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ABSTRACT

The many issues related to infertility necessitate a more profound
understanding of the specific mechanisms that regulate ovulatory processes.
From this point of view, comprehending the functional processes of ovulation-
inducing factors (OIF) would be beneficial for enhancing the rate of ovulation
and, consequently, reproductive success in both veterinary species and humans.
Understanding of the physiological processes triggered by OIF, in a comparative
perspective across species, will equip us with novel strategies to address
reproductive imbalances.

Nerve growth factor (NGF) was previously recognized as the primary
ovulation-inducing factor in species that undergo induced ovulation; however,
current research indicates that NGF also plays a role in species with spontaneous
ovulation. The key goal of this research (Chapter 1) was to assess the presence
and gene expression of NGF and its cognate receptors, high-affinity neurotrophic
tyrosine kinase 1 receptor (NTRKI1) and low-affinity p75 nerve growth factor
receptor (p75NTR), within the ram genital tract. We also examined the annual
trend of NGF seminal plasma levels to evaluate any potential correlation between
NGF production and the reproductive seasonality of sheep. We assessed the
NGF/receptors system in the testis, epididymis, vas deferens ampullae, seminal
vesicles, prostate, and bulbourethral glands using immunohistochemistry and
real-time PCR (RT-qPCR). We evaluated NGF seminal plasma concentrations
using the enzyme-linked immunosorbent assay (ELISA) method. This study
demonstrated that the NGF system was present in the tissues of all genital tract,
affirming the importance of NGF in ram reproduction. Sheep are short-day
breeders, experiencing anestrus that coincides with elevated seminal plasma NGF
levels, implying that this factor may play a role in an inhibitory mechanism of

male reproductive activity, triggered by female anestrus.



The reproduction of wild species is of significant interest to veterinarians
and biologists. The grey squirrel (Sciurus carolinensis) is an invasive species that
poses a threat to the Eurasian red squirrel in Umbria, Italy. Comprehending its
reproductive biology is essential for population management. Based on prior
research on female grey squirrels, our study (Chapter 2) investigates the presence
of NGF and its receptors in the testes of male grey squirrels. We categorized the
testes into immature, pubertal, and actively spermatogenic stages. We examined
NGF and its receptors wusing RT-qPCR, western blotting, and
immunohistochemistry and assessed plasma levels via ELISA. Findings indicated
an elevated NGF level in pubescent squirrels. Immunohistochemistry detected
NGF in Leydig cells, exhibiting more intense staining in pubertal and adult
animals. We identified NTRK1 in the Leydig cells of immature squirrels and in
the germ cells of pubertal and mature animals. NGF receptors were also detected
in Sertoli cells. The findings indicate that NGF is crucial for testis development
and reproductive success via autocrine or paracrine processes, underscoring its
significance in controlling reproduction in this invasive species.

The question of the interaction of various ovulation induction factors with
each other is also unexplored. This research (Chapter 4) examined interleukin-
1B (IL1B) and its receptor (interleukin-1 receptor type, ILIR1) in the testis, sex
glands, seminal wvesicles, and uterus of adult rabbits utilizing
immunohistochemistry and quantitative reverse transcription PCR (RT-qPCR).
We evaluated the presence of IL1B in seminal plasma via Western blotting and
investigated the interaction between IL1B and NGF in vitro by quantifying their
production using ELISA in the presence of NGF and IL1B, both individually and
with their respective receptor antagonists. Immunohistochemistry demonstrated
IL1B system expression in all examined reproductive organs, with IL1B and
IL1R1 localized to the germinative epithelium of the testis and the epithelial cells
of the accessory glands and uterus. Transcript levels of the IL/B gene were

markedly elevated in the prostate and seminal vesicles relative to the testis,
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although /LRI levels were considerably greater in the prostate compared to the
other organs. Western blotting validated the existence of IL1B in seminal plasma.
The in vitro investigation revealed that IL1B elevated basal NGF production in
the uterus, while NGF did not influence IL1B production. The findings
demonstrate the expression of the IL1B/IL1R1 system in the reproductive tracts
of both male and female rabbits, indicating that IL1B in seminal plasma may
affect uterine endocrine function. The findings suggest a possible function of
IL1B in ovulation, alongside NGF, indicating that ovulation may entail
inflammatory-like mechanisms.

