiology related to endocrine disrupting compounds (Lea et al., 2016,

Bay et al., 2006).
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Figure 1. Changes in canine semen parameters over years. a) Percentage of motile spermatozoa, b) Percentage of
normal spermatozoa, c) Total spermatozoa output. (Modified from Lea et al., 2016)

As mentioned above, assessing fertility in bitches is trickier mainly because they cycle infrequently
and their genital tract is not easily accessible compared to other species (Wilborn & Maxwell, 2012).
Performing a breeding soundness examination of female dog can be valuable, but diagnostic
information is difficult to obtain and may result in substantial costs for breeders in spite of
inconclusive answers (Barstow et al., 2018). Besides physical examination, ultrasonography and
vaginoscopy allow to visualize all the entire female genital system, however mild signs of pathology
may not be detected (Wilborn & Maxwell, 2012, Freshman, 1991). More invasive procedures such as
cytology and biopsy are infrequently performed since they require general anaesthesia and surgery
(Wilborn & Maxwell, 2012). All these reasons make it difficult to develop studies on female dog

fertility evolution as the one previously described for the male counterpart.



ENVIRONMENTAL FACTORS AFFECTING FERTILITY

Both genes and environment exert substantial influence on fertility (Skakkebaek et al., 2016). In
canine species, a strict breeding is carried out on purebred dogs. This genetic selection, mainly
focused on peculiar morphological traits and working ability, too often doesn’t consider the
reproductive aspects thus leading to a reduction in fertility in both males and females (Marelli et al.,

2019).

Despite the considerable relevance of selection made by humans, the role of the environment on
canine fertility cannot be overlooked. Indeed, living close to their owners, dogs are exposed to the
same environmental pollutants that have increased dramatically over the past few decades as a result

of technological development (Bergman et al., 2013).

For the purposes of this thesis, some of the major factors affecting human and companion animals’

health will be discussed within the following pages.

Endocrine disruptor chemicals

Endocrine disruptor chemicals (EDCs) are among the major environmental factors affecting fertility
and have received increasing attention since 90s to date (Krzastek et al., 2020, Caserta et al. 2011).
World Health Organization (WHO) defined these compounds as “exogenous substance or mixture
that alters function(s) of the endocrine system and consequently causes adverse health effects in an

intact organism, or its progeny, or (sub) populations” (Bergman et al., 2013).

Endocrine system participates and coordinates major body functions through hormonal signalling
pathways. Hormones are released in bloodstream allowing communication between endocrine
glands such as pituitary gland, thyroid gland, adrenal glands and the gonads. The presence of specific
cellular receptors is crucial, in fact hormones exert their effects targeting and binding these peculiar

proteins (Klein, 2013).

Mimicking or impeding hormones, EDCs can act on membrane and nuclear receptors determining
developmental, metabolic, and reproductive disorders (Yilmaz et al., 2020). This detrimental activity
is insidious since it may occur even at very low doses and for a prolonged period of time (Vandenberg
et al., 2012, Quilaqueo & Villegas, 2021). In 2020 an Experts Consensus defined the ten Key

characteristics (KC) of EDCs that describe their mechanisms of action known to date (La Merrill et al.,
10



2020). These compounds could interact with hormone receptor either as agonists (KC1) or
antagonists (KC2). In both cases they inappropriately facilitate or block the action of endogenous
hormones. In addition, EDCs can interfere with hormonal signalling by modulating receptor
expression (enhancing or degrading them) (KC3) or by altering intracellular signal transduction (KC4).
A subtler feature is their ability to induce epigenetic changes in hormone-producing or hormone-
responsive cells (KC5) and, similarly, they can stimulate or inhibit hormone synthesis (KC6). EDCs also
act on hormonal transport through cell membrane (KC7) and in bloodstream (KC8) as well as on
hormone metabolism and clearance (KC9) undermining their bioavailability. Finally, EDCs can impair
cellular proliferation, differentiation and apoptosis of tissue involved in hormonal signalling (KC10).

All of these key characteristics are illustrated in Figure 2.
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Figure 2. Mechanisms of action of EDC (La Merrill et al., 2020).
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These toxic compounds can act throughout life; however, the form and magnitude of their effects
varies depending on life stages. The most sensitive period ranges from embryonic phase to early
childhood because, at this time, tissues and organs are still under development and are highly
susceptible to hormonal and/or EDCs action (Newbold et al., 2007). Changes induced by EDCs in this
phase may not be visible at birth, but they persist for the entire life and can emerge even decades
later, for example in terms of disease sensitivity (Schug et al., 2011). Moreover, some chemicals seem
to produce transgenerational effects leading to the transmission of the disease phenotype through
future generations (Skinner et al., 2010). A vivid example of epigenetic transgenerational inheritance
is given by diethylstilbestrol (DES). DES is a synthetic estrogen formerly used to prevent miscarriages
and complications in pregnant women (Newbold et al.,, 2006). Subsequently, the exposure of
gestating women to DES was linked to many reproductive disorders both in male and female progeny
(Giusti et al., 1995). Finally, genital tract abnormalities and neoplastic predisposition were found even
in second generation (Newbold et al., 2006) and hypothesized in third generation (Titus-Ernstoff et

al., 2008).

In adulthood the negative consequences of EDCs are less intense and reduce when exposure ends
(Bergman et al., 2013). The limited adverse effects in adults could be due to the more developed
immune system and detoxifying metabolism, better mechanisms of DNA repair as well as effective

blood/brain barrier which are immature in foetus and neonate (Schug et al, 2011).

Numerous substances with endocrine disrupting properties have already been identified and
constituted a heterogenous groups of both natural substances, such as phytoestrogens, and artificial
compounds like plasticizers, pesticides, industrial solvents, pharmaceutical agents and heavy metals
(Kabir et al., 2015). The massive industrial and agricultural development during the last decades led
to the spread of EDCs, many of which persist into environment and bioaccumulate reaching high
concentrations in food chain. For this reason, exposure can occur through air, water, soil and food

(Kidd et al., 2012).

Many health concerns were related to endocrine disruption both in humans and animals (Bergman
et al., 2013, Hamlin & Guillette 2010, Diamanti-Kandarakis et al., 2009). Due to the severe impact of
EDCs on reproductive functions, countless studies were conducted on male and female fertility at
different life stages. As mentioned above, an increase in adverse effects were reported in man
(Nordkap et al., 2012) in whom environmental hazard has been proposed as the underlying cause of

Testicular Dysgenesis Syndrome (TDS) theory. It was first described by Skakkebaek (2001) who

12



recognized poor semen quality, cryptorchidism, hypospadias, and testicular cancer as symptoms of
the same disorder with a univocal etiology based on environmental and lifestyle factors. Thereafter
numerous authors have extensively studied TDS in humans (Virtanen & Adamsson 2012, Yeung et al.

2011, Veeramachaneni 2008; Martin et al., 2008).

The countless chemical compounds widespread into environment makes it difficult to assess their
precise role on ejaculate. Nonetheless, some authors found that semen quality appeared significantly
impaired by exposure to organochlorine pesticides which reduced ejaculate volume and increased
spermatozoa morphological abnormalities (Yucra et al., 2006). Besides that, these chemicals can
interfere with hypothalamic-pituitary-testes axis and steroid receptors (Mehrpouret al., 2014).
Similarly, phthalates like BPA seemed to negatively affect androgens concentration, however their
effect is still unclear (Mendiola et al., 2010, Meeker et al., 2010). Petersen and colleagues (2015)
focused on PCB and demonstrated their correlation with different hormones while they found no

effect on semen quality.

Although it is still debated (Lymperi & Giwercman, 2018), even the development of testicular germ-
cell tumours in humans could be due to foetal and child exposure to endocrine disruptor chemicals
(McGlynn et al, 2008). In fact, testicular cells differentiation is a strictly regulated process that is highly
influenced by environmental conditions (Birnbaum & Fenton, 2003). EDCs could impair endocrine
function both interrupting gonocyte development and producing precursors of carcinoma in situ (CIS)
from which testicular germ-cell tumours originate (Rajpert-De Meyts & Hoei-Hansen, 2007, Figure
3).
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Figure 3. Development of testicular germ cell tumor (Skakkebaek et al., 2016)
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A recent meta-analysis has collected all scientific evidence linking EDCs with cryptorchidism and
hypospadias and found that there was a positive correlation between EDCs and hypospadias.
Cryptorchidism risk, instead, increased only with prenatal exposure to phenol substances (Wu et al.,
2022). Nonetheless, since EDC exposure is hard to measure and many of these compounds can act
together at low doses, further studies could better elucidate the correlation between genital

abnormalities and environmental toxicants.

Even in canine species, Testicular Dysgenesis Syndrome was guessed since dogs live close to the
owners sharing the same environmental hazard and the same negative trend towards reproductive
issues (Lea et al., 2016). So far histological and immunohistochemical clues of TDS were described in
canine species (Pecile et al., 2021, Grieco et al., 2008), however literature is still poor, and a single
study focused on the role of environmental chemical on canine semen viability, motility and DNA
integrity (Lea et al., 2016). Analysing pet food and dog toys, several authors managed to find toxic
compounds such as polybrominated diphenylethers (PBDEs), phytoestrogens, bisphenol A (BPA) and
phthalates (Wooten & Smith 2013, Dye et al. 2007, Kang & Kondo 2002). Nevertheless, none of these
studies deepened the relationship with poor semen quality, cryptorchidism, hypospadias, and

testicular cancer.

Despite implications on semen quality and testes are easier to investigate, also many female
reproductive disorders were related to EDCs even though more scientific evidence are needed
(Caserta et al., 2011). Among them there are different ovarian disturbances regarding oocyte quality
and aneuploidy, Polycystic Ovary Syndrome (POS), Premature Ovarian Failure (POF), and impaired
cyclicity and fecundability (Crain et al., 2008). Not only ovaries, but also uterus can be altered by
environmental toxic compounds. Animal studies showed that exposure to dioxin-like compounds
promote endometriosis by interfering with hormonal regulation and immune system (Rier et al.,
2001, Cummings et al., 1999). The development of leiomyoma was also associated with exposure to
estrogenic compounds, in particular diethylstilbestrol (DES), during prenatal life (Baird & Newbold,
2005). Moreover, although few studies addressed this issue, placentation disfunctions resulting in
pregnancy loss and reduced foetal growth were associated to EDCs exposure (Tachibana et al., 2007,
Matsuura et al., 2004). Even in women, it was suggested that perturbations during developmental
stages could interfere with female development, especially with folliculogenesis, and impair

reproductive function in adult life. Taking a cue from man, this hypothesis was named Ovarian

14



Dysgenesis Syndrome (ODS) (Buck Louis et al., 2011). Unfortunately, in female dogs only few evidence
of EDCs action can be found in literature mainly on ovaries removed during spaying and milk: thereby,

an effect comparable to that observed in women can only be speculated (Sumner et al., 2020).

Tobacco smoke exposure

Tobacco smoke is a widespread vice in modern society (Ng et al, 2014). The harmful consequences
of its consumption received great attention from scientific community due to the strong impact on
Public Health (IARC, 2004). Nowadays, cigarettes smoke has been closely related to several type of
cancer primarily affecting lungs and airways, digestive system including liver and pancreas, urinary
and genital tract (IARC, 2004). In addition, it is a well-known risk factor even for chronic respiratory
pathologies (Salvi, 2014), cardiovascular problems (Ambrose & Barua, 2004) and metabolic diseases

such as type 2 diabetes (Sliwiriska-Mossor & Milnerowicz, 2017).

Thousands of compounds are produced and released in cigarette smoking process and many of them
are toxic, mutagenic and carcinogenic. These chemicals, comprising nicotine and its metabolites,
heavy metals and polycyclic aromatic hydrocarbons, can be found in mainstream as well as in

sidestream smoke even though at different concentrations (Soleimani et al., 2022).
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Figure 4. Different type of smoke produced (Harlev et al. 2015)

The term mainstream smoke refers to the smoke actively inhaled and exhaled by smokers.
Sidestream smoke, instead, is the one that remains in the air and is generated by cigarette’s burning

end. First-hand (or active) smokers assume both mainstream and sidestream smoke while second-
15



hand smokers are exposed to sidestream and exhaled mainstream smoke which comes from
smoker’s lungs (Harlev et al., 2015). Recently, third-hand smoke exposure has been described and
included all tobacco residue that can be absorbed through dermal uptake or ingestion from

contaminated surface (Jacob et al., 2017).

The consequences of first- and second-hand smoke have been investigated also in male and female
reproductive field, sometimes providing conflicting results. Particularly in man, it was difficult to
estimate the precise impact of smoking on fertility and semen quality because many confounding
factors are present, like alcohol and drugs assumption, medical illness and occupational hazard, and
different criteria were used to assess spermiogram (Sharma et al.,, 2016, Harlev et al.,, 2015).
Nonetheless, many studies found a detrimental effect of smoking on semen parameters. In healthy
men a significant reduction in ejaculate volume, sperm concentration and percentage of motile
spermatozoa was found in smokers compared to non-smokers. Additionally, an inverse dose—based
association between the number of cigarettes smoked and these semen parameters was suggested
(Ramlau-Hansen et al., 2007). Studies conducted on patients attending infertility clinics highlighted
similar alterations. Sperm density, total sperm count, and total motile sperm were significantly lower
in smokers as well as the percentage of morphologically normal spermatozoa (Liu et al., 2010, Colagar
et al., 2007, Kunzle et al., 2003, Zhang et al., 2000, Merino et al., 1998). Moreover, some authors
noted a lower ejaculate volume in smokers especially when the number of cigarettes per day

exceeded 16 (Zhang et al., 2000, Saaranen et al., 1987).

Nonetheless, it should be considered that spermiogram metrics may not be as meaningful to assess
subtle structural and functional defects which can occur even with normal semen parameters (Harlev
et al., 2015). For example, aberrations of axonemal microtubules that could alter flagellar movement
appeared to be significantly higher in smokers (99%) compared to non-smokers (26%) (Yeung et al.,
2009, Zavos et al., 1998). Additionally, other molecular factors can affect sperm motility in smokers
such as creatine kinase and acrosin enzymatic function. The former participates in ATP metabolism
and seems to be reduced in smokers’ sperm (Ghaffari & Rostami, 2013, Miyaji et al., 2001); the latter
is an essential protein for spermatozoa penetration of the zona pellucida and it displays lower activity

in smokers even with normal semen parameters (El Mulla et al., 1995, Gerhard et al., 1989).

Another deleterious consequence of smoking is the accumulation of reactive oxygen species (ROS) in
the sperm production site and the production of superoxide anions that damage spermatozoa

membrane, proteins, enzymes, and DNA (Valavanidis et al., 2009). Oxidative stress is triggered by

16



nicotine metabolites that lead to inflammation and the infiltration of leukocytes into ejaculate further

stimulating ROS production (Kao et al., 2008, Saleh et al., 2002).

Even though the consequences of active smoking on semen have already been established, few
studies focused on the effect of environmental tobacco smoke (ETS) on male reproduction. Pacifici
and colleagues (1995) were able to detect cotinine, a nicotine metabolite used as biomarker of smoke
exposure, in seminal plasma of passive smokers. However, a single study on rhesus monkeys, non-
human primates, investigated ETS consequences on sperm parameters and function, although it

failed to find spermiogram abnormalities (Hung et al., 2009).

The noxious influence of tobacco smoke doesn’t stop with the negative implications on male fertility
since damages of major importance result from active or passive maternal smoking on foetal and
neonatal health. Indeed, a significant increase in miscarriage, perinatal death and preterm birth risk
was demonstrated in smoking mothers with a positive correlation to daily amount of cigarette
consumed (Pineles et al., 2016, Pineles et al., 2014, Kyrklund-Blomberg et al., 2009). Intrauterine
growth retardation (Abraham et al., 2017), behavioural and cognitive issues (Bublitz & Stroud, 2012,
Weitzman et al., 2002) as well as developmental disorders like cryptorchidism (Yu et al., 2019) were

also related to cigarette smoking during pregnancy.

While smoking is a conscious and dismissible action, exposure to environmental tobacco smoke (ETS)
is more insidious and often inevitable, particularly in household and in the workplace. For this reason,
numerous studies were conducted to estimate its impact on maternal and foetal/neonatal health
and several consequences emerged. Women exposed to second-hand smoke during pregnancy had
greater risk of preterm birth (Cui et al., 2016) while their babies seem to have lower weight and head
dimension at birth (Salmasi et al., 2010). An abnormal placental development could underlie these
findings and placental vascular impairment seemed to be confirmed by an increase of circulating red
blood cells which is a marker of foetal hypoxia (Lindbohm et al.,, 2002, Dollberg et al., 2000).
Additionally, congenital malformation such as orofacial clefts and neural tube defects occurred more
frequently in babies whose mothers experienced passive smoking during pregnancy (Meng et al.,

2018, Sabbagh et al., 2015).

Nicotine is the main tobacco alkaloid, accounting for 95% of the total content. Following inhalation,
nicotine is rapidly absorbed through lungs and in less than 20 seconds can reach brain where the
psychoactive action, responsible for tobacco addiction, is performed (Benowitz et al., 2009). Once

entered the bloodstream, nicotine reaches many organs including kidney, spleen, skeletal muscle,
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and liver where it is metabolized to cotinine, its major metabolite. Almost 70-80% of nicotine is

metabolized to cotinine which is then excreted through urine (Benowitz et al., 2009).

In humans, cotinine has been extensively used as biomarker of ETS thanks to the clear dose-response

relationship and the stability in non-invasive biological sample (Benowitz, 1996, Emmons et al., 1994).

In humans, cotinine can be found in different matrices like blood, hair, saliva, and urine. Cotinine
accumulates in great concentration in urine which is the most sensitive matrix. Since it is ease and
non-invasive to obtain urine sample, it is widely applied as marker of ETS (Torres et al., 2018). Even
hair is a valuable non-invasive cotinine marker (Torafio & van Kan, 2003). Moreover, different from
other matrices, hair cotinine proved to be a long-term marker of second-hand smoke in man

reflecting the exposure during the previous three months (Bernert et al., 2011, Pichini et al., 1997).

In man, cotinine was also detected in the semen of smoking men, with a concentration comparable
to that in blood (Vine et al., 1993), and in the seminal plasma of men exposed to second-hand smoke

with levels of cotinine positively correlated to the degree of daily exposure (Pacifici et al., 1995).

In women, cotinine has been widely described in literature and, besides maternal serum, urine, and
saliva (Baheiraei et al., 2012, Sachiyo et al., 2012, Eskenazi et al., 1995), it was found also in amniotic
fluid and neonatal hair proving its capability to pass placental barrier (Eliopoulos et al., 1994,
Jordanov, 1990). Since it pools both foetal excretions and maternal secretions, amniotic fluid
appeared to be an excellent tool to detect intrauterine exposure. Moreover, neonatal hair proved to
be an effective non-invasive matrix to estimate smoke exposure over the last trimester of pregnancy

(Eliopoulos et al., 1994).

Dog as “man best friend” is often exposed to many health hazards related to owner’s habits and has
been proposed as an effective model for investigating passive smoke consequences in human
species. In this perspective, they are regarded as sentinel of environmental contamination because
the shortest life span allows the early recognition of health implications, especially from an oncologic
point of view (Bukowski & Wartenberg, 1997). Dogs live ever closer to humans and share the same
domestic environment being potentially exposed to second- and third-hand smoke through air, dust
surface and cigarettes butts (Jacob et al., 2017). Many authors faced the impact of passive smoke in
exposed dogs mainly focusing on respiratory and neoplastic diseases. They showed that the risk for
lung (Reif et al., 1992) and nasal (Reif et al., 1997) cancer, lymphoma (Pinello et al., 2017), respiratory
disease (Lin et al., 2018, Yamaya et al., 2014, Roza & Viegas, 2007) and atopic dermatitis (Ka et al.,

2014) appeared to be greater in dogs subjected to ETS.
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Previous studies on canine species assessed smoke exposure looking for nicotine and cotinine in
various matrices. In particular, they were found in blood, hair and urine (Bertone-Johnson et al., 2008,
Knottenbelt et al., 2012, Bawazeer et al., 2011). However, to date, no study has addressed the
detection of these ETS markers in other male and female matrices, such as ejaculate and amniotic

fluid, nor it has evaluated the effect on canine reproductive health.

Oxidative stress

One of the most remarkable factors affecting semen quality is oxidative stress defined as an
imbalance between reactive oxygen species (ROS) production and the activity of antioxidant system
(Walczak—Jedrzejowska et al., 2012). As illustrated in Figure 5, several exogenous and endogenous
factors can generate oxidative stress in semen. Among extrinsic sources there are bad lifestyle and
habits, environmental pollution, and radiation exposure while intrinsic sources comprise
inflammatory and infective diseases, increased scrotal temperature, aging and cancer (Alahmar,

2019, Sabeti et al., 2016).
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Figure 5. Cause and consequences of oxidative stress in ejaculate
(Majzoub & Agarwal, 2017).

When produced within specific limits, ROS are essential to physiological sperm function such as
maturation, capacitation and acrosome reaction (Aitken, 2017, O'Flaherty, 2015). An excess of ROS
exposes spermatozoa to oxidative stress-induced damages because of the high content of

polyunsaturated fatty acids within their membranes together with the low concentration of
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scavenging enzymes in the cytoplasm (Alvarez & Storey, 1995, de Lamirande & Gagnon, 1995).
Despite the limited amount of cytoplasm, spermatozoa are protected by damages by both enzymatic
and non-enzymatic antioxidant systems inside the cell and in seminal plasma (Aitken & Sawyer, 2003).
In dogs, 95% of the seminal plasma is produced by the prostate which is the only accessory sex gland
and produces the first and the third fractions of the ejaculate (Domoslawska et al., 2019). For this
reason, in this species, prostatic fractions are the major source of antioxidant defences that include
reduced glutathione (GSH), glutathione peroxidase (GPx), phospholipid hydroperoxide glutathione
peroxidase (PHGPx) and superoxide dismutase (SOD) (Vieira et al., 2018, Angrimani et al., 2013,
Strzezek et al., 2009).

In humans, oxidative stress affects spermatozoa both at structural and functional level. Indeed, it
negatively influences semen parameters such as motility, velocity, and morphology of male germ
cells (Aitken et al., 2012), but also lead to apoptosis by interfering with lipid and protein structures
(Wakamatsu et al., 2013). Furthermore, excessive ROS hesitate in impaired genomic and

mitochondrial DNA integrity (Bui et al., 2018).

As described for man, elevated ROS levels were related to spermiogram abnormalities even in dogs.
In particular, canine spermatozoa exposed to oxidative stress showed a reduction in motility and
membrane function as well as a greater number of morphological defects (Tselkas et al., 2000).
Nonetheless, in canine species, literature was mainly focused on ROS effects on frozen semen and
post-thaw quality (Vieira et al., 2018, Prete et al., 2018, Lucio et al., 2016a, Lucio et al., 2016b).
Cryopreservation allows ejaculate long-term storage as well as its worldwide shipping (Thomassen &
Farstad, 2009). This process, however, generates high amount of ROS partly due to spermatozoa
metabolism and partly caused by the removal of seminal plasma, sperm antioxidant reservoir, before
freezing process (Lucio et al., 2016). To face this cryopreservation issue, several antioxidants were
added to extenders in order to protect semen from oxidative stress injury (Bang et al., 2021, Schéafer-
Somi et al., 2021, Shakouri et al., 2021, Kawasaki et al, 2020, Qamar et al., 2020, Strzezek et al., 2012,
Neagu et al., 2010, Monteiro et al., 2009, Beccaglia et al., 2009, Michael et al., 2007).

Unlike man, in canine species few studies examined the impact of oxidative stress on fresh semen
guality. Since many environmental causes can alter ejaculate redox balance, further studies on this
topic in dogs are desirable. In this respect, it should be considered harmful consequences seemed to
be caused by elevated oxidants levels as well as by an unphysiological high exposure to reductants

that culminates in the so-called “reductive stress” (RS) (Castagné et al. 1999) and the rupture of the
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ideal redox balance towards both OS and RS had negative impact on semen parameters (Panner

Selvam et al., 2020).

Antioxidants
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Figure 6. Variations of redox balance (Henkel et al.,2018)
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MIRNOMICS: OLD QUESTION, CUTTING-EDGE SOLUTIONS

Omics techniques are gaining more and more ground in scientific scene due to their ability to
investigate biological processes in deep. The introduction of Next Generation Sequencing (NGS)
allowed the acquisition of an unprecedented amount of information regarding genome leading to

Iz

the spread of omics technologies. The term “-omics” refers to several disciplines which aim to
describe and quantify different biological molecules in order to map out structure, function, and
dynamics of an organism. Their application covers distinct areas from DNA (genomics), through
MRNA (transcriptomics), proteins (proteomics) and metabolites (metabolomics). Among them, a
promising branch is miRNomics, a technique that analyzes miRNA and has been widely applied in

medical field especially in oncology.

microRNAS

microRNAs (miRNAs) are small non-coding RNAs composed by a single-stranded RNA molecule of
approximately 22 nucleotides (Ambros, 2004). Their maturation occurs through a series of steps.
mMiRNAs originate in the nucleus, then undergo various modifications and finally are exported in the
cytoplasm where their development ends (Huang et al., 2011). Representing approximately 3% of
human genome (Bartel, 2004), miRNAs participate in numerous biological processes like cellular
proliferation, differentiation and apoptosis, organ development, signalling pathways, metabolism,
and homeostasis (Huang et al., 2010). In particular, they regulate gene expression at post-
transcriptional level by pairing with a complementary portion of mRNA, the seed region (Brennecke
et al, 2005). Binding to Argonaute proteins, miRNAs are able to inhibit protein synthesis using the

following mechanisms:

A. prevention of translation onset

B. suppression of protein elongation

C. premature interruption of translation (ribosome drop-off)

D. protein degradation in parallel with its synthesis (Eulalio et al., 2008).

This regulatory system involves lot of the genome, in fact, in animals, each miRNA could target lots

of different genes and a mRNA could be targeted by multiple miRNAs (Krek et al., 2005, Cai et al.,
2009).
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miRNAs and cancer

As described above, in physiological conditions miRNAs are fundamental to maintain the proper
modulation of cellular processes, including proliferation, differentiation and apoptosis. In fact, their
control on gene expression enables the body to deal with environmental stressors like hypoxia,
oxidative stress and DNA damage that underlie various illnesses including cancer (Ali Syeda et al.,

2020).