Adiponectin (ADIPOQ) is the predominant adipocytokine released by
adipocytes in white adipose tissue, functioning through two receptors, ADIPOQ
receptor 1 and 2 (ADIPOR1 and ADIPOR2). ADIPOQ plays a significant role in
numerous physiological systems that regulate overall energy homeostasis.
Besides these metabolic factors, ADIPOQ influences the reproductive system
through its effects on the hypothalamic—pituitary—gonadal axis. Various cell types
inside the male gonad express ADIPOQ and its corresponding receptors,
suggesting that this adipocytokine directly modulates testicular function. To
elucidate the function of the ADIPOQ/ADIPOQ receptor system in regulating
ovine reproductive processes, we assessed the existence and gene expression of
ADIPORI in male ram reproductive tissues throughout the non-breeding season
(Chapter 3). The various components of the male ram reproductive system
(testis, epididymis, seminal vesicle, ampoule vas deferens, bulbourethral gland)
were examined using immunohistochemistry and RT-qPCR. The findings reveal
that the ADIPOQ/ADIPOR1 system influences the mammalian reproductive
processes, particularly the testicular function of male rams during the non-
breeding season. The investigation of reproductive functions governed by the
ADIPOQ/ADIPOQ receptor system enhances understanding of the physiological

mechanisms connecting adipose tissue with mammalian reproductive processes,



particularly regarding how disrupted energy metabolism can lead to reproductive
disorders in humans and animals.

Another protein from the adipokine category is also believed to play a role
in the regulation of reproductive activities in animals. Resistin, a newly identified
adipokine, is a cysteine-rich secretory protein synthesized by adipocytes. Resistin
has been identified in various tissues, including the pancreas of humans and
experimental animals, where it disrupts glucose tolerance and insulin function,
leading to insulin resistance (Chapter 7). This study is to assess the presence and
expression of resistin in the pancreas of adult sheep raised on Apennine pastures.
The sheep were categorized into three groups based on their dietary regimen: the
first group were left to graze on the pasture feeding on fresh forage until
maximum pasture flowering; the second - left on the pasture for the entire period
between the maximum pasture flowering and the maximum pasture dryness. The
third group differed from the second in that they additionally received the food
supplementation of barley and corn (1:1). Immunohistochemistry and
immunofluorescence were conducted on formalin-fixed, paraffin-embedded
pancreatic sections to identify the presence of resistin and assess its co-
localization with glucagon- and insulin-producing cells. The expression of the
three molecules was also assessed in response to various diets. Resistin was
detected in the endocrine pancreas, exhibiting extensive distribution across the
pancreatic islets. RT-qPCR demonstrated the expression of resistin, glucagon, and
insulin in all examined samples. The data underscore the localization of resistin
in glucagon- and insulin-secreting cells pertinent to glucose homeostasis,
indicating a potential modulatory function for resistin. Moreover, the expression
of resistin is unaffected by dietary supplementation and, consequently, is not
altered by diet.

Another aspect of our work focused on generalizing scientific findings
regarding the impact of natural components on animal reproduction. Genistein is