Nowadays, it has been widely proven that miRNAs are involved in all aspects of malignancies known
as “hallmarks of cancer”, namely: self-sufficiency in growth signals, insensitivity to anti-growth
signals, evasion from apoptosis, limitless replicative potential, prolonged angiogenesis and tissue
invasion and metastasis (Di Leva et al., 2014, Hanahan & Weinberg, 2000). Their dysregulation always
occurs in neoplastic tissues compared to healthy ones leading to an abnormal growth and a lack of
cellular differentiation (Lu et al., 2005). Moreover, comparing a variety of neoplasms, it was possible
to characterize the miRNome for each kind of tumor and highlight the differential expression of
miRNAs between them (Volinia et al., 2006). In this respect, the down-regulated miRNAs are
considered as Tumor-suppressor miRs because their reduction promotes oncogenes translation and
cancer progression. On the other hand, the up-regulated miRNAs are regarded as OncomiRs since
they inhibit tumor suppressor genes (Mishra et al., 2016, Di Leva et al., 2014). This sort of miRNA-
based identity card defines cancer pathological features such as aggressiveness, vascular invasion,

mitotic index (Calin & Croce, 2006).

Circulating miRNAs: the novel biomarkers

Most of miRNAs fulfil their function at intracellular level, however some of these molecules can be
found also in the extracellular space (Cui et al., 2019). In fact, miRNAs were detected in various body
fluid including blood, urine, saliva, amniotic fluid and seminal plasma (Cortez et al., 2011, Weber et
al., 2010). These cell-free miRNAs are termed “circulating miRNAs” and can be diffused within the
body in both passive and active ways. In the first case, miRNAs are released as a result of cellular
damage (Valihrach et al., 2020) while the active secretion of miRNAs occurs through mechanisms
involving protein carriers and vesicles (Arroyo et al.,, 2011, Zhang et al.,, 2015). Among transport
proteins, extracellular miRNAs can bind to low density (LDL) and high density (HDL) lipoproteins

(Michell & Vickers, 2017), but also to Argonaute proteins (Arroyo et al., 2011) and nucleophosmin 1
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(NPM1), a nucleolar protein (Wang et al., 2010). Vesicles transport, instead, is carried out via
exosomes which are small vesicles that are actively loaded with miRNAs (Mittelbrunn et al., 2011)
and then released after fusion with the cell membrane (Zhang et al., 2015). Protein-mediated
transport seems to be complementary and independent from vesicles one since the profile of
delivered miRNA is dissimilar. Nonetheless, all these kinds of transport guarantee miRNAs stability

and protect them from degradation (Mori et al., 2019).

Circulating miRNAs represent a novel and intriguing method for intercellular communication that
differs from common signalling pathways controlled by neurotransmitter, hormone, and cytokines
(Cui et al.,, 2019). This is especially noteworthy in oncology because circulating miRNAs can reach the
recipient cells allowing the invasion and metastasis of the primary tumor (Mei et al., 2011). The
presence of extracellular miRNAs, however, find a powerful application for diagnostic, prognostic and
therapeutic purposes. In fact, circulating miRNAs display many features required to a potential
biomarker. They are sensitive and specific for different neoplasms (Lu et al., 2005), remain stable in
body fluid thanks to protein binding and exosome that protect them from ribonucleases (Grasedieck
et al., 2012; Mitchell et al., 2008) and can be collected in non-invasive ways (Mori et al., 2019). In
addition, due to their small size (~22 nucleotides), miRNAs survive to formalin fixation and paraffin
embedding allowing countless retrospective studies performed on long-term stored samples (Liu &

Xu, 2011, Klopfleisch et al., 2011).

MiRNAs and Testicular Germ Cell Tumor (TGCT)

Testicular germ cell tumors (TGCT) include two groups of neoplasms with different histological
features: seminoma (SEM) and non-seminoma (NSEM). Despite their heterogeneity, TGCTs seem to
arise from a common precursor, germ cell neoplasia in situ (GCNIS), that originates from a primordial

germ cell (PGC) that failed to evolve to spermatogonium (Baroni et al., 2019, Berney et al., 2016).

The incidence of TGCT has substantially risen over the last decades in parallel with other reproductive
abnormalities like cryptorchidism, hypospadias and testicular dysgenesis (Chieffi et al., 2012, Chia et
al., 2010). Aside from genetic aspects, environmental factors seem to play a major role in TGCT onset
interfering with primordial germ cells differentiation during pregnancy and favouring the

development GCNIS (Rajpert-De Meyts & Hoei-Hansen, 2007).
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Traditional biomarkers like alpha-fetoprotein (AFP), human-chorionic-gonadotropin (HCG) and
lactate dehydrogenase (LDH) lack of sensitivity and specificity, being detectable in only 50% of
patients. For this reason, they found poor application for diagnosis and follow-up of TGCTs. In recent
years, searching for new biomarkers, many authors studied miRNA expression in TGCT and found two
clusters that were up-regulated in these neoplasms irrespective of age, tumor site and histotype:
miR-302/367 and miR-371-373 (Palmer et al., 2010). Sharing similar mRNA target (Gao et al., 2015),
miR-302 and miR-367 speeds up the proliferation of embryonic and pluripotent germ cells by
interacting with genes involved in cell cycle (Lie t al., 2016, Kuo et al., 2012). miR-371-373 cluster has
been extensively studied in oncology because it is involved in cell proliferation (Lee et al., 2009) as
well as in metastasis and invasion (Huang et al., 2008). Beside promoting proliferation and invasion
(Zhou et al., 2012), its overexpression in TGCTs seems to produce the accumulation of DNA mutations
(Wei et al., 2015, Voorhoeve et al., 2006). mir-371 group was than detected as circulating in blood of
patients affected by TGCT thus it was proposed and subsequently confirmed as effective serum
biomarkers for TGCT improving diagnosis and follow-up for these neoplasia (Dieckmann et al., 2019,

Murray et al., 2011).

MiRNA in the canine species

miRNomics is becoming more and more popular even in canine species, that is regarded as an animal
model for humans. Many similarities in pathological, clinical and diagnostic features occur between
man and dog diseases, especially in oncologic field. For this reason, in veterinary medicine, several

studies investigated the role of miRNAs in different kinds of cancer (Sahabi et al., 2018).

The most explored malignancies include lymphoma (Craig et al., 2019, Uhl et al.,2011, Mortarino et
al., 2010), mammary gland cancer (Chen et al.,, 2022, Fish et al., 2020, Osaki et al., 2016) and
osteosarcoma (Leonardi et al., 2021, Gourbault & Llobat, 2020). In addition, miRNA dysregulation
was studied in canine mast cell tumor (Zamarian et al., 2020), transitional cell carcinoma (Kent et al,,

2017), melanoma (Zamarian et al., 2019) and hemangiosarcoma (Grimes et al., 2016).

To date, there is little information regarding miRNAs and canine genital system primarily about their

expression in dogs’ testes. In particular, Kasimanickam and colleagues focused on miRNAs expression

in spermatogenesis (Kasimanickam et al.,, 2014) as well as in mature and immature gonads

(Kasimanickam et al., 2015). In the first work, they found an up-regulation of 9 miRNA families (miR-

200, Mirlet-7, miR-125, miR-146, miR-34, miR-23, cfa-miR-184, cfa-miR-214 and cfa-miR-141) and a
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down-regulation of cfa-miR-19a, cfa-miR-29b, cfa-miR-29c, cfa-miR-101 and cfa-miR-137 following
retinoic acid-induced spermatogenesis (Kasimanickam et al., 2014). The second study, instead,
highlighted a different miRNA expression in gonads of adult dog compared with prepubertal ones
showing that miRNA profile varies according to life stages (Kasimanickam et al., 2015). Ultimately,
circulating miRNAs were evaluated as marker of testicular toxicity and cfa-miR-146b emerged as

potential candidate (Shing et al., 2021).

In dogs, no studies were carried out on miRNAs and testicular tumors so far. Since miRNAs appear to
be conserved among different species (Lee et al., 2007), the analysis of the aforementioned human

markers could represent an interesting perspective even in canine TGCT.

26



REFERENCES

Abraham M, Alramadhan S, Iniguez C, Duijts L, Jaddoe VW, Den Dekker HT, Crozier S, Godfrey KM,
Hindmarsh P, Vik T, Jacobsen GW, Hanke W, Sobala W, Devereux G, Turner S. A systematic review of
maternal smoking during pregnancy and fetal measurements with meta-analysis. PLoS One. 2017 Feb

23;12(2):e0170946. doi: 10.1371/journal.pone.0170946. PMID: 28231292; PMCID: PMC5322900.

Agarwal A, Mulgund A, Hamada A, Chyatte MR. A unique view on male infertility around the globe.
Reprod Biol Endocrinol. 2015 Apr 26;13:37. doi: 10.1186/s12958-015-0032-1. PMID: 25928197,
PMCID: PMC4424520.

Aitken RJ, Jones KT, Robertson SA. Reactive oxygen species and sperm function--in sickness and in
health. J Androl. 2012 Nov-Dec;33(6):1096-106. doi: 10.2164/jandrol.112.016535. Epub 2012 Aug 9.
PMID: 22879525.

Aitken RJ, Sawyer D. The human spermatozoon--not waving but drowning. Adv Exp Med Biol.

2003;518:85-98. doi: 10.1007/978-1-4419-9190-4_8. PMID: 12817679.

Aitken RJ. Reactive oxygen species as mediators of sperm capacitation and pathological damage. Mol
Reprod Dev. 2017 Oct;84(10):1039-1052. doi: 10.1002/mrd.22871. Epub 2017 Sep 5. PMID:
28749007.

Alahmar AT. Role of Oxidative Stress in Male Infertility: An Updated Review. J Hum Reprod Sci. 2019
Jan-Mar;12(1):4-18. doi: 10.4103/jhrs.JHRS_150_18. PMID: 31007461; PMCID: PMC6472207.

Ali Syeda Z, Langden SSS, Munkhzul C, Lee M, Song SJ. Regulatory Mechanism of MicroRNA Expression
in Cancer. Int J Mol Sci. 2020 Mar 3;21(5):1723. doi: 10.3390/ijms21051723. PMID: 32138313;
PMCID: PMC7084905.

Alvarez JG, Storey BT. Differential incorporation of fatty acids into and peroxidative loss of fatty acids
from phospholipids of human spermatozoa. Mol Reprod Dev. 1995 Nov;42(3):334-46. doi:

10.1002/mrd.1080420311. PMID: 8579848.
27



Ambros V. The functions of animal microRNAs. Nature. 2004 Sep 16;431(7006):350-5. doi:
10.1038/nature02871. PMID: 15372042.

Ambrose JA, Barua RS. The pathophysiology of cigarette smoking and cardiovascular disease: an
update. J Am Coll Cardiol. 2004 May 19;43(10):1731-7. doi: 10.1016/j.jacc.2003.12.047. PMID:
15145091.

Angrimani DS, Lucio CF, Veiga GA, Silva LC, Regazzi FM, Nichi M, Vannucchi Cl. Sperm maturation in
dogs: sperm profile and enzymatic antioxidant status in ejaculated and epididymal spermatozoa.

Andrologia. 2014 Sep;46(7):814-9. doi: 10.1111/and.12154. Epub 2013 Aug 22. PMID: 23964863.

Arroyo JD, Chevillet JR, Kroh EM, Ruf IK, Pritchard CC, Gibson DF, Mitchell PS, Bennett CF, Pogosova-
Agadjanyan EL, Stirewalt DL, Tait JF, Tewari M. Argonaute2 complexes carry a population of
circulating microRNAs independent of vesicles in human plasma. Proc Natl Acad Sci U S A. 2011 Mar
22;108(12):5003-8. doi: 10.1073/pnas.1019055108. Epub 2011 Mar 7. PMID: 21383194; PMCID:
PMC3064324.

Baheiraei A, Banihosseini SZ, Heshmat R, Mota A, Mohsenifar A. Association of self-reported passive
smoking in pregnant women with cotinine level of maternal urine and umbilical cord blood at
delivery. Paediatr Perinat Epidemiol. 2012 Jan;26(1):70-6. doi: 10.1111/j.1365-3016.2011.01242 .x.
Epub 2011 Nov 3. PMID: 22150710.

Baird DD, Newbold R. Prenatal diethylstilbestrol (DES) exposure is associated with uterine leiomyoma
development. Reprod Toxicol. 2005 May-Jun;20(1):81-4. doi: 10.1016/j.reprotox.2005.01.002. PMID:
15808789.

Bang S, Qamar AY, Tanga BM, Fang X, Cho J. Resveratrol supplementation into extender protects
against cryodamage in dog post-thaw sperm. J Vet Med Sci. 2021 Jul 10;83(6):973-980. doi:
10.1292/jvms.21-0125. Epub 2021 Apr 26. PMID: 33896876; PMCID: PM(C8267189.

28



Baroni T, Arato |, Mancuso F, Calafiore R, Luca G. On the Origin of Testicular Germ Cell Tumors: From
Gonocytes to Testicular Cancer. Front Endocrinol (Lausanne). 2019 Jun 6;10:343. doi:

10.3389/fend0.2019.00343. PMID: 31244770; PMCID: PMC6563414.

Barstow C, Wilborn RR, Johnson AK. Breeding Soundness Examination of the Bitch. Vet Clin North Am
Small Anim Pract. 2018 Jul;48(4):547-566. doi: 10.1016/j.cvsm.2018.02.004. Epub 2018 Apr 24.
PMID: 29699831.

Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell. 2004 Jan 23;116(2):281-
97. doi: 10.1016/s0092-8674(04)00045-5. PMID: 14744438.

Bawazeer S, Watson DG, Knottenbelt C. Determination of nicotine exposure in dogs subjected to
passive smoking using methanol extraction of hair followed by hydrophilic interaction
chromatography in combination with Fourier transform mass spectrometry. Talanta. 2012 Jan

15,88:408-11. doi: 10.1016/j.talanta.2011.11.008. Epub 2011 Nov 11. PMID: 22265518.

Bay K, Asklund C, Skakkebaek NE, Andersson AM. Testicular dysgenesis syndrome: possible role of
endocrine disrupters. Best Pract Res Clin Endocrinol Metab. 2006 Mar;20(1):77-90. doi:
10.1016/j.beem.2005.09.004. PMID: 16522521.

Beccaglia M, Anastasi P, Chigioni S, Luvoni GC. TRIS-lecithin extender supplemented with antioxidant
catalase for chilling of canine semen. Reprod Domest Anim. 2009 Jul;44 Suppl 2:345-9. doi:
10.1111/j.1439-0531.2009.01410.x. PMID: 19754601.

Benowitz NL, Hukkanen J, Jacob P 3rd. Nicotine chemistry, metabolism, kinetics and biomarkers.
Handb Exp Pharmacol. 2009;(192):29-60. doi: 10.1007/978-3-540-69248-5 2. PMID: 19184645;

PMCID: PMC2953858.

Benowitz NL. Cotinine as a biomarker of environmental tobacco smoke exposure. Epidemiol Rev.

1996;18(2):188-204. doi: 10.1093/oxfordjournals.epirev.a017925. PMID: 9021312.

29



Bergman A, Heindel JJ, Kasten T, Kidd KA, Jobling S, Neira M, Zoeller RT, Becher G, Bjerregaard P,
Bornman R, Brandt |, Kortenkamp A, Muir D, Drisse MIN, Ochieng R, Skakkebaek NE, Byléhn AS, Iguchi
T, Toppari J, Woodruff TJ. The impact of endocrine disruption: a consensus statement on the state of
the science. Environ Health Perspect. 2013 Apr;121(4):A104-6. doi: 10.1289/ehp.1205448. PMID:
23548368; PMCID: PMC3620733.

Bernert JT, Alexander JR, Sosnoff CS, McGuffey JE. Time course of nicotine and cotinine incorporation
into samples of nonsmokers' beard hair following a single dose of nicotine polacrilex. J Anal Toxicol.

2011 Jan;35(1):1-7. doi: 10.1093/anatox/35.1.1. PMID: 21219696.

Berney DM, Looijenga LH, Idrees M, Oosterhuis JW, Rajpert-De Meyts E, Ulbright TM, Skakkebaek NE.
Germ cell neoplasia in situ (GCNIS): evolution of the current nomenclature for testicular pre-invasive
germ cell malignancy. Histopathology. 2016 Jul;69(1):7-10. doi: 10.1111/his.12958. Epub 2016 Apr
12. PMID: 26918959.

Bertone-Johnson ER, Procter-Gray E, Gollenberg AL, Ryan MB, Barber LG. Environmental tobacco
smoke and canine urinary cotinine level. Environ Res. 2008 Mar;106(3):361-4. doi:

10.1016/j.envres.2007.09.007. Epub 2007 Oct 22. PMID: 17950271; PMCID: PMC2297465.

Birnbaum LS, Fenton SE. Cancer and developmental exposure to endocrine disruptors. Environ Health

Perspect. 2003 Apr;111(4):389-94. doi: 10.1289/ehp.5686. PMID: 12676588; PMCID: PMC1241417.

Brennecke J, Stark A, Russell RB, Cohen SM. Principles of microRNA-target recognition. PLoS Biol.
2005 Mar;3(3):e85. doi: 10.1371/journal.pbio.0030085. PMID: 15723116; PMCID: PMC1043860.

Bublitz MH, Stroud LR. Maternal smoking during pregnancy and offspring brain structure and
function: review and agenda for future research. Nicotine Tob Res. 2012 Apr;14(4):388-97. doi:

10.1093/ntr/ntr191. Epub 2011 Dec 16. PMID: 22180574; PMCID: PMC3313781.

Buck Louis GM, Cooney MA, Peterson CM. The ovarian dysgenesis syndrome. Journal of

Developmental Origins of Health and Disease. Cambridge University Press; 2011;2(1):25-35.

30



Bui AD, Sharma R, Henkel R, Agarwal A. Reactive oxygen species impact on sperm DNA and its role in
male infertility. Andrologia. 2018 Oct;50(8):e13012. doi: 10.1111/and.13012. Epub 2018 Apr 11.
PMID: 29644708.

Bukowski JA, Wartenberg D. An alternative approach for investigating the carcinogenicity of indoor
air pollution: pets as sentinels of environmental cancer risk. Environ Health Perspect. 1997

Dec;105(12):1312-9. doi: 10.1289/ehp.971051312. PMID: 9405322; PMCID: PMC1470413.

CaiY,YuX, HuS, Yul. A brief review on the mechanisms of miRNA regulation. Genomics Proteomics
Bioinformatics. 2009 Dec;7(4):147-54. doi: 10.1016/51672-0229(08)60044-3. PMID: 20172487;
PMCID: PMC5054406.

Calin GA, Croce CM. MicroRNA signatures in human cancers. Nat Rev Cancer. 2006 Nov;6(11):857-
66. doi: 10.1038/nrc1997. PMID: 17060945.

Caserta D, Mantovani A, Marci R, Fazi A, Ciardo F, La Rocca C, Maranghi F, Moscarini M. Environment
and women's reproductive health. Hum Reprod Update. 2011 May-Jun;17(3):418-33. doi:
10.1093/humupd/dmq061. Epub 2011 Jan 24. PMID: 21266373.

Castagné V, Lefevre K, Natero R, Clarke PG, Bedker DA. An optimal redox status for the survival of
axotomized ganglion cells in the developing retina. Neuroscience. 1999;93(1):313-20. doi:

10.1016/s0306-4522(99)00138-4. PMID: 10430495.

Chen HW, Lai YC, Rahman MM, Husna AA, Hasan MN, Miura N. Micro RNA differential expression
profile in canine mammary gland tumor by next generation sequencing. Gene. 2022 Apr

15;818:146237. doi: 10.1016/j.gene.2022.146237. Epub 2022 Jan 22. PMID: 35077831.

Chia VM, Quraishi SM, Devesa SS, Purdue MP, Cook MB, McGlynn KA. International trends in the

incidence of testicular cancer, 1973-2002. Cancer Epidemiol Biomarkers Prev. 2010 May;19(5):1151-
9. doi: 10.1158/1055-9965.EPI-10-0031. PMID: 20447912; PMCID: PMC2867073.

31



Chieffi, P., Chieffi, S., Franco, R. et al. Recent advances in the biology of germ cell tumors: Implications
for the diagnosis and treatment. J Endocrinol Invest 35, 1015-1020 (2012).
https://doi.org/10.3275/8716

Colagar AH, Jorsaraee GA, Marzony ET. Cigarette smoking and the risk of male infertility. Pak J Biol
Sci. 2007 Nov 1;10(21):3870-4. doi: 10.3923/pjbs.2007.3870.3874. PMID: 19090244.

Cortez MA, Bueso-Ramos C, Ferdin J, Lopez-Berestein G, Sood AK, Calin GA. MicroRNAs in body fluids-
-the mix of hormones and biomarkers. Nat Rev Clin Oncol. 2011 Jun 7;8(8):467-77. doi:
10.1038/nrclinonc.2011.76. PMID: 21647195; PMCID: PMC3423224.

Craig KKL, Wood GA, Keller SM, Mutsaers AJ, Wood RD. MicroRNA profiling in canine multicentric
lymphoma. PLoS One. 2019 Dec 11;14(12):e0226357. doi: 10.1371/journal.pone.0226357. PMID:
31826004; PMCID: PMC6905567.

Crain DA, Janssen SJ, Edwards TM, Heindel J, Ho SM, Hunt P, Iguchi T, Juul A, McLachlan JA, Schwartz
J, Skakkebaek N, Soto AM, Swan S, Walker C, Woodruff TK, Woodruff TJ, Giudice LC, Guillette L Jr.
Female reproductive disorders: the roles of endocrine-disrupting compounds and developmental
timing. Fertil Steril. 2008 Oct;90(4):911-40. doi: 10.1016/j.fertnstert.2008.08.067. PMID: 18929049;
PMCID: PMC4086418.

Cui H, Gong TT, Liu CX, Wu QJ. Associations between Passive Maternal Smoking during Pregnancy
and Preterm Birth: Evidence from a Meta-Analysis of Observational Studies. PLoS One. 2016 Jan

25;11(1):e0147848. doi: 10.1371/journal.pone.0147848. PMID: 26808045; PMCID: PMC4726502.

Cummings AM, Hedge JM, Birnbaum LS. Effect of prenatal exposure to TCDD on the promotion of
endometriotic lesion growth by TCDD in adult female rats and mice. Toxicol Sci. 1999 Nov;52(1):45-
9. doi: 10.1093/toxsci/52.1.45. PMID: 10568697.

de Lamirande E, Gagnon C. Impact of reactive oxygen species on spermatozoa: a balancing act

between beneficial and detrimental effects. Hum Reprod. 1995 Oct;10 Suppl 1:15-21. doi:
10.1093/humrep/10.suppl_1.15. PMID: 8592032.

32



Di Leva G, Garofalo M, Croce CM. MicroRNAs in cancer. Annu Rev Pathol. 2014;9:287-314. doi:
10.1146/annurev-pathol-012513-104715. Epub 2013 Sep 25. PMID: 24079833; PMCID:
PMC4009396.

Diamanti-Kandarakis E, Bourguignon JP, Giudice LC, Hauser R, Prins GS, Soto AM, Zoeller RT, Gore AC.
Endocrine-disrupting chemicals: an Endocrine Society scientific statement. Endocr Rev. 2009

Jun;30(4):293-342. doi: 10.1210/er.2009-0002. PMID: 19502515; PMCID: PMC2726844.

Dieckmann KP, Radtke A, Geczi L, Matthies C, Anheuser P, Eckardt U, Sommer J, Zengerling F, Trenti
E, Pichler R, Belz H, Zastrow S, Winter A, Melchior S, Hammel J, Kranz J, Bolten M, Krege S, Haben B,
Loidl W, Ruf CG, Heinzelbecker J, Heidenreich A, Cremers JF, Oing C, Hermanns T, Fankhauser CD,
Gillessen S, Reichegger H, Cathomas R, Pichler M, Hentrich M, Eredics K, Lorch A, Wiilfing C, Peine S,
Wosniok W, Bokemeyer C, Belge G. Serum Levels of MicroRNA-371a-3p (M371 Test) as a New
Biomarker of Testicular Germ Cell Tumors: Results of a Prospective Multicentric Study. J Clin Oncol.
2019 Jun 1;37(16):1412-1423. doi: 10.1200/JC0.18.01480. Epub 2019 Mar 15. PMID: 30875280;
PMCID: PMC6544462.

Dollberg S, Fainaru O, Mimouni FB, Shenhav M, Lessing JB, Kupferminc M. Effect of passive smoking
in pregnancy on neonatal nucleated red blood cells. Pediatrics. 2000 Sep;106(3):E34. doi:
10.1542/peds.106.3.e34. PMID: 10969118.

Domoslawska A, Zdunczyk S, Franczyk M, Kankofer M, Janowski T. Total antioxidant capacity and
protein peroxidation intensity in seminal plasma of infertile and fertile dogs. Reprod Domest Anim.

2019 Feb;54(2):252-257. doi: 10.1111/rda.13345. Epub 2018 Oct 10. PMID: 30222222.

Dye JA, Venier M, Zhu L, Ward CR, Hites RA, Birnbaum LS. Elevated PBDE levels in pet cats: sentinels
for humans? Environ Sci Technol. 2007 Sep 15;41(18):6350-6. doi: 10.1021/es0708159. PMID:
17948778.

El Mulla KF, K6hn FM, El Beheiry AH, Schill WB. The effect of smoking and varicocele on human sperm
acrosin activity and acrosome reaction. Hum Reprod. 1995 Dec;10(12):3190-4. doi:

10.1093/oxfordjournals.humrep.a135885. PMID: 8822441.

33



Eliopoulos C, Klein J, Phan MK, Knie B, Greenwald M, Chitayat D, Koren G. Hair concentrations of
nicotine and cotinine in women and their newborn infants. JAMA. 1994 Feb 23;271(8):621-3. PMID:
8301796.

Emmons KM, Abrams DB, Marshall R, Marcus BH, Kane M, Novotny TE, Etzel RA. An evaluation of the
relationship between self-report and biochemical measures of environmental tobacco smoke

exposure. Prev Med. 1994 Jan;23(1):35-9. doi: 10.1006/pmed.1994.1005. PMID: 8016030.

Eskenazi B, Prehn AW, Christianson RE. Passive and active maternal smoking as measured by serum
cotinine: the effect on birthweight. Am J Public Health. 1995 Mar;85(3):395-8. doi:
10.2105/ajph.85.3.395. PMID: 7892926; PMCID: PMC1614894.

Esteves SC, Zini A, Aziz N, Alvarez JG, Sabanegh ES Jr, Agarwal A. Critical appraisal of World Health
Organization's new reference values for human semen characteristics and effect on diagnosis and
treatment of subfertile men. Urology. 2012 Jan;79(1):16-22. doi: 10.1016/j.urology.2011.08.003.
Epub 2011 Nov 8. PMID: 22070891.

Eulalio A, Huntzinger E, Izaurralde E. Getting to the root of miRNA-mediated gene silencing. Cell. 2008
Jan 11;132(1):9-14. doi: 10.1016/j.cell.2007.12.024. PMID: 18191211.

Felgueiras J, Ribeiro R, Brevini TAL, Costa PF. State-of-the-art in reproductive bench science: Hurdles
and new technological solutions. Theriogenology. 2020 Jul 1;150:34-40. doi:
10.1016/j.theriogenology.2020.01.067. Epub 2020 Jan 30. PMID: 32088039.

Fish EJ, Martinez-Romero EG, Delnnocentes P, Koehler JW, Prasad N, Smith AN, Bird RC. Circulating
microRNA as biomarkers of canine mammary carcinoma in dogs. J Vet Intern Med. 2020
May;34(3):1282-1290. doi: 10.1111/jvim.15764. Epub 2020 Apr 27. PMID: 32342546; PMCID:
PMC7255679.

Freshman JL. Clinical approach to infertility in the cycling bitch. Vet Clin North Am Small Anim Pract.
1991 May;21(3):427-35. doi: 10.1016/s0195-5616(91)50052-8. PMID: 1858241.

34



Gao Z, Zhu X, Dou Y. The miR-302/367 cluster: a comprehensive update on its evolution and
functions. Open Biol. 2015 Dec;5(12):150138. doi: 10.1098/rsob.150138. PMID: 26631377; PMCID:
PMC4703056.

Gerhard |, Frohlich E, Eggert-Kruse W, Klinga K, Runnebaum B. Relationship of sperm acrosin activity
to semen and clinical parameters in infertile patients. Andrologia. 1989 Mar-Apr;21(2):146-54. PMID:
2712369.

Ghaffari MA, Rostami M. The effect of cigarette smoking on human sperm creatine kinase activity: as
an ATP buffering system in sperm. Int J Fertil Steril. 2013 Jan;6(4):258-65. Epub 2013 Mar 3. PMID:
24520449; PMCID: PM(C3850315.

Giusti M, Falivene MR, Carraro A, Cuttica CM, Valenti S, Giordano G. The effect of non-steroidal
antiandrogen flutamide on luteinizing hormone pulsatile secretion in male-to-female transsexual

subjects. J Endocrinol Invest. 1995 Jun;18(6):420-6. doi: 10.1007/BF03349739. PMID: 7594235.

Gourbault O, Llobat L. MicroRNAs as Biomarkers in Canine Osteosarcoma: A New Future? Vet Sci.

2020 Sep 30;7(4):146. doi: 10.3390/vetsci7040146. PMID: 33008041; PMCID: PMC7711435.

Grasedieck S, Scholer N, Bommer M, Niess JH, Tumani H, Rouhi A, Bloehdorn J, Liebisch P, Mertens
D, Déhner H, Buske C, Langer C, Kuchenbauer F. Impact of serum storage conditions on microRNA
stability. Leukemia. 2012 Nov;26(11):2414-6. doi: 10.1038/leu.2012.106. Epub 2012 Apr 16. PMID:
22504138.

Grieco V, Riccardi E, Veronesi MC, Giudice C, Finazzi M. Evidence of testicular dysgenesis syndrome
in the dog. Theriogenology. 2008 Jul 1;70(1):53-60. doi: 10.1016/j.theriogenology.2008.02.009. Epub
2008 Apr 21. PMID: 18423567.

Grimes JA, Robinson KR, Bullington AM, Schmiedt JM. Identification of serum microRNAs with
differential expression between dogs with splenic masses and healthy dogs with histologically normal

spleens. Am J Vet Res. 2021 Aug;82(8):659-666. doi: 10.2460/ajvr.82.8.659. PMID: 34296940.

35



Hamlin HJ, Guillette LJ Jr. Embryos as targets of endocrine disrupting contaminants in wildlife. Birth

Defects Res C Embryo Today. 2011 Mar;93(1):19-33. doi: 10.1002/bdrc.20202. PMID: 21425439.

Hanahan D, Weinberg RA. The hallmarks of cancer. Cell. 2000 Jan 7;100(1):57-70. doi:
10.1016/s0092-8674(00)81683-9. PMID: 10647931.

Harlev A, Agarwal A, Gunes SO, Shetty A, du Plessis SS. Smoking and Male Infertility: An Evidence-
Based Review. World J Mens Health. 2015 Dec;33(3):143-60. doi: 10.5534/wjmh.2015.33.3.143.
Epub 2015 Dec 23. PMID: 26770934; PMCID: PMC4709430.

Henkel R, Sandhu IS, Agarwal A. The excessive use of antioxidant therapy: A possible cause of male
infertility? Andrologia. 2019 Feb;51(1):e13162. doi: 10.1111/and.13162. Epub 2018 Sep 26. PMID:
30259539.

Huang Q, Gumireddy K, Schrier M, le Sage C, Nagel R, Nair S, Egan DA, Li A, Huang G, Klein-Szanto AJ,
Gimotty PA, Katsaros D, Coukos G, Zhang L, Puré E, Agami R. The microRNAs miR-373 and miR-520c
promote tumour invasion and metastasis. Nat Cell Biol. 2008 Feb;10(2):202-10. doi:

10.1038/ncb1681. Epub 2008 Jan 13. PMID: 18193036.

Huangs$S, He X. The role of microRNAs in liver cancer progression. BrJ Cancer. 2011 Jan 18;104(2):235-
40. doi: 10.1038/sj.bjc.6606010. Epub 2010 Nov 23. PMID: 21102580; PMCID: PMC3031886.

Huang, Y., Shen, X.J., Zou, Q. et al. Biological functions of MicroRNAs. Russ J Bioorg Chem 36, 684—
689 (2010). https://doi.org/10.1134/51068162010060026

Hung PH, Froenicke L, Lin CY, Lyons LA, Miller MG, Pinkerton KE, VandeVoort CA. Effects of
environmental tobacco smoke in vivo on rhesus monkey semen quality, sperm function, and sperm
metabolism. Reprod Toxicol. 2009 Apr;27(2):140-8. doi: 10.1016/j.reprotox.2008.12.007. Epub 2008
Dec 30. PMID: 19159676.

36



IARC Working Group on the Evaluation of Carcinogenic Risks to Humans. Tobacco smoke and
involuntary smoking. IARC Monogr Eval Carcinog Risks Hum. 2004;83:1-1438. PMID: 15285078;
PMCID: PMC4781536.

Jacob P 3rd, Benowitz NL, Destaillats H, Gundel L, Hang B, Martins-Green M, Matt GE, Quintana PJ,
Samet JM, Schick SF, Talbot P, Aquilina NJ, Hovell MF, Mao JH, Whitehead TP. Thirdhand Smoke: New
Evidence, Challenges, and Future Directions. Chem Res Toxicol. 2017 Jan 17;30(1):270-294. doi:
10.1021/acs.chemrestox.6b00343. Epub 2016 Dec 21. PMID: 28001376; PMCID: PMC5501723.

Jordanov JS. Cotinine concentrations in amniotic fluid and urine of smoking, passive smoking and
non-smoking pregnant women at term and in the urine of their neonates on 1st day of life. Eur J

Pediatr. 1990 Jul;149(10):734-7. doi: 10.1007/BF01959534. PMID: 2209668.

Ka D, Marignac G, Desquilbet L, Freyburger L, Hubert B, Garelik D, Perrot S. Association between
passive smoking and atopic dermatitis in dogs. Food Chem Toxicol. 2014 Apr;66:329-33. doi:
10.1016/j.fct.2014.01.015. Epub 2014 Jan 31. PMID: 24491262

Kabir ER, Rahman MS, Rahman I. A review on endocrine disruptors and their possible impacts on
human health. Environ Toxicol Pharmacol. 2015 Jul;40(1):241-58. doi: 10.1016/j.etap.2015.06.009.
Epub 2015 Jun 9. PMID: 26164742.

KangJH, Kondo F. Determination of bisphenol A in canned pet foods. Res Vet Sci. 2002 Oct;73(2):177-
82. doi: 10.1016/s0034-5288(02)00102-9. PMID: 12204638.

Kao SH, Chao HT, Chen HW, Hwang TIS, Liao TL, Wei YH. Increase of oxidative stress in human sperm
with lower motility. Fertil Steril. 2008 May;89(5):1183-1190. doi: 10.1016/].fertnstert.2007.05.029.
Epub 2007 Jul 31. PMID: 17669405.

Kasimanickam VR, Kasimanickam RK, Dernell WS. Dysregulated microRNA clusters in response to

retinoic acid and CYP26B1 inhibitor induced testicular function in dogs. PLoS One. 2014 Jun
9;9(6):€99433. doi: 10.1371/journal.pone.0099433. PMID: 24911586; PMCID: PMC4049822.

37



Kasimanickam VR, Kasimanickam RK. Differential expression of microRNAs in sexually immature and
mature canine testes. Theriogenology. 2015 Feb;83(3):394-398.e1. doi:
10.1016/j.theriogenology.2014.10.003. Epub 2014 Oct 7. PMID: 25459426.

Kawasaki Y, Sakurai D, Yoshihara T, Tsuchida M, Harakawa S, Suzuki H. Effect of quercetin on the
motility of cryopreserved canine spermatozoa. Cryobiology. 2020 Oct;96:50-54. doi:
10.1016/j.cryobiol.2020.08.006. Epub 2020 Aug 22. PMID: 32841644,

Kent MS, Zwingenberger A, Westropp JL, Barrett LE, Durbin-Johnson BP, Ghosh P, Vinall RL. MicroRNA
profiling of dogs with transitional cell carcinoma of the bladder using blood and urine samples. BMC
Vet Res. 2017 Nov 15;13(1):339. doi: 10.1186/s12917-017-1259-1. PMID: 29141625; PMCID:
PMC5688639.

Kidd KA, Muir DC, Evans MS, Wang X, Whittle M, Swanson HK, Johnston T, Guildford S.
Biomagnification of mercury through lake trout (Salvelinus namaycush) food webs of lakes with
different physical, chemical and biological characteristics. Sci Total Environ. 2012 Nov 1;438:135-43.
doi: 10.1016/j.scitotenv.2012.08.057. Epub 2012 Sep 13. PMID: 22982939.

Klein B.G. The Endocrine System. In: Cunningham’s textbook of veterinary physiology. 5th ed.
Elsevier; 2013, p. 359 — 366.

Klopfleisch R, Weiss AT, Gruber AD. Excavation of a buried treasure--DNA, mRNA, miRNA and protein
analysis in formalin fixed, paraffin embedded tissues. Histol Histopathol. 2011 Jun;26(6):797-810. doi:
10.14670/HH-26.797. PMID: 21472693.

Knottenbelt CM, Bawazeer S, Hammond J, Mellor D, Watson DG. Nicotine hair concentrations in dogs
exposed to environmental tobacco smoke: a pilot study. J Small Anim Pract. 2012 Nov;53(11):623-6.

doi: 10.1111/j.1748-5827.2012.01284 x. Epub 2012 Oct 1. PMID: 23020087.

Kolster KA. Evaluation of Canine Sperm and Management of Semen Disorders. Vet Clin North Am
Small Anim Pract. 2018 Jul;48(4):533-545. doi: 10.1016/j.cvsm.2018.02.003. Epub 2018 Apr 17.
PMID: 29678334,

38



Krek A, Griin D, Poy MIN, Wolf R, Rosenberg L, Epstein EJ, MacMenamin P, da Piedade |, Gunsalus KC,
Stoffel M, Rajewsky N. Combinatorial microRNA target predictions. Nat Genet. 2005 May;37(5):495-
500. doi: 10.1038/ng1536. Epub 2005 Apr 3. PMID: 15806104.

Krzastek SC, Farhi J, Gray M, Smith RP. Impact of environmental toxin exposure on male fertility
potential. Transl Androl Urol. 2020 Dec;9(6):2797-2813. doi: 10.21037/tau-20-685. PMID: 33457251;
PMCID: PMC7807371.

Kinzle R, Mueller MD, Hanggi W, Birkhauser MH, Drescher H, Bersinger NA. Semen quality of male
smokers and nonsmokers in infertile couples. Fertil Steril. 2003 Feb;79(2):287-91. doi:
10.1016/s0015-0282(02)04664-2. PMID: 12568836.

Kuo CH, Deng JH, Deng Q, Ying SY. A novel role of miR-302/367 in reprogramming. Biochem Biophys
Res Commun. 2012 Jan 6;417(1):11-6. doi: 10.1016/j.bbrc.2011.11.058. Epub 2011 Nov 22. PMID:
22138244,

Kyrklund-Blomberg NB, Granath F, Cnattingius S. Maternal smoking and causes of very preterm birth.
Acta Obstet Gynecol Scand. 2005 Jun;84(6):572-7. doi: 10.1111/j.0001-6349.2005.00848.x. PMID:
15901269.

La Merrill MA, Vandenberg LN, Smith MT, Goodson W, Browne P, Patisaul HB, Guyton KZ, Kortenkamp
A, Cogliano VJ, Woodruff TJ, Rieswijk L, Sone H, Korach KS, Gore AC, Zeise L, Zoeller RT. Consensus on
the key characteristics of endocrine-disrupting chemicals as a basis for hazard identification. Nat Rev
Endocrinol. 2020 Jan;16(1):45-57. doi: 10.1038/s41574-019-0273-8. Epub 2019 Nov 12. PMID:
31719706; PMCID: PMC6902641.

Lea RG, Byers AS, Sumner RN, Rhind SM, Zhang Z, Freeman SL, Moxon R, Richardson HM, Green M,
Craigon J, England GC. Environmental chemicals impact dog semen quality in vitro and may be
associated with a temporal decline in sperm motility and increased cryptorchidism. Sci Rep. 2016 Aug
9,6:31281. doi: 10.1038/srep31281. Erratum in: Sci Rep. 2016 Sep 16;6:33267. PMID: 27503122;
PMCID: PMC4977511.

39



Lee CT, Risom T, Strauss WM. Evolutionary conservation of microRNA regulatory circuits: an
examination of microRNA gene complexity and conserved microRNA-target interactions through
metazoan phylogeny. DNA Cell Biol. 2007 Apr;26(4):209-18. doi: 10.1089/dna.2006.0545. PMID:
17465887.

Lee YS, Dutta A. MicroRNAs in cancer. Annu Rev Pathol. 2009;4:199-227. doi:
10.1146/annurev.pathol.4.110807.092222. PMID: 18817506; PMCID: PMC2769253.

Leonardi L, Scotlandi K, Pettinari |, Benassi MS, Porcellato |, Pazzaglia L. MiRNAs in Canine and Human
Osteosarcoma: A Highlight Review on Comparative Biomolecular Aspects. Cells. 2021 Feb

18;10(2):428. doi: 10.3390/cells10020428. PMID: 33670554; PMCID: PMC7922516.

Levine AD, Boulet SL, Berry RM, Jamieson DJ, Alberta-Sherer HB, Kissin DM. Assessing the use of
assisted reproductive technology in the United States by non-United States residents. Fertil Steril.
2017 Nov;108(5):815-821. doi: 10.1016/j.fertnstert.2017.07.1168. Epub 2017 Sep 12. PMID:
28916332.

Lie S, Morrison JL, Williams-Wyss O, Suter CM, Humphreys DT, Ozanne SE, Zhang S, MaclLaughlin SM,
Kleemann DO, Walker SK, Roberts CT, McMillen IC. Impact of maternal undernutrition around the
time of conception on factors regulating hepatic lipid metabolism and microRNAs in singleton and
twin fetuses. Am J Physiol Endocrinol Metab. 2016 Jan 15;310(2):E148-59. doi:
10.1152/ajpendo.00600.2014. Epub 2015 Oct 20. PMID: 26487010; PMCID: PMC4719029.

Lin CH, Lo PY, Wu HD, Chang C, Wang LC. Association between indoor air pollution and respiratory
disease in companion dogs and cats. J Vet Intern Med. 2018 May;32(3):1259-1267. doi:
10.1111/jvim.15143. Epub 2018 Apr 21. PMID: 29681128; PMCID: PMC5980393.

Lindbohm ML, Sallmén M, Taskinen H. Effects of exposure to environmental tobacco smoke on

reproductive health. Scand J Work Environ Health. 2002;28 Suppl 2:84-96. PMID: 12058806.

Liu A, Xu X. MicroRNA isolation from formalin-fixed, paraffin-embedded tissues. Methods Mol Biol.

2011;724:259-67. doi: 10.1007/978-1-61779-055-3_16. PMID: 21370018; PMCID: PMC4527651.

40



Liu RZ, Gao JC, Zhang HG, Wang RX, Zhang ZH, Liu XY. Seminal plasma zinc level may be associated
with the effect of cigarette smoking on sperm parameters. J Int Med Res. 2010 May-Jun;38(3):923-
8. doi: 10.1177/147323001003800318. PMID: 20819428.

Lu J, Getz G, Miska EA, Alvarez-Saavedra E, Lamb J, Peck D, Sweet-Cordero A, Ebert BL, Mak RH,
Ferrando AA, Downing JR, Jacks T, Horvitz HR, Golub TR. MicroRNA expression profiles classify human
cancers. Nature. 2005 Jun 9;435(7043):834-8. doi: 10.1038/nature03702. PMID: 15944708.

Lucio CF, Regazzi FM, Silva LCG, Angrimani DSR, Nichi M, Vannucchi Cl. Oxidative stress at different
stages of two-step semen cryopreservation procedures in dogs. Theriogenology. 2016
Jun;85(9):1568-1575. doi: 10.1016/j.theriogenology.2016.01.016. Epub 2016 Jan 21. PMID:
26879999.

Lucio CF, Brito MM, Angrimani D, Belaz K, Morais D, Zampieri D, Losano J, Assumpcdao M, Nichi M,
Eberlin MN, Vannucchi Cl. Lipid composition of the canine sperm plasma membrane as markers of
sperm motility. Reprod Domest Anim. 2017 Apr;52 Suppl 2:208-213. doi: 10.1111/rda.12860. Epub
2016 Nov 3. PMID: 27807900.

Lymperi S, Giwercman A. Endocrine disruptors and testicular function. Metabolism. 2018 Sep;86:79-

90. doi: 10.1016/j.metabol.2018.03.022. Epub 2018 Mar 29. PMID: 29605435.

Majzoub A, Agarwal A. Antioxidant therapy in idiopathic oligoasthenoteratozoospermia. Indian J Urol.

2017 Jul-Sep;33(3):207-214. doi: 10.4103/iju.lJU_15_17. PMID: 28717270; PMCID: PMC5508431.

Marelli SP, Beccaglia M, Bagnato A, Strillacci MG. Canine fertility: The consequences of selection for
special traits. Reprod Domest Anim. 2020 Jul;55 Suppl 2:4-9. doi: 10.1111/rda.13586. Epub 2020 Jan
8. PMID: 31913541.

Martin O, Shialis T, Lester J, Scrimshaw M, Boobis A, Voulvoulis N. Testicular dysgenesis syndrome

and the estrogen hypothesis: a quantitative meta-analysis. Cien Saude Colet. 2008 Sep-

Oct;13(5):1601-18. doi: 10.1590/s1413-81232008000500024. PMID: 18813661.

41



Matsuura S, Itakura A, Ohno Y, Nakashima Y, Murata Y, Takeuchi M, Kobayashi M, Mizutani S. Effects
of estradiol administration on feto-placental growth in rat. Early Hum Dev. 2004 Apr;77(1-2):47-56.
doi: 10.1016/j.earlhumdev.2004.01.006. PMID: 15113631.

McGlynn KA, Quraishi SM, Graubard BI, Weber JP, Rubertone MV, Erickson RL. Persistent
organochlorine pesticides and risk of testicular germ cell tumors. J Natl Cancer Inst. 2008 May

7,100(9):663-71. doi: 10.1093/jnci/djn101. Epub 2008 Apr 29. PMID: 18445826.

Meeker JD. Exposure to environmental endocrine disrupting compounds and men's health.
Maturitas. 2010 Jul;66(3):236-41. doi: 10.1016/j.maturitas.2010.03.001. Epub 2010 Mar 29. PMID:
20347536.

Mehrpour O, Karrari P, Zamani N, Tsatsakis AM, Abdollahi M. Occupational exposure to pesticides
and consequences on male semen and fertility: a review. Toxicol Lett. 2014 Oct 15;230(2):146-56.

doi: 10.1016/j.toxlet.2014.01.029. Epub 2014 Jan 30. PMID: 24487096.

Mei J, Bachoo R, Zhang CL. MicroRNA-146a inhibits glioma development by targeting Notch1. Mol
Cell Biol. 2011 Sep;31(17):3584-92. doi: 10.1128/MCB.05821-11. Epub 2011 Jul 5. PMID: 21730286;
PMCID: PMC3165557.

Mendiola J, Jergensen N, Andersson AM, Calafat AM, Ye X, Redmon JB, Drobnis EZ, Wang C, Sparks
A, Thurston SW, Liu F, Swan SH. Are environmental levels of bisphenol a associated with reproductive
function in fertile men? Environ Health Perspect. 2010 Sep;118(9):1286-91. doi:
10.1289/ehp.1002037. Epub 2010 May 21. Erratum in: Environ Health Perspect. 2011
Jan;119(1):A11. PMID: 20494855; PMCID: PMC2944091.

Meng X, Sun Y, Duan W, Jia C. Meta-analysis of the association of maternal smoking and passive

smoking during pregnancy with neural tube defects. Int J Gynaecol Obstet. 2018 Jan;140(1):18-25.
doi: 10.1002/ijgo.12334. Epub 2017 Oct 23. PMID: 28963797.

42



Merino G, Lira SC, Martinez-Chéquer JC. Effects of cigarette smoking on semen characteristics of a
population in Mexico. Arch Androl. 1998 Jul-Aug;41(1):11-5. doi: 10.3109/01485019808988539.
PMID: 9642454,

Merzenich H, Zeeb H, Blettner M. Decreasing sperm quality: a global problem? BMC Public Health.
2010 Jan 19;10:24. doi: 10.1186/1471-2458-10-24. PMID: 20085639; PMCID: PM(C2818620.

Mevyers-Wallen VN. Clinical approach to infertile male dogs with sperm in the ejaculate. Vet Clin North
Am Small Anim Pract. 1991 May;21(3):609-33. doi: 10.1016/s0195-5616(91)50063-2. PMID:
1858251.

Michael A, Alexopoulos C, Pontiki E, Hadjipavlou-Litina D, Saratsis P, Boscos C. Effect of antioxidant
supplementation on semen quality and reactive oxygen species of frozen-thawed canine
spermatozoa. Theriogenology. 2007 Jul 15;68(2):204-12. doi: 10.1016/j.theriogenology.2007.04.053.
Epub 2007 May 30. PMID: 17540441.

Mishra S, Yadav T, Rani V. Exploring miRNA based approaches in cancer diagnostics and therapeutics.
Crit Rev Oncol Hematol. 2016 Feb;98:12-23. doi: 10.1016/j.critrevonc.2015.10.003. Epub 2015 Oct
8. PMID: 26481951.

Mitchell PS, Parkin RK, Kroh EM, Fritz BR, Wyman SK, Pogosova-Agadjanyan EL, Peterson A,
Noteboom J, O'Briant KC, Allen A, Lin DW, Urban N, Drescher CW, Knudsen BS, Stirewalt DL,
Gentleman R, Vessella RL, Nelson PS, Martin DB, Tewari M. Circulating microRNAs as stable blood-
based markers for cancer detection. Proc Natl Acad Sci U S A. 2008 Jul 29;105(30):10513-8. doi:
10.1073/pnas.0804549105. Epub 2008 Jul 28. PMID: 18663219; PMCID: PMC2492472.

Mittelbrunn M, Gutiérrez-Vazquez C, Villarroya-Beltri C, Gonzélez S, Sdnchez-Cabo F, Gonzélez MA,
Bernad A, Sanchez-Madrid F. Unidirectional transfer of microRNA-loaded exosomes from T cells to
antigen-presenting cells. Nat Commun. 2011;2:282. doi: 10.1038/ncomms1285. PMID: 21505438;
PMCID: PMC3104548.

43



Miyaji K, Kaneko S, Ishikawa H, Aoyagi T, Hayakawa K, Hata M, Oohashi M, Izawa A, Murai M. Creatine
kinase isoforms in the seminal plasma and the purified human sperm. Arch Androl. 2001 Mar-

Apr;46(2):127-34. PMID: 11297066.

Monteiro JC, Gongalves JS, Rodrigues JA, Lucio CF, Silva LC, Assumpcao ME, Vannucchi Cl. Influence
of ascorbic acid and glutathione antioxidants on frozen-thawed canine semen. Reprod Domest Anim.

2009 Jul;44 Suppl 2:359-62. doi: 10.1111/j.1439-0531.2009.01434.x. PMID: 19754604.

Mori MA, Ludwig RG, Garcia-Martin R, Branddo BB, Kahn CR. Extracellular miRNAs: From Biomarkers
to Mediators of Physiology and Disease. Cell Metab. 2019 Oct 1;30(4):656-673. doi:
10.1016/j.cmet.2019.07.011. Epub 2019 Aug 22. PMID: 31447320; PMCID: PMC6774861.