a natural flavonoid with antioxidant, anti-inflammatory, and anti-neoplastic
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effects. Genistein is classified as a phytoestrogen. This review (Chapter 5)
focuses on clarifying the impact of genistein on reproductive functions in both
female and male mammals. The impact of genistein on pregnancy remains
contentious. In males, genistein demonstrates an estrogenic action by stimulating
testosterone production. Genistein's interaction with both natural and synthetic
endocrine disruptors adversely affect testicular function. The beneficial impact of
genistein on sperm quality remains ambiguous. In conclusion, genistein may
positively influence the systems governing reproduction in both females and
males. This is contingent upon the dosage, species, administration route, and
timing of delivery. Carotenoids are well-established pigments in nature, imparting
color to plants and animals, and are mostly sourced from photosynthetic bacteria,
fungi, algae, and plants. Mammals are incapable of synthesizing carotenoids. This
review (Chapter 6) aimed to clarify the function of carotenoids in the
reproductive processes of both males and females. In females, carotenoids and
their derivatives govern folliculogenesis, oogenesis, and steroidogenesis.
Furthermore, they enhance fertility by reducing the likelihood of embryonic
mortality. In males, retinol and retinoic acids stimulate molecular pathways
associated with spermatogenesis. Carotenoids are regarded as antioxidants
because they mitigate the impact of free radicals. In conclusion, carotenoids may

have advantageous impacts on enhancing ovarian and testicular function.



INTRODUCTION

1. OVULATION. PHYSIOLOGICAL BASES AND STIMULI

Ovulation is a physiological process characterized by the bursting of the
dominant follicle in the ovary, then an oocyte is released from it. Oocyte then
moves into the upper part of the oviduct where fertilization can occur (Richards
etal., 1998).

According to the type of ovulation, mammals are divided into species with
spontaneous ovulation (e.g., cows, pigs, sheep, horses) and species with induced
ovulation (e.g., camelids, cats, rabbits) (Silva et al., 2014; Bogle et al., 2018).
There are two main groups of stimuli that trigger the secretion of gonadotropin-
releasing hormone (GnRH) and pituitary gonadotropins, which in turn trigger
ovulation in mammals. While both types of ovulation involve the release of
GnRH followed by the preovulatory luteinizing hormone (LH) surge, the specific
stimulus that triggers the release of GnRH differs between the two groups.

Initially, elevated levels of plasma estrogen stimulate the processes that
Initiate ovulation, which is a defining feature of species who exhibit spontaneous
ovulation (Silva et al., 2014). In induced ovulators, the hypothalamus receives
nerve signals sent during mating and triggers ovulation and the release of GnRH

through a neuroendocrine response (Maranesi et al., 2021).

1.1. Reproduction activity in spontaneous ovulator species

Estrous cycles are classified according to their annual frequency: polyestrous,
seasonally polyestrous, and monoestrous. Species include sheep, deer, elk, and
goats are classified as short-day breeders (seasonally polyestrous). The two

principal elements that affect the commencement of the breeding season are photo



period and temperature. Photoperiod is undoubtedly the most significant factor.
Acrtificial alteration of the photoperiod is known to modify the cyclicity of
seasonal breeders (Senger, 2012).

In our research we studied the reproductive characteristics of sheep. The
reproductive activity of sheep is primarily governed by two separate rhythms: the
estrous cycle and the seasonal pattern of ovarian cyclicity. The ovine estrous
cycle, lasting 16 to 17 days, has a follicular phase of 2 to 3 days and a luteal phase
of 13 to 14 days (Senger, 2012; Mercati et al., 2024).

The stages are regulated by hormonal communication throughout the
hypothalamic—pituitary—ovarian—uterine axis (Goodman, 2015), (Figure 1).

During the follicular phase, GnRH is secreted by hypothalamic neurons in a
rapid pulsatile way. GnRH induces the production and release of the
gonadotropins (luteinizing hormone (LH) and follicle-stimulating hormone
(FSH)) from the anterior pituitary gland. To start the last stages of
folliculogenesis (Clarke et al., 2011; Yue et al., 2024), both gonadotropins affect
the ovary and target gonadotropin-sensitive and gonadotropin-dependent
follicles.