Mortarino M, Gioia G, Gelain ME, Albonico F, Roccabianca P, Ferri E, Comazzi S. |dentification of
suitable endogenous controls and differentially expressed microRNAs in canine fresh-frozen and FFPE
lymphoma samples. Leuk Res. 2010 Aug;34(8):1070-7. doi: 10.1016/j.leukres.2009.10.023. Epub
2009 Nov 27. PMID: 19945163.

Murray MJ, Halsall DJ, Hook CE, Williams DM, Nicholson JC, Coleman N. Identification of microRNAs
From the miR-371~373 and miR-302 clusters as potential serum biomarkers of malignant germ cell
tumors. Am J Clin Pathol. 2011 Jan;135(1):119-25. doi: 10.1309/AJCPOE11KEYZCJHT. PMID:
21173133.

Neagu VR, Garcia BM, Sandoval CS, Rodriguez AM, Ferrusola CO, Fernandez LG, Tapia JA, Pefia FJ.
Freezing dog semen in presence of the antioxidant butylated hydroxytoluene improves postthaw
sperm membrane  integrity.  Theriogenology. 2010  Mar  15;73(5):645-50.  doi:
10.1016/j.theriogenology.2009.10.021. Epub 2009 Dec 16. PMID: 20018359.

Newbold RR, Padilla-Banks E, Jefferson WN. Adverse effects of the model environmental estrogen

diethylstilbestrol are transmitted to subsequent generations. Endocrinology. 2006 Jun;147(6

Suppl):S11-7. doi: 10.1210/en.2005-1164. Epub 2006 May 11. PMID: 16690809.

44



Newbold RR, Padilla-Banks E, Snyder RJ, Phillips TM, Jefferson WN. Developmental exposure to
endocrine disruptors and the obesity epidemic. Reprod Toxicol. 2007 Apr-May;23(3):290-6. doi:
10.1016/j.reprotox.2006.12.010. Epub 2007 Jan 17. PMID: 17321108; PMCID: PMC1931509.

Ng M, Freeman MK, Fleming TD, Robinson M, Dwyer-Lindgren L, Thomson B, Wollum A, Sanman E,
Wulf S, Lopez AD, Murray CJ, Gakidou E. Smoking prevalence and cigarette consumption in 187
countries, 1980-2012. JAMA. 2014 Jan 8;311(2):183-92. doi: 10.1001/jama.2013.284692. PMID:
24399557.

Nordkap L, Joensen UN, Blomberg Jensen M, Jgrgensen N. Regional differences and temporal trends
in male reproductive health disorders: semen quality may be a sensitive marker of environmental
exposures. Mol Cell Endocrinol. 2012 May 22;355(2):221-30. doi: 10.1016/j.mce.2011.05.048. Epub
2011 Nov 25. PMID: 22138051.

O'Flaherty C. Redox regulation of mammalian sperm capacitation. Asian J Androl. 2015 Jul-

Aug;17(4):583-90. doi: 10.4103/1008-682X.153303. PMID: 25926608; PMCID: PMC4492048.

Osaki T, Sunden Y, Sugiyama A, Azuma K, Murahata Y, Tsuka T, Ito N, Imagawa T, Okamoto V.
Establishment of a canine mammary gland tumor cell line and characterization of its miRNA
expression. J Vet Sci. 2016 Sep 30;17(3):385-90. doi: 10.4142/jvs.2016.17.3.385. PMID: 26726024;
PMCID: PMC5037307.

Pacifici R, Altieri |, Gandini L, Lenzi A, Passa AR, Pichini S, Rosa M, Zuccaro P, Dondero F. Environmental
tobacco smoke: nicotine and cotinine concentration in semen. Environ Res. 1995 Jan;68(1):69-72.

doi: 10.1006/enrs.1995.1009. PMID: 7729388.

Palmer RD, Murray MJ, Saini HK, van Dongen S, Abreu-Goodger C, Muralidhar B, Pett MR, Thornton
CM, Nicholson JC, Enright AJ, Coleman N; Children's Cancer and Leukaemia Group. Malignant germ
cell tumors display common microRNA profiles resulting in global changes in expression of messenger
RNA targets. Cancer Res. 2010 Apr 1;70(7):2911-23. doi: 10.1158/0008-5472.CAN-09-3301. Epub
2010 Mar 23. PMID: 20332240; PMCID: PMC3000593.

45



Panner Selvam MK, Agarwal A, Henkel R, Finelli R, Robert KA, lovine C, Baskaran S. The effect of
oxidative and reductive stress on semen parameters and functions of physiologically normal human
spermatozoa. Free Radic Biol Med. 2020 May 20;152:375-385. doi:
10.1016/j.freeradbiomed.2020.03.008. Epub 2020 Mar 9. PMID: 32165282.

Pecile A, Groppetti D, Pizzi G, Banco B, Bronzo V, Giudice C, Grieco V. Immunohistochemical insights
into a hidden pathology: Canine cryptorchidism. Theriogenology. 2021 Dec;176:43-53. doi:
10.1016/j.theriogenology.2021.09.011. Epub 2021 Sep 22. PMID: 34571397.

Petersen MS, Halling J, Weihe P, Jensen TK, Grandjean P, Nielsen F, Jgrgensen N. Spermatogenic
capacity in fertile men with elevated exposure to polychlorinated biphenyls. Environ Res. 2015
Apr;138:345-51. doi: 10.1016/j.envres.2015.02.030. Epub 2015 Mar 10. PMID: 25766940; PMCID:
PMC4394374.

Pichini S, Altieri |, Pellegrini M, Pacifici R, Zuccaro P. Hair analysis for nicotine and cotinine: evaluation
of extraction procedures, hair treatments, and development of reference material. Forensic Sci Int.

1997 Jan 17;84(1-3):243-52. doi: 10.1016/s0379-0738(96)02068-3. PMID: 9042730.

Pineles BL, Hsu S, Park E, Samet JM. Systematic Review and Meta-Analyses of Perinatal Death and
Maternal Exposure to Tobacco Smoke During Pregnancy. Am J Epidemiol. 2016 Jul 15;184(2):87-97.
doi: 10.1093/aje/kwv301. Epub 2016 Jul 1. PMID: 27370789; PMCID: PMC4945701.

Pineles BL, Park E, Samet JM. Systematic review and meta-analysis of miscarriage and maternal
exposure to tobacco smoke during pregnancy. Am J Epidemiol. 2014 Apr 1;179(7):807-23. doi:
10.1093/aje/kwt334. Epub 2014 Feb 10. PMID: 24518810; PMCID: PMC3969532.

Pinello KC, Santos M, Leite-Martins L, Niza-Ribeiro J, de Matos AJ. Immunocytochemical study of
canine lymphomas and its correlation with exposure to tobacco smoke. Vet World. 2017
Nov;10(11):1307-1313. doi: 10.14202/vetworld.2017.1307-1313. Epub 2017 Nov 7. PMID:
29263590; PMCID: PM(C5732334.

46



Prete CD, Ciani F, Tafuri S, Pasolini MP, Valle GD, Palumbo V, Abbondante L, Calamo A, Barbato V,
Gualtieri R, Talevi R, Cocchia N. Effect of superoxide dismutase, catalase, and glutathione peroxidase
supplementation in the extender on chilled semen of fertile and hypofertile dogs. J Vet Sci. 2018 Sep

30;19(5):667-675. doi: 10.4142/jvs.2018.19.5.667. PMID: 29649854; PMCID: PMC6167334.

Qamar AY, Fang X, Bang S, Kim MJ, Cho J. Effects of kinetin supplementation on the post-thaw
motility, viability, and structural integrity of dog sperm. Cryobiology. 2020 Aug;95:90-96. doi:
10.1016/j.cryobiol.2020.05.015. Epub 2020 Jun 3. PMID: 32504620.

Quilaqueo N, Villegas JV. Endocrine disruptor chemicals. A review of their effects on male
reproduction and antioxidants as a strategy to counter it. Andrologia. 2022 Mar;54(2):e14302. doi:
10.1111/and.14302. Epub 2021 Nov 11. PMID: 34761829.

Rajpert-de Meyts E, Hoei-Hansen CE. From gonocytes to testicular cancer: the role of impaired
gonadal development. Ann N Y Acad Sci. 2007 Dec;1120:168-80. doi: 10.1196/annals.1411.013.
PMID: 18184914,

Ramlau-Hansen CH, Thulstrup AM, Aggerholm AS, Jensen MS, Toft G, Bonde JP. Is smoking a risk
factor for decreased semen quality? A cross-sectional analysis. Hum Reprod. 2007 Jan;22(1):188-96.

doi: 10.1093/humrep/del364. Epub 2006 Sep 11. PMID: 16966350.

Reif JS, Bruns C, Lower KS. Cancer of the nasal cavity and paranasal sinuses and exposure to
environmental tobacco smoke in pet dogs. Am J Epidemiol. 1998 Mar 1;147(5):488-92. doi:
10.1093/oxfordjournals.aje.a009475. PMID: 9525536.

Reif JS, Dunn K, Ogilvie GK, Harris CK. Passive smoking and canine lung cancer risk. Am J Epidemiol.

1992 Feb 1;135(3):234-9. doi: 10.1093/oxfordjournals.aje.al16276. PMID: 1546698.

Rier SE, Turner WE, Martin DC, Morris R, Lucier GW, Clark GC. Serum levels of TCDD and dioxin-like
chemicals in Rhesus monkeys chronically exposed to dioxin: correlation of increased serum PCB levels
with endometriosis. Toxicol Sci. 2001 Jan;59(1):147-59. doi: 10.1093/toxsci/59.1.147. PMID:
11134554,

47



Roza MR, Viegas CA. The dog as a passive smoker: effects of exposure to environmental cigarette
smoke on domestic dogs. Nicotine Tob Res. 2007 Nov;9(11):1171-6.  doi:
10.1080/14622200701648391. PMID: 17978991.

Saaranen M, Suonio S, Kauhanen O, Saarikoski S. Cigarette smoking and semen quality in men of
reproductive age. Andrologia. 1987 Nov-Dec;19(6):670-6. doi: 10.1111/j.1439-0272.1987.tb01926 .x.
PMID: 3434857.

Sabbagh HJ, Hassan MH, Innes NP, Elkodary HM, Little J, Mossey PA. Passive smoking in the etiology
of non-syndromic orofacial clefts: a systematic review and meta-analysis. PLoS One. 2015 Mar

11;10(3):e0116963. doi: 10.1371/journal.pone.0116963. PMID: 25760440; PMCID: PMC4356514.

Sabeti P, Pourmasumi S, Rahiminia T, Akyash F, Talebi AR. Etiologies of sperm oxidative stress. Int J

Reprod Biomed. 2016 Apr;14(4):231-40. PMID: 27351024; PMCID: PMC4918773.

Sachiyo K, Kumiko A, Keiko N, Kaori K, Sonomi O. Effect of passive smoking using maternal and
neonatal salivary cotinine measurements. Nurs Res. 2012 Mar-Apr;61(2):140-4. doi:

10.1097/NNR.0b013e3182456690. PMID: 22282157.

Sahabi K, Selvarajah GT, Abdullah R, Cheah YK, Tan GC. Comparative aspects of microRNA expression
in canine and human cancers. J Vet Sci. 2018 Mar 31;19(2):162-171. doi: 10.4142/jvs.2018.19.2.162.
PMID: 28927253; PMCID: PMC5879064.

Saleh RA, Agarwal A, Sharma RK, Nelson DR, Thomas AJ Jr. Effect of cigarette smoking on levels of
seminal oxidative stress in infertile men: a prospective study. Fertil Steril. 2002 Sep;78(3):491-9. doi:

10.1016/s0015-0282(02)03294-6. PMID: 12215323.
Salmasi G, Grady R, Jones J, McDonald SD; Knowledge Synthesis Group*. Environmental tobacco

smoke exposure and perinatal outcomes: a systematic review and meta-analyses. Acta Obstet

Gynecol Scand. 2010;89(4):423-441. doi: 10.3109/00016340903505748. PMID: 20085532.

48



Salvi S. Tobacco smoking and environmental risk factors for chronic obstructive pulmonary disease.
Clin Chest Med. 2014 Mar;35(1):17-27. doi: 10.1016/j.ccm.2013.09.011. Epub 2013 Dec 12. PMID:
24507834.

Schafer-Somi S, Binder C, Burak J, Papadopoulos N, llas J, Boersma A, Aurich C. Using egg yolk in a
TRIS-Equex STM paste extender for freezing of dog semen is superior to egg yolk plasma, also after
addition of lecithin and catalase. Cryobiology. 2021 Jun;100:63-71. doi:
10.1016/j.cryobiol.2021.03.009. Epub 2021 Apr 4. PMID: 33826944.

Schug TT, Janesick A, Blumberg B, Heindel JJ. Endocrine disrupting chemicals and disease
susceptibility. J  Steroid  Biochem Mol  Biol. 2011  Nov;127(3-5):204-15.  doi:
10.1016/j.jsbmb.2011.08.007. Epub 2011 Aug 27. PMID: 21899826; PMCID: PM(C3220783.

Sengupta P, Borges E Jr, Dutta S, Krajewska-Kulak E. Decline in sperm count in European men during
the past 50 years. Hum Exp Toxicol. 2018 Mar;37(3):247-255. doi: 10.1177/0960327117703690.
Epub 2017 Apr 17. PMID: 28413887.

Shakouri N, Soleimanzadeh A, Rakhshanpour A, Bucak MN. Antioxidant effects of supplementation
of 3,4-dihydroxyphenyl glycol on sperm parameters and oxidative markers following
cryopreservation in canine semen. Reprod Domest Anim. 2021 Jul;56(7):1004-1014. doi:
10.1111/rda.13944. Epub 2021 May 19. PMID: 33908088.

Sharma R, Harlev A, Agarwal A, Esteves SC. Cigarette Smoking and Semen Quality: A New Meta-
analysis Examining the Effect of the 2010 World Health Organization Laboratory Methods for the
Examination of Human Semen. Eur Urol. 2016 Oct;70(4):635-645. doi:
10.1016/j.eururo.2016.04.010. Epub 2016 Apr 21. PMID: 27113031.

Shing JC, Schaefer K, Grosskurth SE, Vo AH, Sharapova T, Bodié K, Kambara T, Buck WR. Small RNA

Sequencing to Discover Circulating MicroRNA Biomarkers of Testicular Toxicity in Dogs. Int J Toxicol.

2021 Jan-Feb;40(1):26-39. doi: 10.1177/1091581820961515. Epub 2020 Nov 11. PMID: 33176523.

49



Skakkebaek NE, Rajpert-De Meyts E, Buck Louis GM, Toppari J, Andersson AM, Eisenberg ML, Jensen
TK, Jgrgensen N, Swan SH, Sapra KJ, Ziebe S, Priskorn L, Juul A. Male Reproductive Disorders and
Fertility Trends: Influences of Environment and Genetic Susceptibility. Physiol Rev. 2016 Jan;96(1):55-
97. doi: 10.1152/physrev.00017.2015. PMID: 26582516; PMCID: PMC4698396.

Skakkebaek NE, Rajpert-De Meyts E, Main KM. Testicular dysgenesis syndrome: an increasingly
common developmental disorder with environmental aspects. Hum Reprod. 2001 May;16(5):972-8.

doi: 10.1093/humrep/16.5.972. PMID: 11331648.

Skinner MK, Manikkam M, Guerrero-Bosagna C. Epigenetic transgenerational actions of endocrine
disruptors. Reprod Toxicol. 2011 Apr;31(3):337-43. doi: 10.1016/j.reprotox.2010.10.012. Epub 2010
Nov 3. PMID: 21055462; PMCID: PMC3068236.

Sliwiriska-Mossor M, Milnerowicz H. The impact of smoking on the development of diabetes and its
complications. Diab Vasc Dis Res. 2017 Jul;14(4):265-276. doi: 10.1177/1479164117701876. Epub
2017 Apr 8. PMID: 28393534,

Soleimani F, Dobaradaran S, De-la-Torre GE, Schmidt TC, Saeedi R. Content of toxic components of
cigarette, cigarette smoke vs cigarette butts: A comprehensive systematic review. Sci Total Environ.
2022 Mar 20;813:152667. doi: 10.1016/j.scitotenv.2021.152667. Epub 2021 Dec 25. PMID:
34963586.

Strzezek R, Koziorowska-Gilun M, Kowaldwka M, Strzezek J. Characteristics of antioxidant system in

dog semen. Pol J Vet Sci. 2009;12(1):55-60. PMID: 19459440.

Strzezek R, Koziorowska-Gilun M, Stawiszyriska M. Cryopreservation of canine semen: the effect of
two extender variants on the quality and antioxidant properties of spermatozoa. Pol J Vet Sci.

2012;15(4):721-6. doi: 10.2478/v10181-012-0109-0. PMID: 23390762.

Sumner RN, Harris IT, Van der Mescht M, Byers A, England GCW, Lea RG. The dog as a sentinel species
for environmental effects on human fertility. Reproduction. 2020 May;159(6):R265-R276. doi:
10.1530/REP-20-0042. PMID: 32213655.

50



Swan SH, Elkin EP, Fenster L. The question of declining sperm density revisited: an analysis of 101
studies published 1934-1996. Environ Health Perspect. 2000 Oct;108(10):961-6. doi:
10.1289/ehp.00108961. PMID: 11049816; PMCID: PMC1240129.

Tachibana M, Nozaki M, Takeda N, Shinkai Y. Functional dynamics of H3K9 methylation during meiotic
prophase progression. EMBO J. 2007 Jul 25;26(14):3346-59. doi: 10.1038/sj.emb0j.7601767. Epub
2007 Jun 28. PMID: 17599069; PMCID: PMC1933398.

Thomassen R, Farstad W. Artificial insemination in canids: a useful tool in breeding and conservation.
Theriogenology. 2009 Jan 1;71(1):190-9. doi: 10.1016/j.theriogenology.2008.09.007. Epub 2008 Oct
22. PMID: 18947865.

Titus-Ernstoff L, Troisi R, Hatch EE, Hyer M, Wise LA, Palmer JR, Kaufman R, Adam E, Noller K, Herbst
AL, Strohsnitter W, Cole BF, Hartge P, Hoover RN. Offspring of women exposed in utero to
diethylstilbestrol (DES): a preliminary report of benign and malignant pathology in the third
generation. Epidemiology. 2008 Mar;19(2):251-7. doi: 10.1097/EDE.Ob013e318163152a. PMID:
18223485.

Torafio IS, van Kan HJ. Simultaneous determination of the tobacco smoke uptake parameters
nicotine, cotinine and thiocyanate in urine, saliva and hair, using gas chromatography-mass
spectrometry for characterisation of smoking status of recently exposed subjects. Analyst. 2003

Jul;128(7):838-43. doi: 10.1039/b304051h. PMID: 128948109.

Torres S, Merino C, Paton B, Correig X, Ramirez N. Biomarkers of Exposure to Secondhand and
Thirdhand Tobacco Smoke: Recent Advances and Future Perspectives. Int J Environ Res Public Health.

2018 Nov 29;15(12):2693. doi: 10.3390/ijerph15122693. PMID: 30501044; PMCID: PMC6313747.

Tselkas K, Saratsis P, Karagianidis A, Samouilidis S. Extracellular presence of reactive oxygen species
(ROS) in fresh and frozen-thawed canine semen and their effects on some semen parameters. Dtsch

Tierarztl Wochenschr. 2000 Feb;107(2):69-72. PMID: 10743337.

51



Uhl E, Krimer P, Schliekelman P, Tompkins SM, Suter S. Identification of altered MicroRNA expression
in canine lymphoid cell lines and cases of B- and T-Cell lymphomas. Genes Chromosomes Cancer.

2011 Nov;50(11):950-67. doi: 10.1002/gcc.20917. Epub 2011 Aug 24. PMID: 21910161.

Valavanidis A, Vlachogianni T, Fiotakis K. Tobacco smoke: involvement of reactive oxygen species and
stable free radicals in mechanisms of oxidative damage, carcinogenesis and synergistic effects with
other respirable particles. Int J Environ Res Public Health. 2009 Feb;6(2):445-62. doi:
10.3390/ijerph6020445. Epub 2009 Feb 2. PMID: 19440393; PMCID: PMC2672368.

Valihrach L, Androvic P, Kubista M. Circulating miRNA analysis for cancer diagnostics and therapy.
Mol Aspects Med. 2020 Apr;72:100825. doi: 10.1016/j.mam.2019.10.002. Epub 2019 Oct 18. PMID:
31635843.

Vandenberg LN, Colborn T, Hayes TB, Heindel JJ, Jacobs DR Jr, Lee DH, Shioda T, Soto AM, vom Saal
FS, Welshons WV, Zoeller RT, Myers JP. Hormones and endocrine-disrupting chemicals: low-dose
effects and nonmonotonic dose responses. Endocr Rev. 2012 Jun;33(3):378-455. doi:

10.1210/er.2011-1050. Epub 2012 Mar 14. PMID: 22419778; PMCID: PMC3365860.

Veeramachaneni DN. Impact of environmental pollutants on the male: effects on germ cell
differentiation. Anim Reprod Sci. 2008 Apr;105(1-2):144-57. doi: 10.1016/j.anireprosci.2007.11.020.
Epub 2007 Nov 26. PMID: 18155861; PMCID: PMC2366794.

Vieira NMG, Losano JDA, Angrimani DSR, Kawai GKV, Bicudo LC, Rui BR, da Silva BDCS, Assumpcao
MEQOD, Nichi M. Induced sperm oxidative stress in dogs: Susceptibility against different reactive
oxygen species and protective role of seminal plasma. Theriogenology. 2018 Mar 1;108:39-45. doi:

10.1016/j.theriogenology.2017.11.020. Epub 2017 Nov 26. PMID: 29197291.

Vine MF, Hulka BS, Margolin BH, Truong YK, Hu PC, Schramm MM, Griffith JD, McCann M, Everson
RB. Cotinine concentrations in semen, urine, and blood of smokers and nonsmokers. Am J Public

Health. 1993 Sep;83(9):1335-8. doi: 10.2105/ajph.83.9.1335. PMID: 8363014; PMCID: PMC1694994.

Virtanen HE, Adamsson A. Cryptorchidism and endocrine disrupting chemicals. Mol Cell Endocrinol.

2012 May 22;355(2):208-20. doi: 10.1016/j.mce.2011.11.015. Epub 2011 Nov 25. PMID: 22127307.

52



Volinia S, Calin GA, Liu CG, Ambs S, Cimmino A, Petrocca F, Visone R, lorio M, Roldo C, Ferracin M,
Prueitt RL, Yanaihara N, Lanza G, Scarpa A, Vecchione A, Negrini M, Harris CC, Croce CM. A microRNA
expression signature of human solid tumors defines cancer gene targets. Proc Natl Acad Sci U S A.
2006 Feb 14;103(7):2257-61. doi: 10.1073/pnas.0510565103. Epub 2006 Feb 3. PMID: 16461460;
PMCID: PMC1413718.

Voorhoeve PM, Agami R. Classifying microRNAs in cancer: the good, the bad and the ugly. Biochim
Biophys Acta. 2007 Jun;1775(2):274-82. doi: 10.1016/j.bbcan.2006.11.003. Epub 2006 Nov 22. PMID:
17189674.

Wakamatsu TH, Dogru M, Matsumoto Y, Kojima T, Kaido M, Ibrahim OM, Sato EA, Igarashi A, Ichihashi
Y, Satake Y, Shimazaki J, Tsubota K. Evaluation of lipid oxidative stress status in Sjogren syndrome
patients. Invest Ophthalmol Vis Sci. 2013 Jan 7;54(1):201-10. doi: 10.1167/iovs.12-10325. PMID:
23150615.

Walczak-Jedrzejowska R, Wolski JK, Slowikowska-Hilczer J. The role of oxidative stress and
antioxidants in  male fertility. Cent European J Urol. 2013;66(1):60-7. doi:
10.5173/ceju.2013.01.art19. Epub 2013 Apr 26. PMID: 24578993; PMCID: PM(C3921845.

Weber JA, Baxter DH, Zhang S, Huang DY, Huang KH, Lee MJ, Galas DJ, Wang K. The microRNA
spectrum in 12  body fluids. Clin  Chem. 2010 Nov;56(11):1733-41.  doi:
10.1373/clinchem.2010.147405. Epub 2010 Sep 16. PMID: 20847327; PMCID: PMC4846276.

Wei F, Cao C, Xu X, Wang J. Diverse functions of miR-373 in cancer. J Transl Med. 2015 May 20;13:162.
doi: 10.1186/512967-015-0523-z. PMID: 25990556; PMCID: PMC4490662.

Weitzman M, Byrd RS, Aligne CA, Moss M. The effects of tobacco exposure on children's behavioral
and cognitive functioning: implications for clinical and public health policy and future research.
Neurotoxicol Teratol. 2002 May-Jun;24(3):397-406. doi: 10.1016/s0892-0362(02)00201-5. PMID:
12009494.

53



Wilborn RR, Maxwell HS. Clinical approaches to infertility in the bitch. Vet Clin North Am Small Anim
Pract. 2012 May;42(3):457-68, v. doi: 10.1016/j.cvsm.2012.01.016. PMID: 22482812.

Wooten KJ, Smith PN. Canine toys and training devices as sources of exposure to phthalates and
bisphenol A: quantitation of chemicals in leachate and in vitro screening for endocrine activity.
Chemosphere. 2013 Nov;93(10):2245-53. doi: 10.1016/j.chemosphere.2013.07.075. Epub 2013 Sep
3. PMID: 24007620.

WuY, WangJ, WeiY, Chen J, Kang L, Long C, Wu S, Shen L, Wei G. Contribution of prenatal endocrine-
disrupting chemical exposure to genital anomalies in males: The pooled results from current
evidence. Chemosphere. 2022 Jan;286(Pt 3):131844. doi: 10.1016/j.chemosphere.2021.131844.
Epub 2021 Aug 9. PMID: 34392196.

Yamaya Y, Sugiya H, Watari T. Tobacco exposure increased airway limitation in dogs with chronic
cough. Vet Rec. 2014 Jan 4;174(1):18. doi: 10.1136/vr.101810. Epub 2013 Nov 27. PMID: 24285008;
PMCID: PM(C3913206.

Yeung BH, Wan HT, Law AY, Wong CK. Endocrine disrupting chemicals: Multiple effects on testicular
signaling and spermatogenesis. Spermatogenesis. 2011 Jul;1(3):231-239. doi:
10.4161/spmg.1.3.18019. Epub 2011 Jul 1. PMID: 22319671; PMCID: PMC3271665.

Yeung CH, Tlttelmann F, Bergmann M, Nordhoff V, Vorona E, Cooper TG. Coiled sperm from infertile
patients: characteristics, associated factors and biological implication. Hum Reprod. 2009

Jun;24(6):1288-95. doi: 10.1093/humrep/dep017. Epub 2009 Feb 15. PMID: 19221095.

Yilmaz B, Terekeci H, Sandal S, Kelestimur F. Endocrine disrupting chemicals: exposure, effects on
human health, mechanism of action, models for testing and strategies for prevention. Rev Endocr

Metab Disord. 2020 Mar;21(1):127-147. doi: 10.1007/s11154-019-09521-z. PMID: 31792807.

Yu C, Wei Y, Tang X, Liu B, Shen L, Long C, Lin T, He D, Wu S, Wei G. Maternal smoking during
pregnancy and risk of cryptorchidism: a systematic review and meta-analysis. Eur J Pediatr. 2019
Mar;178(3):287-297. doi: 10.1007/s00431-018-3293-9. Epub 2018 Nov 21. Erratum in: Eur J Pediatr.
2019 Jan 8;: PMID: 30465272.

54



Yucra S, Rubio J, Gasco M, Gonzales C, Steenland K, Gonzales GF. Semen quality and reproductive sex
hormone levels in Peruvian pesticide sprayers. Int J Occup Environ Health. 2006 Oct-Dec;12(4):355-
61. doi: 10.1179/0eh.2006.12.4.355. PMID: 17168223.

Zamarian V, Catozzi C, Ressel L, Finotello R, Ceciliani F, Vilafranca M, Altimira J, Lecchi C. MicroRNA
Expression in Formalin-Fixed, Paraffin-Embedded Samples of Canine Cutaneous and Oral Melanoma
by RT-gPCR. Vet Pathol. 2019 Nov;56(6):848-855. doi: 10.1177/0300985819868646. Epub 2019 Sep
16. PMID: 31526125.

Zamarian V, Ferrari R, Stefanello D, Ceciliani F, Grieco V, Minozzi G, Chiti LE, Arigoni M, Calogero R,
Lecchi C. miRNA profiles of canine cutaneous mast cell tumours with early nodal metastasis and
evaluation as potential biomarkers. Sci Rep. 2020 Nov 3;10(1):18918. doi: 10.1038/541598-020-
75877-x. PMID: 33144602; PMCID: PMC7609711.

Zavos PM, Correa JR, Antypas S, Zarmakoupis-Zavos PN, Zarmakoupis CN. Effects of seminal plasma
from cigarette smokers on sperm viability and longevity. Fertil Steril. 1998 Mar;69(3):425-9. doi:
10.1016/s0015-0282(97)00540-2. PMID: 9531871.

Zhang J, Li S, Li L, Li M, Guo C, Yao J, Mi S. Exosome and exosomal microRNA: trafficking, sorting, and
function. Genomics Proteomics Bioinformatics. 2015 Feb;13(1):17-24. doi:

10.1016/j.gpb.2015.02.001. Epub 2015 Feb 24. PMID: 25724326; PMCID: PMC4411500.

Zhang JP, Meng QY, Wang Q, Zhang LJ, Mao YL, Sun ZX. Effect of smoking on semen quality of infertile
men in Shandong, China. Asian J Androl. 2000 Jun;2(2):143-6. PMID: 11232793.

55



AIM OF THE STUDY

The definition of the environmental role on fertility is challenging both in humans and animals
because countless factors are involved. Although it is difficult to clarify the cause-effect link and the
mechanism of action, there is a growing body of evidence suggesting the detrimental effect of
pollutants on gonadal development and reproductive potential. In human medicine, literature on this
topic has increased greatly over years, conversely in canine species knowledge is limited despite dogs

are often exposed to the same toxicants of man.

The overall aim of this PhD thesis was to deepen the impact of the environmental hazards on

reproductive health both in male and female dogs.

For this purpose, the first couple of studies focused on the exposure of male dogs and pregnant
bitches to cigarette smoke through cotinine, which is a marker of nicotine intake. In the former study
we attempted to detect cotinine in serum, ejaculate and hair of dogs living with and without smoking
owners. Then cotinine concentration was related to semen parameters and total antioxidant capacity
(TAC), both in blood and seminal plasma, to estimate the consequences of oxidative stress due to
smoking. Similarly, the succeeding study aimed to measure cotinine in maternal and foetal matrices
like dams’ serum, amniotic fluid and hair of pups and bitches. Even in these patients the relationship

between cotinine levels and exposure degree was examined as well as pregnancy outcomes.

Within the two following projects, we examined cryptorchidism, a developmental disorder whose
multifactorial etiology also includes the exposure to endocrine disruptor chemicals. Initially, we
investigated the presence of precancerous testicular lesions, such as immaturity and atrophy, in
scrotal and undescended testes of cryptorchid patients using immunohistochemistry markers.
Subsequently, gonadal neoplastic predisposition of unilateral cryptorchid dogs was analysed by
means of miRNomics, an innovative molecular technique that allowed us to evaluate changes in gene

regulation occurring in this pathology.
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Abstract

Tobacco smoke has numerous side-effects on human and animal health. In male reproduction, active
smoke impairs seminal parameters, increases ejaculate oxidative stress, and causes DNA
fragmentation in germ cells. The consequences of passive smoke on semen quality, instead, were
poorly investigated and in canine species no study addressed this topic. For this reason, this study
aimed to detect cotinine (a nicotine metabolite) in serum, ejaculate and hair of male dogs living with
and without smoking owners and to weight its influence on semen parameters and total antioxidant
capacity (TAC). Ten dogs were included in passive smokers group (PS) while other ten were regarded
as not-exposed (NE). All of them were purebred dogs belonging to 13 different breeds; age ranged
between 1,5 and 7,5 years (4,13 + 1,75) and body weight varied between 16 and 77,7 kg (34,21 +
12,82). Cotinine was detectable in all samples collected and its concentration was significantly higher
in blood serum (P = 0,0002), semen (P = 0,0002) and hair (P = 0,0004) of dogs exposed to passive
smoke compared with non-exposed patients. Nevertheless, no differences were found in
spermiogram parameters between PS and NE groups and their total antioxidant capacity in plasma
and sperm-rich fraction was comparable. These results showed little effect of second-hand smoke on
semen parameters and oxidative stress level, however, to deepen functional abnormalities of
spermatozoa further studies are needed. Despite this, cotinine was reconfirmed an effective
biomarker of environmental tobacco smoke (ETS) exposure in dogs and, for the first time, it was

found into canine ejaculate depicting a potential concern for male fertility.

Keywords: Dog, Cotinine, Semen, Oxidative stress
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1. Introduction

Tobacco smoking is a widespread bad habit in modern society (Ng et al, 2014). The harmful
consequences of its consumption received great attention from scientific community due to the
strong impact on Public Health (IARC, 2004). Nowadays, cigarettes smoke has been closely related to
several type of cancer primarily affecting lungs and airways (IARC, 2004). In addition, it is a well-
known risk factor for chronic respiratory pathologies (Cheraghi & Salvi, 2009), cardiovascular
problems (Ambrose & Barua, 2004) and metabolic diseases such as type 2 diabetes (Sliwiriska-

Mosson & Milnerowicz, 2017).

Despite a broad range of evidence has showed its negative impact, the role of tobacco smoke on
male reproduction and fertility is still contradictory (Harlev et al., 2015). Nonetheless, many authors
found detrimental effects of smoking on semen parameters both in healthy and infertile human
patients. In the former, a significant reduction in ejaculate volume, sperm concentration and
percentage of motile spermatozoa was reported (Taha et al., 2012, Ramlau-Hansen et al., 2007, Zavos
et al., 1998). Infertile men, instead, showed lower levels of ejaculated volume, total sperm count,
percentage of motile and morphologically normal spermatozoa (Liu et al., 2010, Kunzle et al., 2003,
Zhang et al., 2000, Merino et al., 1998). The mechanisms through which cigarette smoke impair man
fertility has not been fully understood. One of the most compelling hypotheses concerns oxidative
stress (Aitken et al., 1989). The imbalance between reactive oxygen species (ROS) production and
body antioxidant defences determines oxidative stress (Sharma et al., 1999). The high content of
polyunsaturated fatty acids within the plasma membranes together with the low concentration of
scavenging enzymes within the cytoplasm expose spermatozoa to oxidative stress-induced damages
(Alvarez & Storey, 1995, de Lamirande & Gagnon, 1995). By determining leukocyte infiltration into
ejaculate, cigarette smoke increases ROS levels and enhances seminal oxidative stress which could

result in poor sperm function (Kao et al., 2008, Saleh et al., 2002).

Although the consequences of active smoking on semen have already been established in men, few
studies focused on the effect of environmental tobacco smoke (ETS) that is, exposure to second-hand
and third-hand smoke, on male reproduction. Pacifici et al. (1995) detected cotinine, a nicotine
metabolite used as biomarker of smoke exposure, in seminal plasma of human passive smokers while
no abnormalities in spermiogram and sperm function were found in rhesus monkeys, non-human

primates, exposed to ETS (Hung et al., 2009).
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Dog as “man best friend” is often exposed to many health hazards related to owners’ habits. In dogs
exposed to second-hand smoke the risk for lung (Reif et al., 1992) and nasal (Reif et al., 1998) cancer,
lymphoma (Pinello et al., 2017), respiratory disease (Lin et al., 2018) and atopic dermatitis (Ka et al.,
2014) appeared to be greater. However, to date, no study has addressed environmental smoke
effects on semen quality and male reproductive health in canine species. Trying to fill the gap, in the
present study we aimed to evaluate the presence of cotinine within the serum, ejaculate and hair of
dogs living with and without smoking owners. In addition, we related cotinine concentration with
spermiogram parameters and total antioxidant capacity both in blood and seminal plasma of our

patients.

2. Materials and methods

2.1. Animals

The study was carried out between 2020 and 2021 once the approval of the Ethical Committee was
obtained (protocol OPBA 161 2019). Over this period, twenty purebred male dogs attending to the
Reproduction Unit of the Veterinary Teaching Hospital (VTH) of the Universita degli Studi di Milano

were enrolled with the prior consent of the owners.

For each patient information regarding breed, age, body weight, diet, lifestyle, food supplementation
and drugs assumption were recorded. Dogs were divided into two groups based on the smoking
habits of their owners: passive smokers (PS) and not-exposed (NE). Patients were included in PS group
if at least 10 cigarettes were smoked in domestic environment while they are considered as NE if

nobody smoked near them.

Only dogs with no concomitant disease and general good health were included and underwent a
complete andrological examination that involved semen analysis and ultrasonographic evaluation of
genital tract. Both testes were measured with a caliper and volume established using the formula of

an ellipsoid:
[Volume] = [Lenght] x [Width] x [Height] X 0.5236 (Gouletsou et al., 2008).

Mean testicular volume was calculated as the arithmetic average between right and left testicular

volume.
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2.2. Semen collection and evaluation

Semen collection was conducted by manual stimulation in the presence of a bitch in oestrus or using
swabs soaked in oestrus vaginal secretions. Using a soft plastic cone (Lane Manufacturing Company,
Denver, USA) connected to pre-warmed 50 ml tubes (Falcon™), the ejaculate was divided into pre-
sperm, sperm-rich and prostatic fluid fractions. Spermiogram was performed immediately after
collection. At first, semen volume and colour were assessed, then 10 ul of sperm-rich fraction was
microscopically observed to estimate the percentage of progressively motile spermatozoa.
Movement quality was rated on a scale from 0 to 5 (0 = motionlessness, 1 — 3 = slow and non-linear
movement, 4 = moderate and linear movement, 5 = fast, linear, and progressive movement)
(Freshman, 2002, Johnston et al., 2001). Spermatozoa concentration was measured through a SDM1
spectrophotometer calibrated for the canine species (Minitube International AG, Germany). Viability
and morphology were evaluated after staining smears with eosin-nigrosin and Rose Bengal-Victoria
blue dye, respectively (Kolster, 2018, Galli et al., 1989). Two experienced clinicians independently
analysed one hundred spermatozoa per slide under oil immersion (X100), then the percentage of
viable and morphologically normal spermatozoa was defined as the mean score. Primary and

secondary defects were also quantified as a percentage.

The overall quality of the spermiogram was defined based on features outlined in Table 1 which refers
to previous literature (Johnston et al., 2001, Linde-Forsberg, 1991). Score 1 was associated to poor

semen quality while score 2 indicated good to optimal semen parameters.

Once the spermiogram was concluded, prostatic fraction was centrifuged (10 minutes for 800g) and

its supernatant as well as sperm-rich fraction were stored at -80°C for further analysis.

2.3. Blood and hair sample collection

Blood samples and hair from para-preputial area were collected before the ultrasound examination.

Blood samples were collected into K2EDTA and serum separator tubes from cephalic or saphenous
vein. Subsequently, they were centrifuged (5 minutes for 3500 rpm) to get plasma and serum that
were than stored at -80°C for further analysis. An aliquot of serum was assigned to cotinine assay

while plasma was used for total antioxidant capacity measurement.

Hair was sheared close to the skin of the para-preputial area. Once obtained more than 100 mg of

hair sample, it was stored into a paper envelope until analysis.
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2.4, Genital ultrasound examination

Prostate and testes were evaluated using Esaote MyLab Five ultrasound system with multifrequency

microconvex (5-9 MHz) and linear (9-13 MHz) probes.

After shaving, ultrasound was performed, and prostate size measured both on transversal and
longitudinal axis recording any asymmetry of the lobes. Prostatic parenchyma was scanned for
dishomogeneity, mineralization, cysts, abscesses, and focal lesions. Prostates with signs referable to
Benign Prosatic Hyperplasia (BPH) were assigned with score 2 while that without ultrasonographic

changes were considered healthy and assigned with score 1.

Similarly, both testes were measured and echostructure was examined for texture abnormalities and

suspected neoplastic lesions (Mantziaras, 2020).

2.5. Cotinine assay

At the time of analysis, after thawing, blood serum and sperm rich fraction were centrifuged at 3500g
for 15 minutes, then supernatant was collected and directly analysed. Hair cotinine assay required
extraction that was performed following the procedure described by Bennett & Hayssen (2010).
Calibration curves were developed following manufacturer instructions and are shown in Figure 1a
and 1b. Then, cotinine concentration was determined in blood serum, sperm-rich fraction and para-
preputial hair using an ELISA immunoassay kit specific for canine species and suitable for every matrix

(Cotinine (Cot)ELISA kit, Cloud-Clone Corp.) (intra-assay CV < 10%; inter-assay CV < 12%).

2.6. Total antioxidant capacity (TAC) analysis

Total antioxidant capacity was measured in blood plasma and seminal plasma obtained after
centrifugation of the prostatic fraction (10 minutes for 800g). After thawing, a 1:2 dilution in
phosphate-buffered saline (PBS) was performed for each sample. Total antioxidant capacity was

assessed using the ABTS radical cation assay as previously reported by Re et al. (1999).
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2.7. Statistical Analysis

Data were analysed using IBM SPSS 26.0 statistical program (IBM, Armonk, U.S.A.) and descriptive
statistics for quantitative variables were expressed as range, mean and standard deviation. The
Mann-Withney non-parametric test was used to compare mean testicular volume, spermiogram
parameters (except for movement quality), cotinine concentration in each matrix and total
antioxidant capacity in plasma and semen between passive smokers (PS) and non-exposed (NE)
groups. The differences in sperm movement quality, prostate condition, and global semen quality

among the two groups were analysed using the Pearson Chi-Square test.

The Spearman's correlation coefficient was used to measure the association among serum, hair and
seminal plasma cotinine concentration and age, body weight, spermiogram parameters as well as
total antioxidant capacity. The same test was applied to study the correlation of semen parameters

with each other and with total antioxidant capacity.

P value lower than 0.05 was considered statistically significant while p < 0.001 was considered highly

significant.

3. Results

3.1. Study population

All the twenty dogs enrolled were purebred dogs belonging to 13 different breeds among which
Kurzhaar (20%) and Labrador Retriever (15%) prevailed. Patients’ age ranged between 1,5 and 7,5
years (4,13 + 1,75) and body weight varied between 16 and 77,7 kg (34,21 + 12,82). Based on their
exposure to cigarette smoke, 10 dogs were regarded as passive smokers (PS) while the remaining 10
were considered non-exposed (NE). All dogs were fed with dry commercial food and none of them
was administered with drugs or food supplementation. Except for three hunting dogs, other patients

were regarded as companion animals.

Mean testicular volume differ greatly among dogs ranging from 4,45 cm?3of an Entlebucher Mountain
Dog to 34,87 cm?3 of a Bracco Italiano (17,38 + 8,47). Prostate with pathological signs were found in

6 out of 20 patients.
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Table 2 illustrates the characteristics of dogs belonging to PS and NE group. No statistical differences

in these parameters were found between two groups.

3.2. Spermiogram outcomes

Spermiogram of each patient is presented in Table 3. Total concentration of spermatozoa ranged
from 86 x 10° to 1370 x 10°. The percentage of progressive motile spermatozoa was 40 to 90 and the
quality of their movement 1 to 5. Sperm viability was high in all patients while morphologically normal
spermatozoa differed greatly among patients, ranging from 9 to 92%. Similarly, the percentage of

primary defects varied from 0 to 56 and secondary defects from 7 to 39.

The percentage of progressive motile spermatozoa was positively correlated with both viability (P =
0,0003) and morphologically normal spermatozoa (P = 0,005) while it was negatively related to the

presence of primary defects (P = 0,001).

The evaluation of spermiogram parameters revealed no significant difference between PS and NE
groups. However, the average total sperm count was slightly lower in dogs exposed to passive smoke
(620,7 x 10°) compared to non-exposed (751,8 x 10°). Moreover, primary defects were higher in non-
exposed dogs (11,2%) compared to passive smokers (7,2%). The other semen parameters, namely
percentage of progressive motile spermatozoa, movement quality, viability, and secondary defects
were similar in two groups. The overall quality of spermiogram didn’t change significantly between

PS and NE groups.

3.3. Ultrasonographic findings

No suspected neoplastic lesions were found in prostate and testes of patients included in the study.
Benign Prostatic Hyperplasia (BPH) was diagnosed in 6 patients (n =5 in NE group, n = 1 in PS group)
with a significant prevalence in NE compared to PS (P = 0,019).

3.4, Cotinine detection

Cotinine was detectable in all blood serum, sperm-rich fraction and hair samples of both PS and NE

groups. The highest cotinine concentration was recorded in serum with an average of 4,7 &+ 3,9 ng/ml
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and was positively correlated to that in hair (1,9 £ 1,07 ng/m; P <0,0001) and semen (0,9 £ 0,6 ng/ml;
P <0,0001) (Figure 2).

Cotinine concentration was significantly higher in blood serum (P = 0,0002), semen (P = 0,0002) and

hair (P = 0,0004) of dogs exposed to passive smoke compared with non-exposed patients (Figure 3).

No differences were found between cotinine levels in all matrices and spermiogram parameters.

3.5. Total antioxidant capacity

Total antioxidant capacity was almost equal in the two matrices with slightly higher value in plasma
(9,11 £ 0,67 umol Trolox equivalent/L) than in sperm-rich fraction (8,00 = 1,41 umol Trolox

equivalent/L).

No statistical difference in total antioxidant capacity was found between Passive Smokers and Non-
Exposed groups both in serum and in ejaculate (Figure 4). Seminal parameters were not correlated
to total antioxidant capacity in sperm, except for the percentage of progressive motile spermatozoa

which was negatively (P = 0,028).

4. Discussion

Due to its long half-life, in humans cotinine is a reliable marker of nicotine intake both in active and
passive smokers (Benowitz, 1996) and has been detected even in non-invasive matrices such as saliva
and hair (Torafio & van Kan, 2003). In particular, hair nicotine and cotinine have proven to be long-
term markers of second-hand smoke in man reflecting the exposure during the previous three
months (Bernert et al., 2011, Pichini et al., 1997). The presence of these two toxicants in hair was
previously reported as strongly associated with ETS exposure even in dogs (Knottenbelt et al., 2012,
Bawazeer et al., 2012). As expected, based on previous literature (Knottenbelt et al., 2012, Bawazeer
et al.,, 2012), we succeeded in quantifying cotinine in hair sample finding a significantly higher
concentration in dogs exposed to ETS compared to non-exposed ones (P = 0,0004). This outcome
pointed out the effectiveness of hair cotinine as long-term marker of ETS in dog (Knottenbelt et al.,

2012, Bawazeer et al., 2012)

Due to its metabolism, in man cotinine can be found in high concentration in urine (Torres et al.,

2018). Although far below urinary levels, cotinine was also detected in the semen of smoking men,
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with a concentration comparable to that in blood (Vine et al., 1993), and in the seminal plasma of
men exposed to second-hand smoke with levels of cotinine positively correlated to the degree of
daily exposure (Pacifici et al., 1995). Similarly, in canine species, cotinine was identified in serum and
urine with a concentration proportional to the number of cigarettes smoked by the owners. In
moderate smokers mean urinary concentration in dog was 10,4 ng/ml that rose to 22,5 ng/ml with
heavy smoker owners (Bertone-Johnson et al., 2008). No previous data exist on canine cotinine in
semen. Despite the concentration in dogs was always lower compared to serum and hair ones,
seminal cotinine was significantly higher in dogs with smoking owners than in not exposed dogs (P =

0,0002) proving once again its effectiveness as biomarker of exposure.

Pacifici et al. (1993) also reported the adverse effect of nicotine metabolites on semen parameters
especially concerning sperm motility both as percentage of motile spermatozoa and as forward
motility. In line with the previous study on Rhesus macaques (Macaca mulatta) which didn’t find
spermiogram abnormalities in primates exposed to ETS (Hung et al., 2009), in our caseload no
significant deterioration of semen parameters was highlighted in dogs exposed to cigarettes smoke
albeit a reduction in total sperm count was noted. Nevertheless, it is important to consider that
spermiogram metrics may not be as meaningful to assess subtle structural and functional defects
which can occur even with normal semen parameters (Harlev et al., 2015). Among them, for example,
axonemal microtubules aberrations and reduction of creatine kinase and acrosin activity, that can
impact on male fertility and whose incidence seemed to be greater in smokers (Ghaffari et al., 2013,

Zavos et al., 1998, Gerhard et al., 1989).

Cotinine can cross the blood-testis barrier and interfere with germ cells development mainly at DNA
levels (Pereira et al. 2014, Linschooten et al. 2013, Marchetti et al. 2011). Some DNA damages, such
as DNA fragmentation, occur more frequently in smokers (Sepaniak et al., 2006) and are caused by
oxidative stress (Dai et al., 2015). In our sample, total antioxidant capacity was similar in passive
smokers and non-exposed dogs both in plasma and in sperm-rich fraction. Moreover, unlike a
previous study (Zhang et al, 2013), we didn’t find leukocytes in seminal smears which can justify an
increase in reactive oxygen species in dogs exposed to ETS. Since total antioxidant capacity comprises
the activity of many antioxidant compounds (Bartosz, 2003), our result could be biased by
confounding factors like patients’ different diet, age, and other environmental risk apart from
tobacco smoke. The enrollment of patients belonging to the same facility and the application of ROS
- TAC score (Sharma et al., 1999), may help to elucidate the real effect of passive smoke on seminal

oxidative stress and its harmful effect on sperm function.
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5. Conclusions

In spite of the small sample size, cotinine was confirmed as a robust biomarker of smoke exposure
even in canine hair and seminal plasma. Little effect of second-hand smoke on semen parameters
were found, therefore, further studies are needed to deepen functional abnormalities of

spermatozoa.
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Legends

Table 1. Metrics used to assess semen quality

Score

1 2
Total sperm count <300 x10° >300x 10°
Progressive motile spermatozoa (%) <70 >70
Movement quality <4 >4
Normal morphology of spermatozoa (%) <70 >70

Table 2. Differences between "Passive Smokers" dogs and "Non-Exposed" dogs
Passive Smokers Non-Exposed

Age (ys) 3,6+1,3 46+2,1
Body weight (kg) 36,08 + 15,9 32,3+9,2
Mean testicular volume (cm?3) 15,2 +5,8 19,8+9,4
n° of pathologic prostates 1 5
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Table 3. Spermiogram outcomes

ID

10

11

12

13

14

15

16

17

18

19

20

Breed Smoke
Exposure
Kurzhaar NE
Rhodesian
Ridgeback NE
German
Shepherd NE
Kurzhaar NE
Brgcco NE
Italiano
German
Shepherd NE
Bernese
Mountain NE
Dog
Kurzhaar NE
Hovawart NE
English Setter NE
Entlebucher
Mountain PS
Dog
Kurzhaar PS
Labrador
Retriever PS
Labrador
Retriever e
Labr.ador pS
Retriever
Bassethound PS
Great Dane PS
Afghan
PS
Hound
Pharaoh
Hound PS
Bassethound PS
Mean

Standard deviation

Total

Sperm

Count

702

1080

912

1085

1370

468

116

119

670

996

715,5

86

1358

1148

936

400

130,5

747

293,6

392

686,2

419,7

Motility

(%)

90
60
90
90
90

80

40

90
80

90

50

90
90
90
90
90
70
90
90
90
82,0

15,1

Movement
Quality

4,4

0,8

N: morphologically normal spermatozoa, 1: primary defects, 2: secondary defects
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Viability
(%)

88
87
95
98
96

88

86

90
94

96

87

97
95
95
96
95
92
93
95
97
93,0

3,9

74

79

86

73

87

64

92

67

83

17

78

74

82

68

85

75

90

90

75

72,4

21,8

Morphology
(%)

14

56

16

44

9,2

14,7

25

16

10

22

22

35

17

13

39

22

20

15

26

10

21

19

10

22

18,9

8,4
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mNE mPS

oo
=}

7,0
6,0
5,0
4,0

3,0

1,9

2,0
1,0

Cotinine concentration (ng/ml)

2,7
14 11
|

Serum ? Semen ® Hair ©

0,0
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TOBACCO SMOKE EXPOSURE IN PREGNANT DOGS: A PILOT
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Abstract

Maternal active and passive smoking has well-known harmful consequences on foetal and neonatal
health with greater risk of preterm birth, low birthweight, and congenital malformations. In humans,
cotinine (a nicotine metabolite) was found in neonatal hair as well as in amniotic fluid showing an
intrauterine exposure to tobacco smoke. No such information is available in the canine species and
the effect of environmental smoke exposure on dams and puppies is unknown. The present study
aimed to fill this gap trying to detect and quantify cotinine in maternal (serum and hair) and neonatal
(amniotic fluid and hair) matrices exploring dams’ exposure to cigarette smoke and its effect on
pregnancy outcomes. Twelve purebred bitches were enrolled in the study: 6 exposed to passive
smoke (EX) and 6 non-exposed (NE). Dams aged between 2 and 8 years (3,58 + 1,83), weighted from
14 and 63,6 kg (35,58 + 14,7) and delivered a total of 61 pups. Cotinine was detectable in all samples.
Its concentration in maternal serum was positively correlated with that in maternal (P < 0,0001) and
neonatal (P < 0,0001) hair and in amniotic fluid (P < 0,0001). Cotinine level was significantly greater
in all maternal and neonatal matrices of EX group compared to NE ones (P = 0,004), but no correlation
with litter size was found. Present results provide the first evidence of cotinine passage in canine
amniotic fluid although with concentration lower than in humans. The clinical effects on dams and
pups deserve wider examination, however passive smoke exposure seemed to constitute an often-

neglected risk factors even in pregnant dogs.