In addition to oocyte development, the two principal somatic cell types in the
ovarian follicle that respond to gonadotropin signals are theca and granulosa cells.
Following FSH stimulation, a group of tiny antral follicles initiates the
gonadotropin-dependent developmental phase of recruited follicles (Seekallu et
al., 2010). As the recruited follicles mature, they secrete increasing amounts of
estradiol and inhibin, which inhibit FSH production from the pituitary gland, so

suppressing the formation of further follicles (Wiltbank et al., 2012).
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Figure 1. Follicular phase in spontaneous ovulation process (Senger, 2012).
AL - anterior lobe of the pituitary, PL - posterior lobe of the pituitary, OC - optic chiasm,
GnRH - gonadotropin-releasing hormone, LH - luteinizing hormone, FSH - follicle-stimulating

hormone, E»-estradiol.

The substantial estradiol produced by granulosa cells of the preovulatory
follicle exerts positive feedback on the hypothalamus, prompting a rise in GnRH,
which is immediately followed by the release of LH (and FSH) that stimulates
ovulation of preovulatory follicles. In addition to initiating ovulation, the LH
surge stimulates the development of the corpus luteum (CL) from the somatic
cells of ruptured follicles, so starting the luteal phase (Figure 1) (Senger, 2012;
Talebi et al., 2018).



1.2. Ovulation-inducing factors in spontaneous ovulators’
reproductive tract

Nerve growth factor (NGF)

Nerve growth factor (NGF) was the first member of the neurotrophic
family to be identified, followed by brain-derived neurotrophic factor and further
neurotrophins (Levi-Montalcini, 1987). NGF mediates its biological effects via
two receptors, both part of the tumor necrosis factor receptor family: the high-
affinity neurotrophic tyrosine kinase receptor 1 (NTRK1, 140-kDa) and the low-
affinity nerve growth factor receptor (NGFR, 75-kDa), formerly referred to as
tropomyosin receptor kinase A and p75, respectively (Mercati et al., 2024)
(Figure 2).

Figure 2. Image of the three-component structure consisting of NGF (red and blue),
TrkA domain 5 (green), and p75NTR (=p75 neurotrophin receptor) (yellow). The extracellular
portion of TrkA consists of five domains. Only the immunoglobulin-like domain closest to the
membrane (TrkA-d5 domain) is required for NGF binding (Wiesmann et al., 1999; Wiesmann
and de Vos., 2001).

Initially detected in brain tissue, NGF is also expressed in other non-

neuronal tissues (Ceccanti et al., 2013; Ricci et al., 2007). Following its
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discovery, NGF was determined to be crucial for the development of the nervous
system as well as for the differentiation and survival of neurons (Snider, 1994);
current research has indicated that NGF can improve reproductive capabilities in
both males and females (Adams et al., 2016; Maranesi et al., 2018; Ratto et al.,
2019).

The expression of this neurotrophin in females fluctuates considerably
throughout the ovarian cycle and pregnancy as a result of hormonal variations
(Bjorling et al., 2002). Specifically, NGF expression and its receptors were
assessed in the uterus of various mammalian species, including rats, guinea pigs,
mice, horses, and sheep (Brauer et al., 2000; Mirshokraei et al., 2013; Lobos et
al., 2005), as well as in the ovaries of mice, rats, hamsters, sheep, bovines (Weng
et al., 2009; Mattioli et al.,1999; Carrasco et al., 2016). This underscores the
critical autocrine and/or paracrine function of the NGF system in oocyte and
follicle development (Li et al., 2012).

NGF recognized as the primary ovulation-inducing factor in species that
undergo induced ovulation; however, current research indicates that NGF also
plays a role in species with spontaneous ovulation (Adams et al., 2016; Lima et
al., 2020).

The research (Bogle et al., 2018) examined the presence and location of
NGF in the male reproductive organs of various mammalian species, particularly
in the testicles, epididymis, and ductus deferens ampulla. NGF was assessed in
the semen of rats, cattle, bison, elk, and white-tailed deer.
However, NGF was not detected in the semen of boars and stallions. NGF and its
receptors are present in various male reproductive tract organs across different
animals, including humans, and in ejaculated sperm of hamsters (Adams et al.,
2016; Jin et al., 2010; Saeednia et al., 2016).
Castration elevated the expression of NGF and NTRK1 receptors, suggesting that
testicular steroids modulated these molecules in the accessory sex glands of rats
(Squillacioti et al., 2009).
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The NGF system appears to be vital, modulating processes including

spermatogenesis, morphogenesis, and semen quality (Figure 3).