Keywords: Dog, Cotinine, Amnios, Pregnancy
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1. Introduction

The noxious influence of maternal smoking on foetal and neonatal health is well recognized in
humans. Tobacco smoke was demonstrated to increase the risk of miscarriage, perinatal death and
preterm birth, proportionally to daily amount of cigarette smoked (Pineles et al., 2016, Pineles et al.,
2014, Kyrklund-Blomberg et al., 2009). Intrauterine growth retardation (Abraham et al., 2017),
behavioural and cognitive issues (Bublitz & Stroud, 2012, Weitzman et al.,, 2002) as well as
developmental disorder like cryptorchidism (Yu et al., 2019) were also related to cigarette smoking

during pregnancy.

While smoking is a conscious and dismissible action, exposure to environmental tobacco smoke (ETS)
is more insidious and often inevitable, particularly in domestic setting. Countless studies were
conducted to estimate the passive smoke impact on maternal and foetal/neonatal health and several
consequences have been highlighted in humans. Women exposed to second-hand smoke during
pregnancy are at greater risk of preterm birth (Cui et al., 2016) and their babies seem to have lower
weight and head dimension at birth (Salmasi et al., 2010). Additionally, congenital malformations
such as orofacial clefts and neural tube defects occurred more frequently in babies whose mothers

experienced passive smoking during pregnancy (Meng et al., 2018, Sabbagh et al., 2015).

Nicotine and its metabolites were described as effective markers of both direct and indirect smoke
exposure (Benowitz, 1996). In particular, cotinine has been widely described in literature and, besides
maternal serum, urine and saliva (Baheiraei et al., 2012, Sachiyo et al., 2012, Eskenazi et al., 1995), it
was also found in amniotic fluid and neonatal hair in humans (Eliopoulos et al., 1994, Jordanov, 1990).
Since it pools both foetal excretions and maternal secretions, amniotic fluid appeared to be an
excellent tool to detect intrauterine exposure. Moreover, neonatal hair proved to be an effective
non-invasive matrix to estimate smoke exposure over the last trimester of pregnancy (Eliopoulos et

al., 1994).

On the contrary, the effect of environmental smoke exposure on canine pregnancy is poorly
investigated and no information regarding dams and puppies is available. The close lifestyle sharing
between pets and their owners make them prospective sufferers of negative impact of second- and
third-hand smoke. However, owners/breeders do not seem to perceive or be aware of the risk of

smoke exposure to their pets as well.
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The present study aimed to detect and quantify cotinine in maternal and neonatal matrices. In
particular, the concentration of cotinine in maternal serum and hair along with neonatal hair and
amniotic fluid collected at birth was measured and related to dams’ exposure to cigarette smoking

and some pregnancy outcomes.

2. Materials and methods

2.1. Animals

This study was conducted between 2020 and 2021 after approval of the Ethical Committee (protocol
OPBA_77_2017). Bitches referred to the Reproduction Unit of the Veterinary Teaching Hospital (VTH)
of the Universita degli Studi di Milano to undergo elective C-section were enrolled once owners’
consent was obtained. Maternal age and body weight were recorded. Based on exposure to passive
smoke, bitches were divided into two groups: exposed (EX) and not exposed (NE). Patients were
included in EX group if at least 10 cigarettes were smoked in domestic environment while they are

considered as NE if nobody smoked near them.

Bitches were monitored from proestrus to C-section through vaginal cytology and plasma
progesterone measurement (ELFA method, miniVIDAS, Biomerieux) to identify LH surge and predict
the date of delivery (Linde-Forsberg, 1991). After mating, pregnancy was diagnosed and checked by
ultrasound examination (Esaote MylLab Five with multifrequency microconvex (5-9 MHz) and linear
(9-13 MHz) probes) (Johnson, 2008). Caesarean section was performed following the common

anaesthetic (Groppetti et al., 2019) and surgical procedure (Johnston et al., 2001).

After delivery, puppies underwent neonatal care (Johnston et al., 2001) and Apgar score (Groppetti
et al., 2010) was assessed for all pups within 5 min from birth (Table 1). Once ligation of the umbilical
cord was performed, pups were weighted and rectal temperature was measured. Emergency cares

were provided to pups in critical condition.

2.2. Maternal and neonatal sample collection

Maternal blood and hair samples were collected before anaesthesia induction.
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Hair was clipped from the forelimb area to place the IV catheter in the dams’ cephalic vein, then it

was stored into a paper envelope until analysis.

Blood samples were collected into serum separator tubes and centrifuged (5 minutes for 3500 rpm)

to get serum stored at -80°C for further analysis.

Amniotic fluid was taken at extraction time from each pup using a sterile syringe. For each litter,
amniotic fluid samples from all pups were pooled and stored at -80°C until processing. Pups’ hair
samples were clipped from the ventral surface of the tail base. Again, for each litter the littermates’

hair was pooled together and stored into a paper envelope until analysis.

2.3. Cotinine assay

After thawing, blood serum and amniotic fluid samples were centrifuged at 3500g for 15 minutes
then supernatant was collected and analysed. Cotinine extraction from maternal e neonatal hair was
performed following the procedure reported in literature by Bennett & Hayssen (2010). Calibration
curves were developed following manufacturer instructions and are shown in Figure 1a and 1b.
Finally, cotinine concentration was determined in blood serum, amniotic fluid, maternal and neonatal
hair using an ELISA immunoassay kit specific for canine species and suitable for every matrix (Cotinine

ot It, oua-Lione Lorp. mtra—assay < 0, mter—assay < 0).
(Cot)ELISA kit, Cloud-Clone Corp.) (i CV < 10%; | CV < 12%)

2.4, Statistical Analysis

Data analysis was performed using IBM SPSS 26.0 statistical program (IBM, Armonk, U.S.A.).
Descriptive statistics for quantitative variables were expressed as range, mean and standard

deviation.

In exposed and non-exposed dogs, the comparison between litter size and cotinine concentration in
dams’ serum and hair, in amniotic fluid and in neonatal hair was assessed using the Mann-Withney
nonparametric test. Litter size was also considered as a categorical variable and stratified (< 3

puppies; > 3 puppies) and Pearson Chi-Square test was applied to compare the two groups.

The correlation between maternal serum and hair cotinine concentrations and clinical data such as

age, bodyweight and litter size were evaluated using Spearman's correlation coefficient.
Statistical significance was set at p < 0,05 and level of p < 0,001 were regarded as highly significant.
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3. Results

3.1. Clinical outcome

Twelve bitches were enrolled in the study: six exposed to passive smoke (EX) in household and six
non-exposed (NE). As shown in Table 2, all dogs were purebred and belonged to 8 different breeds
with Bernese Mountain Dog (33%) the most represented. Dams aged from 2 to 8 years (3,58 + 1,83)
and weighted 14 to 63,6 kg (35,58 + 14,7).

A total of 61 puppies were delivered. Litter size ranged from 2 to 8 pups (5,08 + 2,39) and was

negatively correlated with maternal age (P = 0,008; Figure 2).

3.2. Cotinine detection

Cotinine was detectable in all maternal and neonatal samples that is, in blood, hair and amniotic fluid.
The highest concentration of cotinine was measured in maternal serum (8,6 + 8,8 ng/ml) followed by
maternal hair (5,3 £ 5,4 ng/ml) and amniotic fluid (5,2 = 5,2 ng/ml) that showed similar values, lastly

by neonatal hair (4,04 £ 3,6 ng/ml) with the lowest levels.

Cotinine levels in maternal serum were positively correlated with that in maternal (P < 0,0001) and

neonatal (P < 0,0001) hair and in amniotic fluid (P < 0,0001; Figure 3).

Bitches exposed to cigarette smoke had cotinine levels significantly greater than non-exposed dogs

in all the matrices as well as their neonates (P = 0,004; Figure 4).

Cotinine concentration was not correlated with maternal age and body weight and litter size.
Moreover, no differences in maternal age, body weight and litter size were evidenced between

exposed and non-exposed groups.

4. Discussion

To the best of the author knowledge, despite the several studies addressed in humans, no data on
canine cotinine concentration in dams and pups exposed to smoke during pregnancy have been
previously published. Moreover, cotinine was never measured in canine amniotic fluid while only few
authors refer to its concentration in blood and hair of dogs (Bertone-Johnson et al., 2008, Bawazeer

et al., 2012).
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First, cotinine can be measured in various biological substrates such as amniotic fluid, as well as blood
and hair, even in canine species. Cotinine was detectable in all maternal and neonatal matrices and
all were significantly correlated with each other, as reported in humans (Jauniaux et al, 1999). In
particular, the maternal serum cotinine concentration was positively correlated with maternal hair
(P <0,0001), neonatal hair (P <0,0001) and amniotic fluid (P < 0,0001). This makes hair and amniotic

fluid two effective alternatives to blood since they are less invasive.

As expected, due to the intimate sharing of life habits with their owner, our results agreed with
previous studies in humans reporting higher value of cotinine in women exposed to ETS (Eskenazi et
al., 1995, Luck et al., 1985). Indeed, dams with smoking owners had the highest blood concentrations
of cotinine (P = 0,004) that is, about 7,8-fold greater than not exposed bitches. This is the first time
that cotinine measurement is performed in pregnant dog, therefore no reference values exist.
Similarly, maternal hair cotinine was 8,2 times higher in exposed compared to non-exposed dogs of
our caseload (P = 0,004). As previously described in dogs (Knottenbelt et al., 2012, Bawazeer et al.,
2012), this outcome reflected the prolonged exposure to nicotine of dams in smoking household.
Indeed, cotinine can accumulate during hair growth thus being regarded as long-term marker of

cigarette smoke exposure (Al-Delaimy, 2002, Eliopoulos et al., 1994).

During pregnancy, babies could incorporate cotinine derived from foetal blood into hair fibres
proving that intrauterine exposure occurs with both active- and passive-smoking mothers (Llaquet et
al., 2010). A similar process may be speculated in puppies since hair cotinine level was significantly
higher in pups of exposed bitches compared to non-exposed ones (P = 0,004) in which concentration

was about 9-fold lower.

Cotinine level measured in our serum and hair samples (both maternal and neonatal) appeared to be
greater in dams and pups exposed to passive smoke compared to human reports in pregnant women
(Florescu et al., 2007, Jauniaux et al, 1999). Reasonably, this difference between dams and pregnant
women is justified by differences in nicotine metabolism. It is noteworthy that pregnant women
displayed an opposite trend with an acceleration in both nicotine and cotinine clearance (up to 140%)
which is more pronounced at 18 — 22 and 32 — 36 weeks of gestation (Bowker et al., 2015, Dempsey
et al.,, 2002). To explain this discrepancy, deeper information on nicotine metabolism in canine

species is needed.

Nicotine, together with its metabolites, has been shown to cross human placental barrier and reach

the fetus (Luck et al., 1985). Acting as a collector of maternal and foetal secretions, amniotic fluid can
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contain nicotine and cotinine whose concentrations are proportional to the degree of mother’s
smoke exposure (Jauniaux et al, 1999). Moreover, human reports found that amniotic cotinine
prevailed over that in maternal serum proving an accumulation in foetal fluid (Jauniaux et al, 1999,
Jordanov, 1990). Our results provide the first evidence of cotinine passage in canine amniotic fluid.
In line with the abovementioned authors (Jauniaux et al, 1999, Jordanov, 1990), amniotic cotinine
was significantly higher in dams exposed than not exposed to ETS (P = 0,004). However, amniotic
concentration of cotinine was lower than maternal serum one. It should be noted that women had a
haemochorial placenta that implies a strong relationship among maternal vessels and the trophoblast
(Dockery et al., 2000). Canine placenta, instead, is endotheliochorial, that is a greater number of
tissue layers separates maternal from foetal circulation (Kowalewski et al., 2021). These structural
differences can explain disagreement between woman and dog results, suggesting canine placenta
as a more effective barrier against this toxic substance compared to human one. However, as already
noted, limited sample size prevented us from estimation of the effects of smoke exposure on dams

and puppies’ health.

Regard to clinical effects of smoke exposure on neonatal outcomes, the little sample size of this
caseload limited the generalization of results. Litter size was negatively correlated to maternal age (P
= 0,008) while was not influenced by ETS. In women, passive smoke exposure during pregnancy can
increase the risk of preterm birth (Cui et al., 2016) causing a reduction in local immunity that favours
micro-organism ascent and hesitates in the rupture of membranes (Dempsey & Benowitz, 2001). It
was not possible to evaluate this effect in our canine patients since all pups were born at term and
mature with elective C-section. Additional studies conducted on dogs delivering at term are needed

to approach these issues.

5. Conclusions

Amniotic fluid as well as blood and hair are reliable matrices for assessing canine exposure to smoke.

Besides easy storage (RT) and sample analysis, hair would be preferred for measuring cotinine

concentration due to simplicity of collection and non-invasiveness, mainly in newborn pups.

Although preliminary, new, and interesting cues emerged from this study on cotinine detection in

biological matrices of dams and offspring exposed to tobacco smoke during pregnancy. A greater
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awareness of dog breeders and owner on the risks related to smoke exposure in pets is

recommendable.
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Legends

Table 1. Apgar score parameters

Parameters

Mucous colour
Heart rate (BPM)

Respiratory rate
(bpm)

Reflex irritability
Mobility
Suckling

Vocalization

0
Cyanotic, pale
<120

<15

None
None
None

None

BPM: beats per minute, bpm: breaths per minute
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Score

Pink
120-180

15-30

Feeble reaction
Hypo-mobility
Weak

Mild

Reddish
>180

>30

Active reaction
Active mobility
Energetic

Vigorous



Table 2. Clinical characteristics of "Exposed" and "Non-Exposed" dams

Smoke
ID Breed Age (ys) Weight (kg) Litter size
Exposure
1 Ambully 2 28,3 NE 5
2 Bouledogue 2 17,65 NE 8
Bernese
3 . 4,5 63,6 NE 3
Mountain Dog
German
4 8 30,5 NE 4
Shepherd
5 Kurzhaar 5 33 NE 2
Staffordshire
6 , 2 14 NE 6
Bull Terrier
Bernese
7 ) 2 45,9 EX 8
Mountain Dog
8 Bassethound 2 31,5 EX 8
9 Bassethound 4,5 32,3 EX 3

Entlebucher
10 . 4,5 27,5 EX 3
Mountain Dog

Bernese
11 ] 3,5 48 EX 8
Mountain Dog
Bernese
12 3 54,7 EX 3

Mountain Dog
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Abstract

Cryptorchidism is a common disorder in the canine population with some aspects still unclear.
Although the bilateral condition is known to lead to fertility problems and predisposition to testicular
cancer, the neoplastic risk for scrotal testis in unilateral cryptorchid dog is controversial. Therefore,

the therapeutic approach to the canine unilateral cryptorchid is arbitrary so far.

This study aimed to investigate precancerous testicular lesions, such as immaturity and atrophy, and
compare them in scrotal and undescended testes using an in-depth diagnostic analysis based on
immunophenotypic patterns. With this purpose, 26 adult male dogs of different ages and breeds,
affected by unilateral or bilateral cryptorchidism were enrolled. After surgical removal, testes were
examined immunohistochemically to assess their positivity for specific markers of the canine
foetal/neonatal period, that is vimentin (VIM), cytokeratin (CK), desmin (DES), inhibin-a (INH), and
anti-Millerian hormone (AMH) in Sertoli cells, and placental alkaline phosphatase (PLAP) in germ
cells. Except for the ubiquitous VIM, all the markers were more expressed in neoplastic gonads

compared to healthy ones (P < 0.05). Similarly, testes detected with Sertoli cell-only tubules as well
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as with Sertoli cells hyperplasia showed higher expression than gonads without such alterations for
CK, DES, AMH and PLAP, and for CK and DES, respectively (P < 0.05). The same trend was observed in
undescended respect to scrotal testes even though their positivity was significant only for DES, INH
and AMH (P < 0.05). Immunohistochemical positivity found in scrotal testes of unilateral cryptorchid
dogs, even in absence of detectable anatomical abnormalities, was suggestive of precancerous

lesions.

Despite the limited sample size, this study could help to clarify the predisposition to neoplastic
development in normally descended testes. These markers expression in adult life could allow
identifying the early stages of the testicular carcinogenesis process besides suggesting a

precautionary bilateral surgical approach in unilateral cryptorchid dogs.

Keywords: Atrophy, Cryptorchidism, Dog, Immunohistochemistry, Testes

1. Introduction

Cryptorchidism defines a congenital developmental defect often detected in male dogs, that implies
the failure of one or both testes to descend into the scrotum. Its incidence varies considerably among
studies from 0.8 to 9.7% [1,2]. Increased risk of testicular neoplasia [2] and spermatic cord torsion
[3] are the most relevant consequences of cryptorchidism, although fertility impairment was also
reported [4]. Over the last decades, the number of men and dogs affected by cryptorchidism has
critically increased, probably due to the greater exposure to environmental endocrine disruptor
chemicals [5] which both share. Indeed, endocrine and environmental interferences during foetal life
can cause several disorders, including abnormal gonadal development and altered testicular descent

both in humans and domestic animals [6,7].

Cryptorchidism in humans has been associated with testicular dysgenesis syndrome (TDS) that
primarily results in signs of testicular atrophy and immaturity [8,9]. The presence of Sertoli cell-only
tubules (SCO), which are seminiferous tubules composed only of Sertoli cells without mature germ
cells, is highly suggestive both of disorders affecting spermatogenesis [10] and testicular atrophy [8].
In cryptorchid men, SCO tubules were found both in undescended and scrotal contralateral testes
[8,11,12]. In dogs, previous studies reported SCO tubules only in retained gonads and in atrophic
testes of non-cryptorchid patients suspected of TDS [13,14]. Atrophic lesions such as SCO tubules

were also described in testicular parenchyma of elderly man [15] and ageing dogs [16] related to a
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reduction of germ cells in seminiferous tubules [11]. In both cryptorchid and old patients, atrophic
lesions are particularly important since they are considered a risk factor for testicular cancer

development [17,18].

Despite its rising incidence, many aspects of the cryptorchidism in canine species remain unclear such
as the assumptive predisposition of the scrotal contralateral testis to develop neoplasia [14,19]. Such
unpredictability creates decision problems to clinicians regarding the appropriate therapeutic
management of the patients. To date, the best approach to canine cryptorchidism is surgery [20].
However, in case of a single retained testis, whether is better uni- or bi-lateral orchiectomy is still

debated [14,20].

In this uncertain context, immunohistochemistry could contribute to enhancing understanding of
histopathological features and early changes occurring in cryptorchid dog testes, even before a full-
blown neoplastic transformation. Immunohistochemistry is especially valuable for investigating
testicular immaturity. Indeed, cellular markers that are distinctive of definite periods during testicular
development have been explored both in humans [21-23] and dogs [24,25-28]. Since immature
aspects can involve both seminiferous tubules structure and spermatogenesis, we used either
vimentin (VIM), cytokeratins (CKs), desmin (DES), anti-Mdllerian hormone (AMH) and Inhibin-a (INH)
for studying Sertoli cells, and placental alkaline phosphatase (PLAP) to examine germ cells. All these
markers have been previously demonstrated in dogs [13,24,25-28]. Except for VIM, which is still
present in adult life [24], the other markers are specific to the foetal/neonatal period in dogs [24,28].
CK and DES are Sertoli cells cytoskeletal markers whose expression characterizes foetal but not adult
life [28]. AMH and INH are hormonal markers expressed by Sertoli cells up to 45 days post-natal
period in dogs [25,26]. Afterwards, INH continues to be produced by Leydig cells [24,27] while AMH
can’t be detected over 120 days from birth [25]. CK, DES, AMH and INH re-expression in adult life is
abnormal and indicates an immature phenotype of Sertoli cells [25,26] related both to atrophy [28]
and Sertoli cell tumours development [24,29]. Concerning germ cells, in physiological condition PLAP
is expressed in man [30] and dogs [28] only by gonocytes, that are precursors of germ cells evolving
into spermatogonia before birth. After birth, PLAP positivity in both species is highly suggestive of
spermatogenesis disorders that predispose to testicular germ cell cancer [13,31,32]. In fact,
developmental interferences could result in gonocytes transformation into carcinoma in situ cells

(CIS cells) that express PLAP and act as precursor of tumorigenesis process [32,33].
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To the best of our knowledge, there are no references on this topic other than a single study on
unilateral cryptorchid dogs. The latter found positivity to INH and PLAP in canine retained testes but
failed to detect any marker of immaturity in contralateral descended gonads. The caseload at issue

was representative of a few and young dogs, between 1 and 2 ys of age [14].

The present study aimed to insight into early testicular precancerous clues that we speculated may
involve both cryptorchid and contralateral testes in dogs. With this purpose, gonads from uni- or bi-
lateral cryptorchid dogs of different age were analysed through histology and

immunohistochemistry.

2. Materials and methods

2.1. Animals

In the present study, cryptorchid dogs attending to the Reproduction Unit of the Veterinary Teaching
Hospital (VTH) of the Universita degli Studi di Milano were retrospectively considered. Data
concerning breed, age and body weight were available in all dogs, as well as their clinical
presentation, haematological examination, and ultrasound analysis for diagnosis of testes location.

Only dogs submitted to bi-lateral orchiectomy and histologic exam of both testes were included.

2.2. Histology

From the archive of the Pathology Unit of VTH, histologic slides and paraffin blocks related to the
cases enrolled in the study were retrieved. All testes had been submitted to the lab immediately after
surgery, longitudinally sectioned on the midline and fixed in 10% neutral buffered formalin. From all
testes a complete longitudinal section was obtained and then routinely processed for histology.
Sections (4 um) were cut from paraffin wax blocks and stained with haematoxylin and eosin (HE) for
further histological examination particularly focusing on: seminiferous tubules lined only by Sertoli
cells (SCO), precursors of spermatozoa, tubules with complete spermatogenesis, Sertoli and Leydig
cells hyperplasia (SCH and LCH, respectively), and neoplastic lesions such as seminoma (SEM), Sertoli
cell tumour (SCT), mixed seminoma/Sertoli cell tumour (SEM/SCT), and interstitial (Leydig) cell
tumour (LCT). Histotype diagnosis was based on guidelines proposed by the World Health

Organization [34].
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2.3. Immunohistochemistry

Further serial sections 5 um thick were obtained from paraffin blocks and immunohistochemically
tested with the avidin-biotin-peroxidase complex (ABC) procedure [35] using a commercial
immunoperoxidase kit (Vectastain Standard Elite; Vector Laboratories, Burlingame, CA, USA).
Sections were dewaxed, treated with hydrogen peroxide 0.5% in methanol for 20 min, and
rehydrated. Details of the primary antibodies used, target cells, source, antigen retrieval methods
and dilutions are reported in Table 1. All the antibodies employed in the present study were already

demonstrated as reactive on targeted canine tissues in previous studies [24,25,26,36,37].

After antigen retrieval, the sections were incubated for 30 min in normal horse serum (diluted 1:60).
Primary antibodies, diluted in Tris buffer (pH 7.6, 1.0 M), were incubated at 4C overnight. Then, after
washing in Tris buffer, sections were covered with the secondary biotinylated antibody (Vector
Laboratories, Burlingame, CA, USA), diluted 1 in 200 and incubated at room temperature for 30 min.
Secondary antibody was an anti-mouse IgG made in horse, except for the sections analysed for anti-
Mdllerian hormone that were covered with an anti-goat IgG made in horse. After washing,
peroxidase-conjugated ABC (Vector Laboratories, Burlingame, CA, USA) 1:100 diluted, was allowed
to react at room temperature for 30 min. The immunohistochemical reaction was developed with 3-
amino-9-ethylcarbazole (Vector Laboratories). Sections were counterstained with Mayer’s
haematoxylin. As negative controls to evaluate the specificity of the markers, replicate sections were

incubated with isotype-specific immunoglobulins [38].

As positive controls to confirm the immunohistochemical reaction, the gonads sections obtained
from archive paraffin blocks samples of three further dogs were analysed. Namely, testis sections of
the three healthy adult dogs were used for VIM (interstitial fibroblasts), CKs (pancytokeratin AE1/AE3)
(rete testis epithelium), DES (vascular walls and peritubular myoid cells) and PLAP (peritubular myoid
cells) detection [24]. Moreover, as in other previous studies, ovary sections of one healthy adult bitch
were used for INH reaction (target cells: granulosa cells) [26,39]. For AMH according to the results of

a previous study sections of immature testis of a pup were used as positive control [25].

Gonads of control dogs were deemed healthy based on clinical record and histological examination.
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The percentage of immunolabelled cells was determined semi-quantitatively as in previous reports
[24,25,26] and scored as follows: “-“, none; “+“, occasional (<10%); “++”, low (11-40%); “+++”,

moderate (41-80%); “++++”, high (81-100%).

Three blinded genital system experienced pathologists observed collegially histology and evaluated

immunohistochemical sections (GV, GC, BB).

2.4, Statistical Analysis

Descriptive statistics were expressed as median and range (min, max) for clinical variables while as
frequencies in contingency tables for histological variables. Data were analysed using IBM SPSS 26.0
(IBM, Armonk, U.S.A.). Dogs were stratified in groups based upon age (<2 ys; 2-6 ys; >6 ys), weight
(<10 kg; 10-25 kg; >25 kg), testis location (scrotal or retained, this last was further divided into
subcutaneous, inguinal, and abdominal), testicular atrophy (SCO presence or absence), Sertoli cell
hyperplasia (SCH presence or absence), testicular tumours detection (healthy or tumoral), tumoral
histotype (seminoma; Sertoli cell tumour; Leydig cell tumour; mixed seminoma/Sertoli cell tumour),
markers expression (presence or absence). Expression of each marker was related to clinical (age,
weight, testis location) and histological (atrophy, Sertoli cell hyperplasia, tumour detection,
histotype) variables. Moreover, clinical and histological outcomes were related to each other.

In case of unilateral cryptorchidism, tumours detection for each couple of testes was also evaluated
and compared, that is both scrotal and retained testes healthy; scrotal healthy and retained testis
neoplastic; both scrotal and retained testes neoplastic. The couple scrotal testis neoplastic and
contralateral retained testis heathy was not detected.

All variables were analysed using Chi-Square test and were considered statistically significant for P <

0.05.
3. Results
3.1. Clinical outcomes

After an initial enrolment of 41 cryptorchid dogs, 15 dogs were subsequently excluded from the study
due to inadequate sample requirements caused by unilateral surgery, histology missing, or

parenchymal abnormalities making it impossible to perform a complete analysis of both the testes.
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Therefore, 26 male dogs affected by unilateral (n = 21) and bilateral (n = 5) cryptorchidism
represented our final caseload (Table 2). Dogs belonged to 13 different breeds (n = 17) and mongrel
(n =9) with Chihuahua (18%) the most represented. Dogs aged from 5 months to 13 ys (median 3 ys)
and weighted from 1.3 to 43 kg (median 15 kg). The 31 undescended testes were detected in pre-
scrotal subcutaneous tissue (n = 8), at inguinal level (n = 10), and in the abdomen (n = 13), and were

evenly distributed between the right (n = 16) and the left (n = 15) side.

3.2. Histology

Histological findings are summarized in Table 2. The Sertoli cell-only (SCO) tubules (Fig. 1) were
detected in 84.6% of dogs and in 56% of testes. SCO tubules were more frequently diagnosed in
retained testes compared to scrotal ones (P < 0.0001) and prevailed in tumoral rather than healthy
gonads (P = 0.012). Its detection was not influenced by age, weight, location of retained testes, and
tumour histotype. However, in dogs younger than 11 ys this feature was only detected in retained
testes. Sertoli cell hyperplasia (SCH) was always associated with SCO (P = 0.025). SCH was detected
merely in undescended testes and prevailed in dogs heavier than 25 kg (P = 0.036). No significant
difference in SCH presence was found with respect to age, between healthy and tumoral testes, and

among different tumour histotypes. No testes in this sample had signs of Leydig cell hyperplasia.

Testicular tumours (Fig. 2, 3 and 4) were diagnosed in 34.6% of dogs and 28.8% of testes. Animals
suffering from tumour were both bilateral cryptorchids with all gonads involved (1 out of 5 dogs),
and unilateral cryptorchids either bilaterally (5 out of 21 dogs) or unilaterally (3 out of 21 dogs)
affected by neoplasm. Location of healthy and neoplastic testes is shown in Graph 1. The tumour
development was influenced neither by clinical presentation (bilateral vs. unilateral cryptorchidism)
and testis location. Age and weight of dogs with healthy testes and those affected by testicular
tumours were 2 ys and 12.4 kg, and 10.5 ys and 28 kg, respectively. Dogs with tumours were older (P
= 0.001) and heavier (P = 0.047) than healthy dogs. In particular, unilateral cryptorchid dogs with
both testes healthy were younger (median 2 ys) than dogs with both scrotal and retained gonad
neoplastic (median 11 ys, P = 0.0001). One dog had three tumour histotypes (SEM, SCT, and LCT)
coexisting in the same gonad. Therefore, 17 tumours were detected in the 15 neoplastic testes.
Seminoma (SEM) was diagnosed in 31% of dogs (52.94% of tumours), and Sertoli cell tumour in 15%
of dogs (23.53% of tumours). One mixed seminoma/Sertoli cell tumour was found in only one testis

(5.88% of tumours), and Leydig cell tumour in 8% of dogs (17.65% of tumours). Sertoli cells tumours
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were recorded only in undescended gonads. The overall distribution of histological features is shown

in Graph 2.

3.3. Immunohistochemistry

All positive controls gave the expected results: strong positive immunolabelling was detectable in all
the control target cells. As expected, Sertoli cells in control testes were highly positive for VIM and

consistently negative for CK AE1/AE3, DES, INH, and AMH.

Immunolabelling for PLAP was not detected in the seminal cells compartment, indicating the absence
of gonocytes in normal testes. However, in these testes myoid peritubular cells were always clearly

and strongly immunolabelled, indicating the good reactivity of the samples.

Immunohistochemistry outcomes are summarized in Table 2. Sertoli cells were always positive for
VIM both in scrotal and cryptic testes (Fig. 5, 6 and 7), except for one un-reactive inguinal gonad. The
other immunohistochemical markers for Sertoli cells were more expressed in undescended than
scrotal gonads, although this correlation was significant only for DES, INH and AMH (P = 0.05), as
shown in Graph 3a. Even in germ cells, PLAP detection prevailed in retained testes compared to
scrotal ones (Fig. 8 and 9) but without a statistical significance. In particular, considering only the
retained testes (n = 31), CK and DES (Fig.10 and 11) were both detected in 33.3% of gonads with
Sertoli cells positivity ranging from occasional to low. Occasional positivity was also recorded for INH
in 25.8% of undescended gonads while 80.6% of retained testes were occasionally to highly
immunoreactive for AMH (Fig. 12). Seminal cells positive for PLAP were detected in 48.4% of
undescended gonads with percentage of labelled cells varying from occasional to low. Markers

expression was not influenced by the location of the retained testes.

In scrotal testes, Sertoli cells exhibited from occasional to low positivity for CK and DES in 14.3% and
9.5% of gonads, respectively. INH was found in a single scrotal testis with a low percentage of labelled
cells. AMH was observed in 28.6% of descended gonads with immunoreactivity ranging from
occasional to high (Fig.7). Germ cells in scrotal testes showed PLAP in 28.6% of gonads with occasional

to low positivity.

All testes affected by SCO or SCH showed higher markers expression than testes without such
alterations. In testes diagnosed with SCO, a significant different positivity was recorded for CK, DES,

AMH and PLAP (P =0.034, P <0.0001, P =0.001, and P = 0.013, respectively). Testes affected by SCH
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showed higher positivity for CK and DES compared to gonads without hyperplasia (P < 0.0001 and P
=0.006, respectively).

As shown in Graph 3b, markers expression prevailed in neoplastic testes over healthy ones (P < 0.05).
Moreover, unilateral cryptorchid dogs with both neoplastic testes showed a higher expression of DES
in Sertoli cells (P = 0.012) when compared to dogs with both healthy gonads and with only the
retained testis affected by tumour. In the 75% of testes with seminoma, Sertoli cells expressed
occasional to low CK and occasional to high AMH. Both DES (Sertoli cells) and PLAP (gonocytes) were
occasionally to lowly detected in the testicular parenchyma of 55.5% of testes with SEM, and INH had
occasional positivity in 22.2% of these testes. All the Sertoli cells tumours showed occasional to high
positivity for AMH while DES were both occasionally to rarely expressed in 50% of SCT. CK and INH
were both occasionally expressed in 25% of testes with SCTs. One retained testis affected by Sertoli
cell tumour was un-reactive to VIM and DES, and the PLAP expression was not valuable. The single
testis affected by mixed SEM/SCT was located in the inguinal region and showed occasional to high
positivity for all markers except INH. AMH and PLAP were always expressed in the testicular
parenchyma harbouring Leydig cell tumours with low to high positivity and occasional to low
positivity, respectively. Occasional to low immunolabelling for DES was also observed in Sertoli cells
of the 66.7% of testes with LCT. Occasional Sertoli cells positivity for CK and INH was detected only
in one testis affected by LCT that was retained and expressed all immunohistochemical markers.
However, it should be noted that this gonad was also diagnosed with seminoma and Sertoli cell

tumour.

Except for DES (P = 0.019), AMH (P = 0.001) and PLAP (P = 0.016), that prevailed in patients older

than six ys, the expression of the other markers was not affected by the patients age.

4. Discussion

Even though canine cryptorchidism is a common disorder, mainly reported in toy breeds [40], there
are still unsolved issues that make patients management challenging. In accordance with previous
results [19], in this caseload unilateral condition (81%) prevailed over bilateral cryptorchidism (19%).
This outcome further emphasizes the importance of setting a univocal therapeutic path in dogs with
only one retained testis. Guidelines for the management of cryptorchid patients have already been
defined in humans [41] in which diagnosis of undescended testes should be confirmed between 3

and 6 months after birth [42] in order not to delay orchidopexy [43]. Indeed, early surgery can
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preserve man fertility potential [44]. The risk for testicular malignancy reduces when orchidopexy is
performed before puberty but persists despite surgical treatment [45]. In dogs, orchidopexy is
discouraged since spermatogenesis recovery allows genetic transmission of cryptorchidism to the
offspring [20,46]. Besides this reason, in the past bilateral orchiectomy was recommended also to
prevent the development of testicular neoplasia and spermatic cord torsion [20]. It should be noted
that unlike man, in canine species the therapeutic approach is not influenced by psychosocial
implications. However, in recent years, concerns raised about risks and benefits of surgical
sterilization both in male and female dogs. Beyond surgical and anaesthetic complications, several
studies pointed out a relationship between neutering and oncological, endocrine, orthopaedic and
behavioural disorders [47]. On this basis, one study recommended a conservative approach to
unilateral cryptorchidism by surgically removing only the undescended gonad and carefully
monitoring the contralateral scrotal one left in situ [14]. Nevertheless, the small sample size together
with the young age (1 and 2 ys) of dogs enrolled in the aforementioned study involves caution in

generalizing its conclusions.

Attempting to overcome this debate, we applied immunohistochemistry to the study of specific
markers expression in retained and scrotal testes focusing on testicular degenerative processes that
could lead to neoplastic transformation. Indeed, expression of CK, DES, INH, AMH and PLAP in testes
of dogs over four months of age is suggestive of immaturity and atrophy [25,26,28] that can
predispose to carcinogenesis process [24,28]. As expected, based on literature [22], all Sertoli cells in
the gonads of this caseload were diffusely labelled for VIM, regardless of testes location, except for
one un-reactive retained testis. Immunostaining was repeated twice on that sample with no positive
results. The same sample was unreactive also for DES and PLAP. VIM also failed to stain fibrous
stroma, therefore the immunohistochemical result was interpreted as due to un-optimal sample
fixation. The expression of markers of immaturity such as CK, DES, INH, AMH and PLAP observed in
retained gonads, even significant only for DES, INH and AMH, could reflect abnormalities due to their

altered development coming from an incorrect location.

In previous studies on canine cryptic gonads, gross examination showed a reduced size of retained
testes compared to normally descended ones [3] and histology pointed out the absence of
spermatogenesis in seminiferous tubules and abnormalities of both Sertoli and Leydig cells in cryptic
testes [46]. The presence of Sertoli cell-only tubules is a common finding in human and canine
undescended testes [11,14] that is generally related to gonadal atrophy [8]. In our sample, a

significantly higher occurrence of SCO tubules in retained than scrotal testes was recorded. In dogs
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younger than 11 years this feature was only detected in retained testes thus stressing the negative
effect of their pathological location on gonads development leading to atrophy appearance [8]. In
patients older than 11 ys SCO was also detected in scrotal testes probably associated with the
atrophic degenerative process of senescence [16]. In accordance with the anatomical finding,
immunohistochemistry showed a significant higher expression of CK, DES, AMH and PLAP in atrophic

testes.

Another frequent histological alteration in canine retained testes is Sertoli cell hyperplasia [48].
Actually, we detected SCH only in undescended testes, mostly abdominally located (83%). SCH could
result from thermal stress related to gonads incorrect location that increases specific heat shock
proteins with an anti-apoptotic effect on Sertoli cells [49]. All the aforementioned alterations could
play a role into carcinogenesis process [28,49] justifying the increased risk for testicular cancer which

is up to 13.6 times higher in retained testes compared to normally descended ones in dogs [50].

The incidence of testicular tumour in cryptorchid dogs is described between 3% and 19% [2,51]. In
the present study, testicular neoplasia affected 35% of dogs. This higher percentage could be
attributed to an increase in oncological pathologies along with extended life expectancy in dogs [52].
Moreover, an increased risk of developing testicular tumours has been reported based on breed,
including German Shepherd dog [40], as also observed in this cohort. Canine seminomas were
contradictorily reported both to prevail in scrotal testes compared to retained ones [53,54] and to
be higher in cryptic testis [40]. In the latter SEMs seem mostly to affect abdominally located testes
rather than inguinal or subcutaneous ones [54]. In our study, SEMs were mostly detected in cryptic
gonads (69%), namely at abdominal location (50%). In contrast with some studies referring Sertoli
cell tumour as the prevailing histotype in cryptorchid dogs [2,50,53,54], but in line with Liao (2009),
we recorded a higher rate of SEMs (53% of tumours) compared to SCTs (24%) and Leydig cell tumour
(18%) [40]. A similar trend with an increase in germ-cell tumours has been observed in cryptorchid
men [55]. Although still debating [6], foetal and child exposure to endocrine disruptor chemicals
(EDCs) seems to play an important role in the development of testicular germ-cell tumours in humans
[56]. In fact, testicular cells differentiation is a strictly regulated process that is highly influenced by
environmental condition [57]. EDCs could impair endocrine function both interrupting gonocyte
development and producing precursors of carcinoma in situ (CIS) from which testicular germ-cell
tumours originate [33]. Moreover, EDCs effect have been imputed as a plausible cause of testicular
dysgenesis syndrome (TDS) that is, a male reproductive disorder characterized by cryptorchidism,

hypospadias, poor semen quality and testicular germ cell cancer [58]. Due to the intimate sharing of

108



life habits between humans and dogs with the same pollutants environmental exposure, it is
consistent to speculate the same can occur in canine species. To date, a single study described

histological signs of TDS in canine testes, assuming the existence of this pathology even in dogs [13].

Sertoli cell tumours were commonly reported in abdominal and inguinal undescended testes [59]. In
our sample, SCTs affected only retained testes and were equally located among inguinal and
subcutaneous areas. The prevalence of SEMs and SCTs in undescended testes is ascribed to the effect
of body temperature on testicular functions [2,20], as it occurs for SCH. Many studies conducted in
different species investigated the effect of heat on testes [60]. Undescended testes are exposed to
body temperature that is higher than at the scrotal area [61]. This thermal stress inhibits the
differentiation of spermatogonia resulting in an arrest of spermatogenesis, reduced seminiferous
tubule size, germ cell depletion, and fibrosis [62], but also enhances the production of reactive

oxygen species and specific heat shock proteins involved in SCT proliferation [48,49].

In agreement with literature [20], we detected Leydig cell tumours always in scrotal testes (67%),
except for one inguinal retained testis. Interestingly the scrotal gonad of this latter patient was also

affected by LCT.

Markers expression significantly prevailed in tumoral gonads and positivity recorded in scrotal
contralateral testes of unilateral cryptorchid dogs is an un-precedent result emerging from the
present study. In old dogs this expression could be related to senescence or testicular neoplasia
whose risk increases with age [63] regardless cryptorchid concomitant condition. In young dogs their
expression combined with no histological lesions is suggestive of an early stage of carcinogenesis
process. In particular, supposedly healthy scrotal testes of adult dogs were not expected to show
PLAP positivity that is expressed during foetal life from gonocytes but not from germ cells after birth
[28]. Since PLAP positivity has been reported in CIS cells and in testicular germ-cell tumours such as
seminoma [64], we speculate on prospective role of this marker in early detection of testicular
precancerous lesions even before histological recognition. In humans, scrotal testis of unilateral
cryptorchid patients has been reported with an increased risk to develop testicular tumour [65] due
to the early appearance of histological defects [8,66]. In cryptorchid dogs, a similar predisposition in
contralateral descended testis is still controversial [14]. Furthermore, canine diagnosis is frequently
delayed compared to humans or concealed even for fraudulent reasons, making a precise dating of

testicular descent in proper scrotal position tricky. In our sample, immunohistochemical positivity in
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scrotal testes, especially when apparently healthy, seemed to imply a greater neoplastic risk even in

canine species.

5. Conclusions

Albeit with some limitations related both to the small sample size and few middle-aged dogs, our
results suggest a potential risk of neoplastic transformation in the contralateral scrotal testis of
cryptorchid dogs, as already reported in humans [65,67]. Immunohistochemistry provided prognostic
evidence for malignancy development that is important in the decisional process and surgical
approach. Failure to remove the scrotal testis, even in the absence of clinically appreciable

alterations, could constitute a hazard for the dog health.
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Legends

Table 1. Primary antibodies used for the immunohistochemical tests: source, dilution, unmasking technique

performed and target cells

Antibody Target cells Source Unmasking tecnique Dilution
Placental Alkaline Gonocytes DAKO Corporation, MW, 750 W in pH8 1:25
Phosphatase, mouse - Carpinteria, CA, USA EDTA buffer, &
monoclonal
Vimentin clone 3B4, Mature Sertoli DAKO Corporation, Microwave 650 Watt in 1:1000
mouse — monoclonal cells Carpinteria, CA, USA pH 6.0 citrate buffer,
10
CK AE1/AE3, mouse - Immature Zymed San Fancisco, CA, Pepsin, 37°C, 14 min 1:3000
monoclonal Sertoli cells USAControllare
Anti-Muellerian hormone, Immature Santa Cruz Biotechnology = Microwave 650 Watt in 1:
Goat — polyclonal Sertoli cells Inc., Santa Cruz, CA, USA pH 6.0 citrate buffer, 30.000
10
Inhibin-a, mouse — Immature Serotec Corporation, Microwave 650 Watt in 1:40
Monoclonal Sertoli cells Oxford, UK pH 6.0 citrate buffer,
10
Desmin, mouse - Immature Novocastra, Newcastle, Pepsin, 37°C, 14’ 1:300
Monoclonal Sertoli cells UK
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Table 2. Histological and immunohistochemical findings in cryptorchid dogs

Age BW Histological Immunohistochemistry
ID. Breed Cryptorchid  Testes position

(ys) (Keg) findings VIM CK DES INH AMH PLAP
Inguinal SCO ++++ - Un-reactive - ++++ +

1 Shiba Inu 0,42 10 Bilateral
Inguinal SCO ++++ - Un-reactive - ++++ +
Inguinal SCO +++4+ - - - ++++ -

2 Poodle 0,67 4,5 Bilateral
Inguinal SCO +++4 - - - ++++ -
Abdominal H ++++ - - + ++++ -

3 Jack Russel 0,67 4,5 Unilateral
Scrotal H ++++ - - ++ ++++ -
Abdominal H +HH+ ++ - + ++++ +

4 Kurzhaar 0,67 22 Unilateral
Scrotal H ++++ + - - - +
Abdominal SCO, SCH ++++ + + - 44+ -

5 Mixed Breed 0,75 28 Unilateral
Scrotal H ++++ - - - - R
Inguinal SCO +++4 - - - +++ +

6 Chihuahua 0,83 3,2 Unilateral
Scrotal H ++++ - - - - R
Cocker Scrotal H ++++ - - - - -

7 1,3 15 Unilateral
Spaniel Abdominal SCO ++++ - - - 44+ +
Subcutaneous H ++++ - - - 4+ -

8 Cocker 1,58 11 Unilateral
Scrotal H ++++ - - - 4+ -
Subcutaneous H ++++ - - - - -

9 Pinscher 2 3,9 Unilateral
Scrotal H ++++ - - - - R
Golden Abdominal SCO, SCH, SEM ++++ ++ + + + -

10 2,67 35,5 Bilateral
Retriever Abdominal SCO, SCH, SEM ++++ ++ + + + +
Scrotal H ++++ - - - - R

11 Bouledogue 2,33 15 Unilateral
Abdominal SCO, SCH ++++ + + - - -
12  Mixed Breed 2,5 26 Unilateral Scrotal H 4+ - - - - -
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Scrotal SCO, LCT ++++ - + - FH+ +

25 Mixed Breed 13 15,2 Unilateral SCO; LCT, SEM,
Inguinal ++++ + ++ + +H++ ++
SCT
Subcutaneous SCO, SCT ++++ - + - + -

26 English Setter 13 21 Unilateral
Scrotal SEM ++++ + - - 4 +

H: healthy testis, SCO: Sertoli cell-only tubules, SCH: Sertoli cell hyperplasia, SEM: Seminoma, SCT: Sertoli cell tumor, LCT: Leydig cell tumor, SEM/SCT: mixed Seminoma/Sertoli cell tumor, VIM:

vimentin, CK: cytokeratin, DES: desmin, INH: inhibin-a, AMH: anti-Mllerian hormone, PLAP: placental alkaline phosphatase.
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Graph 1. Incidence of healthy and neoplastic testes based on their location
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H: healthy testes, SCO: Sertoli cell only tubules, SCH: Sertoli cell hyperplasia, SEM: Seminoma, SCT: Sertoli cell tumor, LCT: Leydig cell

tumor, SEM/SCT: mixed Seminoma/Sertoli cell tumor.
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Graph 3a. Markers expression in scrotal and cryptic testes
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Graph 3b. Markers expression in healthy and neoplastic testes
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Figure 1. Histologic section of canine cryptic testis. Seminiferous tubules lined only by Sertoli cells (Sertoli cell only

tubules — SCO tubules) (HE stain. BAR 150 micron).

Figure 2. Histologic section of a canine cryptic testis. Seminoma. Sheets of round to oval neoplastic cells,

accompanied by small lymphocytic aggregates (arrowhead) (HE stain. BAR 50 micron).

Figure 3. Histologic section of a canine cryptic testis. Sertoli cell tumor. The tumor is composed by tubules lined

exclusively by neoplastic Sertoli cells (HE stain. BAR 150 micron).



Figure 4. Histologic section of a canine cryptic testis. Leydig cell tumor. Neoplastic polygonal cells arranged in cords

separated by scant fibrovascular stroma (HE stain. BAR 200 micron).

Figure 5. Canine scrotal testis immunohistochemically stained for vimentin. Sertoli cells are strongly vimentin-
positive (some indicated with arrowheads) while germ cells are negative (immunohistochemistry, hematoxylin

counterstained. BAR 50 micron). Top right: immunoglobulin isotype control.

Figure 6. Canine cryptic testis immunohistochemically stained for vimentin. Sertoli cells are strongly vimentin-
positive (some indicated with arrowheads) while germ cells are negative (immunohistochemistry, hematoxylin

counterstained. BAR 50 micron). Top right: immunoglobulin isotype control.
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Figure 7. Canine cryptic testis immunohistochemically stained for vimentin. Sertoli cell only tubules. Sertoli cells are
strongly vimentin-positive (immunohistochemistry, hematoxylin counterstained. BAR 50 micron). Top right:

immunoglobulin isotype control.
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Figure 8. Canine cryptic testis immunohistochemically stained for PLAP. Note a group of PLAP-positive gonocytes
(arrowheads) in a seminiferous tubule (immunohistochemistry, hematoxylin counterstained. BAR 50 micron). Top

right: immunoglobulin isotype control.
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Figure 9. Canine scrotal testis immunohistochemically stained for PLAP. Note occasional PLAP-positive gonocytes
(arrowheads) in a seminiferous tubule (immunohistochemistry, hematoxylin counterstained. BAR 50 micron). Top

left: immunoglobulin isotype control.
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Figure 10. Canine cryptic testis immunohistochemically stained for cytokeratins. Scattered cytokeratins-positive
Sertoli cells (some indicated with arrowheads) are recognizable into seminiferous tubules (immunohistochemistry,

hematoxylin counterstained; 200X magn magnification. Top left: immunoglobulin isotype control.

Figure 11. Canine cryptic testis immunohistochemically stained for desmin. Desmin-positive Sertoli cells (some
indicated with arrowheads) are recognizable into scattered seminiferous tubules (immunohistochemistry,

hematoxylin counterstained. BAR 150 micron). Top left: immunoglobulin isotype control.

Figure 12. Canine cryptic testis immunohistochemically stained for anti-Muellerian-hormone (AMH). Note AMH-
positive Sertoli (some indicated with asterisks), intermixed with negative early germ cells into seminiferous tubules

(immunohistochemistry, hematoxylin counterstained. BAR 150 micron). Top left: immunoglobulin isotype control.
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Figure 13. (A) Canine normal testis. Immunohistochemistry for desmin. Positive control structures are vessels walls
(asterisks) and peritubular myoid cells (arrows). Seminal cells are consistently negative. (B) Canine normal testis.
Immunohistochemistry for desmin. Positive control peritubular myoid cells (arrow) at higher magnification.
Seminal cells are consistently negative. (C) Canine normal testis. Immunohistochemistry for cytokeratins. Positive
control structures are rete testis tubules (arrows). Seminal cells, visible on the left, are consistently negative. (D)
Canine normal testis. Immunohistochemistry for cytokeratins. Positive control structures are rete testis tubules

(arrows). Seminal cells, visible on the left, are consistently negative.
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Abstract

Cryptorchidism, the failed descent of one or both testes into the scrotum, is a common
developmental disorder in male dogs. Cryptorchidism may affect canine fertility, reducing the quality
of the semen, and may promote spermatic cord torsion and onset of neoplasia. MicroRNAs (miRNAs)
are epigenetic regulators of gene expression and their dysregulation is associated with disorders of
spermatogenesis and testis neoplasia. The present study aimed at investigating the expression of
miRNAs in formalin-fixed, paraffin-embedded (FFPE) canine retained testes and testes affected by
seminoma, and at integrating miRNAs to their target genes. Forty testicular FFPE specimens from 30
dogs were included - 10 scrotal and 10 contralateral retained from 10 unilateral cryptorchid dogs; 10
tumoral testes affected by seminoma from non-cryptorchid dogs; 10 scrotal normal testes from non-
cryptorchid dogs included as control. The expression level of three miRNAs, namely miR-302c-3p,
miR-302a-3p, and miR-371-3p, associated to testicular disorders, were quantified using RT-qPCR.

The comparative analysis demonstrated that the level of miR-302a-3p and miR-371a-3p were
guantifiable exclusively in control testes. The expression level of miR-302¢c-3p was higher in the
control than in the other groups; its expression decreased in retained testes compared to scrotal
testes and testes with seminoma. Gene Ontology analysis pointed out that these miRNAs may be

involved in the modulation of oestrogen and thyroid hormone signalling pathways.
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In conclusion, this study demonstrated that miRNAs are dysregulated in canine cryptorchid and
seminoma-affected testes compared to control tissues, confirming the pivotal role of miRNAs in

cryptorchidism.

Keywords: Dog, Cryptorchidism, MicroRNA, Seminoma

1. Introduction

Cryptorchidism is a common developmental disorder in male dogs that results in the failed descent
of one or both testes into the scrotum. It occurs more frequently in purebred than mongrel dogs
either with a unilateral or bilateral presentation (Yates et al., 2003). The aetiology of this congenital
disease has a strong hereditary component and many genes are probably involved in its transmission
(Khan et al., 2018). Cryptorchidism impacts greatly on canine fertility resulting in poor semen quality
(Kawakami et al., 1984), moreover, to reduce the incidence of this pathology, affected dogs should
be excluded from breeding line (Romagnoli, 1991). In addition, the undescended testes are more
susceptible to spermatic cord torsion (Pearson & Kelly, 1975) and neoplasia (Hayes et al., 1985) than
scrotal ones. In the case of a unilateral condition, the actual impact on the contralateral scrotal testis
in terms of cancer predisposition is not yet clear in the canine species. In fact, there is a lack of
guidelines for an appropriate surgical approach (unilateral or bilateral orchiectomy) to these specific

patients (Veronesi et al., 2009, Romagnoli, 1991).

Our previous study on exploring potential immunohistochemical markers showed suspected
precancerous lesions in both gonads from unilateral cryptorchid dogs (Pecile et al., 2021). To clarify
the involvement of the scrotal testis in unilateral form of canine cryptorchidism and in support of a
correct and conscious therapeutic plan, innovative ‘omics’ technologies were applied. In particular,
analysis of miRNAs, that are small non-coding RNAs preserved after formalin fixation (Klopfleisch et
al., 2011), has been performed. These molecules, comprising about 22 nucleotides, regulate genes
expression at the post-transcriptional level and participate in several biological processes including
cellular proliferation and differentiation (Ambros, 2004). miRNA dysregulation hesitates in molecular
pathways disfunction that could give rise to disease and neoplasia development (Condrat et al.,

2020). In this respect, miRNAs could be regarded as suppressor or promoter of tumorigenesis process
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(Zzhao et al., 2016) thus representing advanced biomarkers of diagnosis, staging, prognosis and

therapy.

In canine population, seminomas have the highest incidence among testicular tumors (Ciaputa et al.,
2012) and also prevail over Sertoli cell and Leydig cell tumors in cryptorchid dogs (Pecile et al., 2021,
Liao et al., 2009). Despite a less aggressive behaviour in humans than in dogs (Grieco et al., 2007),
distant metastases of seminoma occur in 10-15% of canine patients (Lucas et al., 2011, Dugat et al.,
2015). Environmental factors have been suggested to be involved both in cryptorchidism via
endocrine disruptor chemicals (Lea et al.,, 2016) and in the development of seminoma via its

precursor, carcinoma in situ (Rajpert-De Meyts & Hoei-Hansen, 2007).

The present study focused on investigating miRNAs expression in both retained and testes affected
by seminoma compared to healthy scrotal ones in dogs. Three miRNAs, related to testicular germ cell
tumor (TGCT) in humans, were selected to be detected and measured in dogs. In particular, miR-
302c-3p and miR-302a-3p that seemed to act as oncogenes in testicular tumors where they are
upregulated (Das et al., 2019), and miR-371-3p that has proved to be a great biomarker for TGCT in

man (Dieckman et al., 2017, Nappi et al., 2019), were examined.

Lastly, a gene functional analysis was performed in attempt to understand biological targets and
pathways of the selected miRNAs and to identify molecular dysregulation that could promote

carcinogenesis process and increase neoplastic risk in both gonads of unilateral cryptorchid dogs.

2. Materials and methods

2.1. Inclusion criteria

For this retrospective study, 40 testicular formalin-fixed paraffin-embedded (FFPE) specimens from
30 dogs were selected from the archives of the Department of Veterinary Medicine of the Universita
degli Studi di Milano. As detailed in Table 1, caseload consisted of 10 healthy non-cryptorchid testes
(H), 10 scrotal (S) and 10 contralateral retained testes (R) from unilateral cryptorchid dogs, and 10

testes affected by Seminoma of non-cryptorchid dogs (T).

All patients included in the study underwent bilateral surgery for elective or therapeutic neutering

and both testes were sent for histological examination.
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2.2. Histology And sample collection

All testes were longitudinally sectioned on the midline and fixed in 10% neutral buffered formalin,
then a complete longitudinal section was obtained and routinely processed for histology. Sections
(4um) were cut from paraffin wax blocks, stained with hematoxylin and eosin (HE) and reviewed.

Seminoma diagnosis was based on World Health Organization guidelines (Kennedy et al., 1998).

After bright field microscopy observation, a 4 um slide was cut from paraffin blocks of healthy and
cryptorchid patients, while a biopsy punch was used to get a portion of Seminoma from neoplastic
paraffin blocks. All samples were then placed into Eppendorf tubes and submitted for miRNA

extraction.

2.3. MicroRNAs extraction and quantification by RT-qPCR (qPCR)

MiRNAs were extracted using a miRNeasy FFPE Kit (Qiagen, Cat. No. 217504) following the
manufacturer’s instructions. The RNA concentration was determined using spectrophotometry
(NanoDrop; Thermo Scientific). Reverse transcription was performed using the TagMan MicroRNA
Reverse Transcription Kit (AppliedBiosystems; Thermo Fisher Scientific), Monza, Milan, Italy, Cat. No.
4366596) and using miRNA-specific stem-loop reverse transcriptase (RT) primers, according to
manufacturer’s instructions. Reverse transcription reactions were performed in 15 pl volume
reactions containing 1.5 pl 10 X miRNA RT buffer, 1 pl MultiScribe reverse transcriptase (50 U/ul),
0.30 pl 100mM dNTP mix, 0.19 ul RNase Inhibitor (20 U/ul), 6 pl of custom RT primer pool and 3.01
ul of nuclease-free water. The custom RT primer pool was prepared combining 10 pl of each
individual 5 X RT primer in a final volume of 1000 pl; the final concentration of each primer in the RT
primer pool was 0.05 X each. Then 3 pl RNA was added to each RT reaction. Every RT reaction mixture

was incubated on ice for 5 min, at 16°C for 30 min, at 42°C for 30 min and then at 85°C for 5 min.

The gPCR experiments were designed following the Minimum Information for Publication of
Quantitative Real-Time PCR Experiments (MIQE) guidelines. Small RNA TagMan assays were
performed according to manufacturer’s instruction. MicroRNAs were selected according to previous
publications where they were related to testicular neoplasia in humans (Das et al., 2019, Dieckmann
etal., 2017, Nappi et al., 2019). The selected primer/probe assays (Life Technologies; Thermo Fisher
Scientific, Monza, Milan, Italy) included hsa-miR-25-3p, hsa-miR-371-3p, hsa-miR-302a-3p, hsa-miR-

302c-3p and hsa-miR-30b-5p. Quantitative reactions were performed in duplicate in scaled down (15
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ul) reaction volumes in a CFX Connect Real-Time PCR Detection System (Bio-Rad) using 7.5 pl of 2X
TagMan Fast Advanced Master Mix (Cat. No. 4444557), 0.75 ul of miRNA specific TagMan Advance
assay reagent (20X), 1 ul of cDNA and water to make up the remaining volume. The thermal cycling

profile was as follows: 50°C for 2 min, 95°C for 3 min and 40 cycles at 95°C for 15s and 60°C for 40s.

Data were normalized relative to the expression of hsa-miR-25-3p and has-miR-30b-5p. MicroRNAs
expression levels are presented in terms of fold change normalized to hsa-miR-25-3p and has-miR-

30b-5p expression using the formula 27449,

2.4, Statistical Analysis

The statistical analysis was performed on XLStat software for Windows (Addinsoft, New York, USA).
The data were tested for normality using the Shapiro-Wilk test, and as the data were not normally
distributed the Kruskal-Wallis for multiple pairwise comparisons was applied, as a non-parametric

test. Statistical significance was accepted for p < 0,05.

3. Results

3.1. Study population

Aside from the mongrels (n = 16), in this study 12 breeds were represented (n =14) with a majority
of Chihuahua and German Shepherd dogs. Patients mean age was lower in healthy (1,61 = 0,92 ys)

and cryptorchid dog (1,29 + 0,62 ys) compared to dogs affected by Seminoma (10,7 + 2,98 ys).

The 10 undescended testes were mainly right sided (80%) and were detected in the abdomen (n=5),

in the inguinal area (n=1) and in the pre-scrotal subcutaneous tissue (n=4).

3.2. miRNAs expression

miRNAs expression significantly varied among healthy, retained, and neoplastic testes (Fig. 1).
Indeed, while miR-302c-3p was detected in all samples, miR-371a-3p and miR-302a-3p were almost

absent in retained testes and in testes affected by seminoma.

As shown in Fig. 1b, miR-302c-3p was downregulated in both scrotal (p=0,04) and retained gonads

(p<0,0001) of cryptorchid dogs compared to healthy testes. A similar trend was found also in gonads
132



affected by seminoma even without a statistical significance (p=0,06). Moreover, in cryptorchid
patients, a considerable difference was highlighted between scrotal and undescended testes with
miR-302c-3p upregulated in normally descended ones (p=0,03). Although without statistical
significance, mir-302c-3p expression in tumoral gonads was higher than in retained ones and

comparable with scrotal testes of cryptorchid dogs.

miR-302a-3p was found exclusively in healthy testes while it was absent in scrotal (p=0,003), retained

(p=0,003) and neoplastic ones (p=0,003) (Fig 1a).

Like miR-302a-3p, miR-371a-3p had no or negligible expression in both scrotal (p=0,0003) and
undescended testes (p=0,0009) of cryptorchid dog compared to healthy gonads. Additionally, it

wasn’t detectable also in gonads affected by seminoma (p<0,0001) (Fig. 1c).

3.3. miRNA Target Prediction and Pathway Enrichment

Using MiRWalk 3.0, predicted target genes of 3 selected miRNAs were identified. Shared by 2
databases, namely miRDB and miRTarBase, 24 targets were found for miR-302c and 27 predicted

genes for miR-302a and miR-371a. Candidate genes are illustrated in Table 2.

DAVID database was employed to perform Gene Ontology analysis for molecular function (MF),
cellular components (CC) and biological process (BP). Molecular function items focused on proteins
and nucleic acids binding and transcription factor activity, while cellular components terms
concerned nucleus, cytoplasm and cellular membrane and junction. Principal results for biological
process included transcription regulation at different levels, nervous system development and

regulation of apoptotic process (Fig. 2).

Finally, the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis was carried out and
showed that Estrogen and Thyroid hormone signalling along with regulation of calcium reabsorption

were the most significant pathways.

133



4. Discussion

Due to its rising incidence, cryptorchidism is a relevant pathology in the canine species (Lea et al.,
2016), however various etiopathogenetic and therapeutic uncertainties persist. The present miRNA

investigation aimed to face some of these issues.

In our caseload a significant difference in miRNAs expression was detected in healthy testes which
were upregulated compared to retained and testes affected by seminoma. This difference was
especially noticeable for miR-302a-3p and miR-371a-3p that were almost absent in pathologic
patients (cryptorchid or neoplastic). Compared to normal gonads, some variances were expected in
retained and neoplastic testes in which the normal structure and physiology of the gonad was
impaired. In the former, the incorrect location exposes the testis to high temperature, increasing
oxidative stress and compromising Sertoli and germ cells function (Kawakami et al., 2007); in the
latter, testis architecture is destroyed by an uncontrolled cellular proliferation (Mostofi & Sesterhenn,
1998). These abnormalities are both cause and consequence of molecular changes that reasonably

can result in miRNA dysregulation (Ebrahimi et al.,2020).

In humans, several studies described miR-302a-3p and miR-371a-3p as oncogenes in testicular cancer
in which they appear to be upregulated (Palmer et al., 2010, Murray et al., 2011). In particular, miR-
302a-3p seemed to inhibit apoptosis increasing survivin protein (Das et al. 2019) while miR-371a-3p
proved to be a sensitive and specific marker of testicular germ cell tumor (Liu et al 2021). In our
sample, both these miRNAs were not expressed in neoplastic testes. This downregulation suggested
that, in contrast with human findings, in the canine species miR-302a-3p and miR-371a-3p could have
an opposite role acting as tumor suppressors at testicular level. Similarly, we detected the absence
of these two miRNAs in both gonads of unilateral cryptorchid dogs even if no sign of malignancy was
evident at histological examination. This outcome confirmed the suspicion of a negative influence of
the retained testis on the scrotal one in unilateral cryptorchid dogs as suggested by previous
immunohistochemical analysis (Pecile et al., 2021). Although literature is lacking on this topic and
further studies are needed to clarify this aspect, it can be assumed that miR-302a-3p and miR-371a-
3p dysregulation could be ground for cellular changes that can evolve into seminoma. Therefore, on
molecular basis, predisposition for this specific histotype of testicular neoplasia in unilateral

cryptorchid dogs might concern even the scrotal testis, regardless of its physiological position.

Another feature of miRNAs is their involvement in intercellular signalling (Di Leva et al., 2014). This

role is carried out by circulating miRNAs that through exosome or protein-bound work as messengers
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between cells in different parts of the body (Sun et al., 2018, Vickers et al., 2011). This peculiar
property becomes extremely important in cancer since miRNAs allow communication among primary
neoplasia and its metastases, that can be exploited for diagnostic and therapeutic purposes (Ruivo
et al., 2017). A similar molecular interaction could be hypothesized between retained and scrotal

gonads in unilateral cryptorchid patients. However, to date, no study has ever evaluated its presence.

Despite miR-302a-3p and miR-302c-3p belong to the same MiRNA cluster, in our sample there was
great discrepancy in their detection. We found a differential expression of miR-302c-3p among all
four groups of testes. The most interesting result concerns dysregulation of miR-302c-3p in
contralateral scrotal testes of unilateral cryptorchid dogs, that emphasizes a certain degree of
abnormality. In fact, despite the correct position of the gonad, there was a significant downregulation
compared to healthy testes (p=0,04), but it was not as marked as in retained ones (p<0,0001).
Observing this downward trend, we speculated on a possible miRNA-mediated influence of the
cryptic gonads on the contralateral scrotal ones. This alleged link between testes could explain not
only the aforementioned neoplastic predisposition, but also the spermiogram variability often seen
in these patients (Kawakami et al., 1984). Circulating miRNAs produced by undescended testis, could
indeed interfere with spermatogenesis leading to poor semen quality. This way of communication,
alternative to normal hormonal feedback, should be properly investigated. In this perspective, in
future studies it would be interesting to search for miR-302¢-3p in blood and compare its expression

among healthy and unilateral cryptorchid patients.

Gene ontology and analysis of KEGG pathways for miR-302¢c-3p showed its involvement in Estrogen
signalling by regulating the expression of ESR1, the gene that encode for estrogen receptors a (ERa)
(https://david.ncifcrf.gov/). In human species, exposure to estrogenic substances has been identified
as a plausible cause of impaired testicular descent (Thonneau et al., 2013). However, the dysgenic
effect seems to be conditioned by the expression of ERa in Leydig cells (Cederroth et al., 2007).
Previous studies detected these receptors also in healthy testes and both gonads of unilateral
cryptorchid dogs (Nie et al.,, 2002, Jung et al., 2016). Therefore, a similar mechanism could be
assumed also in canine species. In our caseload, the downregulation of miR-302c-3p found in
cryptorchid dogs suggests an increase in estrogen receptor a that may have exposed the gonads to
estrogenic compounds even more and influenced their development. This outcome fits in perfectly
with the testicular dysgenesis syndrome (TDS) theory. Indeed, TDS was first described by Skakkebaek
(2001) who recognized and proposed poor semen quality, cryptorchidism, hypospadias and testicular

cancer as symptoms of the same disorder based on a common environmental and lifestyle etiology.
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Thereafter numerous authors have extensively studied TDS in humans (Martin et al., 2008) and its
existence was guessed even in dogs since they live close to the owners sharing the same
environmental hazard (Lea et al., 2016). So far histological and immunohistochemical clues of TDS
were described in canine species (Pecile et al., 2021, Grieco et al., 2008). The present study supported
these speculations suggesting a plausible mechanism by which estrogenic compounds could exert

their dysgenic activity.

5. Conclusions

To our knowledge, this is the first study that investigate miRNAs expression in dogs affected by

unilateral cryptorchidism and seminoma.

As in dogs with mammary tumor, in which the subject and not the single gland has a neoplastic
predisposition, even in dogs affected by unilateral cryptorchidism it can be assumed that cancer
susceptibility is shared by both gonads. Therefore, especially when retained testis is already

diagnosed with testicular tumor, a conservative approach should be regarded with caution.
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Legends

Table 1. Characteristic of canine patients

ID Breed Age (ys) Testes position Group
1 Mixed breed 1,67 Scrotal H
2 Golden Retriever 4 Scrotal H
3 Mixed breed 1,58 Scrotal H
4 Chihuahua 2 Scrotal H
5 Mixed breed 1,5 Scrotal H
6 Mixed breed 1,42 Scrotal H
7 Mixed breed 1,08 Scrotal H
8 Mixed breed 1,08 Scrotal H
9 Mixed breed 0,75 Scrotal H
10 Mixed breed 1 Scrotal H
11 Jack Russel 0,67 Abdominal R
Scrotal S
12 Kurzhaar 0,67 Abdominal R
Scrotal S
13 Mixed Breed 0,75 Abdominal R
Scrotal S
14 Chihuahua 0,83 Inguinal R
Scrotal S
15 Meticcio 1 Subcutaneous R
Scrotal S
16 Cocker Spaniel 1,3 Scrotal S
Abdominal R
17 Maltese 1,33 Subcutaneous R
Scrotal S
18 Pinscher 2 Subcutaneous R
Scrotal S
19 Whippet 2 Subcutaneous R
Scrotal S
20 Bouledogue 2,33 Scrotal S
Abdominal R
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21
22
23
24
25
26
27
28
29
30

Rhodesian Ridgeback
German Shepherd
Mixed Breed
Mixed Breed
Mixed Breed
Pug
Mixed Breed
Mixed Breed
German Shepherd
Mixed Breed

13
14
15
12

12
9
10

Scrotal
Scrotal
Scrotal
Scrotal
Scrotal
Scrotal
Scrotal
Scrotal
Scrotal

Scrotal

- A4 A4 4 A4 4 A4 A A

H: healthy testes, R: retained testes, S: scrotal testes, T: testes affected by Seminoma
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Table 2. Predicted target genes
EIF2S1, ELK4, ESR1, GABPB1, GDF11, HABP4, HIP1, HOOK3, INOSOD,

miR-302c-3p IPO9Y, KCNB1, KIF13A, KREMEN1, MAP1B, MBNL3, MIXL1, NFIB, PRRG4,
PSD3, PTGDR2, SAMD12, SH3GLB1, VPS53, ZNFX1
DSTYK, EIF2S1, ELAVL2, ELK4, ESR1, FKBP14, GABPB1, GDF11, HABP4,
miR-302a-3p IPO9Y, IRAK4, KCNJ8, LRRC58, MAP1B, MBD2, MBNL3, NR2C2, PLCB4,
miR-371a-3p PRRG4, PSD3, RASGEF1A, SERF1B, SON, TAOK1, WEE1, ZNF385A,
ZNFX1
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Figure 1. miRNAs expression in healthy, unilateral cryptorchid and oncologic patients.

(a) miR-302a-3p, (b) miR-302¢-3p and (c) miR-371a-3p.



Molecular
function

Cellular
component

Biological
process

Figure 2. Gene Ontology outcome given for molecular function, cellular components, and biological process

protein serine/threonine kinase activity
protein kinase activity

DNA binding

steroid hormone receptor activity
mMRNA 3'-UTR binding

kinase activity

transcription factor activity, sequence-specific DNA...

poly(A) RNA binding

nucleus

cytosol

cytoplasm

nuclear chromatin
postsynaptic density
nucleoplasm

steroid hormone mediated signaling pathway
regulation of transcription, DNA-templated
transcription, DNA-templated

regulation of RNA splicing

nervous system development

microtubule cytoskeleton organization

147

o
N

4 6 8 10
Number of enriched genes

[y
N

14



GENERAL DISCUSSION

Fertility is defined as the ability to conceive and deliver viable offspring. Its evaluation is extremely
challenging both in human and canine species since it results from the combination of male and

female aspects that are defined by genetic and environmental determinants.

There is limited awareness regarding the impact of environmental risk factors on dogs’ reproduction.
Data reported in human literature suggest that these elements can influence fertility at many
different levels beginning with embryonic development up to conception. In canine species, however,
knowledge is fragmented and incomplete, despite dog has often been proposed as a model for man

since they share the same exposure hazard.

Through this PhD thesis an attempt was made to add new pieces to canine fertility complex puzzle

and to provide some matter for reflection on the management of breeding dogs.

The first two studies analysed the effects of a common pollutant, namely cigarette smoke, both on
male dog and pregnant bitches. Regardless the spread of this deleterious habit, its consequences in
canine species still remain poorly understood notwithstanding dogs’ high exposure caused by its
cohabitation with the smoking owners. Literature on this topic was limited, therefore the first step
was to measure cotinine level in serum, semen, hair and amniotic fluid of patients enrolled. Its
detection in all patients of our caseload, including those not subjected to passive smoke, made it
clear that environmental contamination due to second/third-hand smoke is much more widespread
than expected and persists in all places frequented by dogs. As in humans, cotinine concentration
seemed to be proportional to exposure degree stressing the effectiveness of this molecule as

cigarette smoke marker even in canine species.

In the former study on male dogs, some differences emerged in terms of seminal parameters
between passive smokers and non-exposed dogs. These discrepancies in total sperm count and
morphological defects deserve further attention as well as the molecular damages produced by
smoke on spermatozoa. Unfortunately, a major limitation was the inability to perform an ejaculate
evaluation through the CASA system. This computerized analysis would have allowed to objectively
define spermatozoa motility whose changes can escape observation even by an experienced

operator.
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Albeit oxidative stress (OS) is a known detrimental agent for semen quality whether it originates from
endogenous (e.g. infections) or exogenous (e.g. passive smoke) sources, we didn’t manage to find
measurable differences in total antioxidant capacity (TAC) of dogs exposed to tobacco smoke. This
result differed from what expected based on human literature, therefore we hypothesized that TAC,
which include many different molecules, could be a too generic parameter to evaluate smoke effect
on seminal oxidative stress. Moreover, the variable household condition along with the different
lifestyle of patients included in our caseload can be a limiting factor into oxidative stress evaluation.
Unpredictable stressors, in fact, may have occurred before the andrological examination interfering
with TAC level of each dog. To reduce this bias, in a theoretical ideal condition, patients enrolled
should be of the same size, body weight, breed, be housed in the same facility and fed with the same
diet. In addition, a distinction should be made between companion and working dogs since the
dissimilar activity levels could produce variable degree of oxidative stress impacting on semen quality
regardless of their ETS exposure.

The small sample size of both studies didn’t allow us to precisely define the consequences of passive
smoke on breeding animals. In particular, in pregnant bitches, large-scale studies can be far more
interesting allowing to check whether exposure to passive smoke increases the risk of preterm birth
and malformations (such as cleft palate) or leads to low conception rate and pups’ birthweight as

happens in humans.

Taken together, these data highlight that environmental smoke shows implications even on canine
genital tract, however owners and breeders are not aware of this easily disposable risk factor which

can undermine dog reproduction.

Moving away from tobacco smoke, other two studies were conducted on developmental disorders
focusing in particular on cryptorchidism which is a very widespread and challenging disease whose

multifactorial etiology also includes exposure to endocrine disruptor chemicals (EDCs).

Initially through immunohistochemistry and later with miRNomics, we deepened this pathology from
a molecular point of view. Obtained results showed that one of the underlying factors of this disease
could be the dysregulation of the estrogen receptors alpha that would expose both gonads to the
deleterious action of environmental disruptor compounds. Therefore, in this respect, the altered
development would always affect both gonads even in the case of unilateral presentation

predisposing both testes to a greater neoplastic risk.
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This overall perspective of the patient led to a reflection on the best therapeutic approach in dogs
affected by unilateral cryptorchidism in which the removal of one or both testicles should be weighed
also considering malignancies predisposition of the scrotal testis. The identification of miRNAs, that
act as markers of testicular tumours in canine species, could allow better monitoring of patients in
which a conservative surgery was performed. Indeed, circulating miRNAs could favour an early

recognition of carcinogenic changes allowing a rapid intervention when needed.
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CONCLUSIONS

The comprehension of fertility remains an ambitious target in all species since many endogenous and
exogenous factors may interact. The role played by the environment on this reproductive aspect has
yet to be precisely defined and little is known on companion animals

The insights provided in the present PhD thesis underlined the environmental impact on dogs’
reproductive life from embryonic stage until adulthood. Despite some pollutants such as EDCs can’t
be completely eliminated, greater awareness of risks associated to bad habits like cigarette smoke
should be encouraged in veterinarians as well as in breeders and owners.

Cues disclosed in this dissertation should be regarded as starting points for further studies, however
we hope that our contribution could help other clinician in dealing with this tough issue in canine

species.
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