NGF

TrkA pathway P7% pathway
activation activation

f
Modulates sperm Influsnces

functions
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Sparm Viability
motility Apoptostz

Figure 3. Proposed role of NGF in male reproduction (Metallinou et al., 2024).

Activation of NTRK1 (TrkA) by NGF enhances cell survival and regulates
sperm activities, whereas activation of NGFR influences sperm motility,
apoptosis, and viability. NGF concentrations affecting the interplay between
NTRK1 (TrkA) and NGFR receptors (Metallinou et al., 2024).

Bovine sperm expresses NGF in the head and tail, along with its receptor
(TrkA) in the acrosomal cap, nucleus, and tail regions, suggesting that NGF likely
affects sperm function. The expression of NGF in seminal plasma was positively
correlated with the preservation of functional membrane integrity in bull sperm
after thawing, indicating its significance in sperm cryotolerance.
The addition of large quantities of NGF to the extender reduced post-thaw
curvilinear velocity, indicating a possible function in inhibiting premature sperm
hyperactivation and capacitation (Stewart et al., 2019).

The NGF, whether endogenous or exogenous, may influence the kinetics
and many sperm characteristics: capacitation, apoptosis, necrosis, and acrosome
reaction. TrkA predominantly resides in the head, whereas p75NTR is primarily
located in the midpiece and tail (Castellini et al., 2019; 2020).
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In contrast to the female, the ram exhibits reduced sensitivity to seasonal
variations (Korochkina and Pushkina, 2024). Rams had a year-round sperm
production (Aller et al., 2012; Anipchenko et al., 2018; Korochkina et al., 2023).
Nowadays, no studies exist regarding the presence and localization of NGF in the
ram's reproductive system. However, the potential presence of NGF in the
seminal plasma of this spontaneously ovulating species may affect the ovulatory
response. Furthermore, NGF may also affect sperm production in rams. Our study
(Chapter 1) primarily aimed to investigate the expression of NGF and its two
receptors (NTRK1 and p75NTR) in the reproductive organs of rams. The
secondary goal was to investigate how NGF levels change in seminal plasma over
the year.

Studying factors and components influencing the reproduction of wild
animals is equally pertinent. The presence of an invasive alien species is a major
driver of biodiversity loss, leading to the decline or extinction of native
populations. The EU Biodiversity Policy encourages research on invasive alien
species to strengthen the prevention of their introduction and spread. The grey
squirrel (Sciurus carolinensis), a native of North America, is an example of
competitive exclusion compared to the native European red squirrel (Sciurus
vulgaris), found in Umbria (Italy) (Maranesi et al., 2020 (A)).

The expression of the gene and protein of NGF, NTRK1, and NGFR
discovered in the ovaries throughout the mating season and the anestrous phase
suggests the potential production of NGF and its receptors, as well as the release
of this neurotrophin in the ovaries of the grey squirrel. Results indicate (Maranesi
et al., 2020 (B)) a potential role of the NGF system in the seasonal reproductive
behavior of grey squirrels, through either autocrine or paracrine pathways
(Figures 4, 5).
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Figure 4. NGF immunoreaction in the ovaries of grey squirrels. (a) The positive signal
is localized in the cytoplasm of small (arrowhead) and large (arrows) luteal cells. (b) The
positive signal is localized in the cytoplasm of thecal (arrow) and granulose (arrowhead) cells.
Bar = 50 um. (Maranesi, Palermo et al., 2020)

Figure 5. Nerve growth factor receptor (NGFR) (a) and neurotrophic tyrosine kinase
receptor 1 (NTRKZ1) (b) Immunoreaction in the ovaries of grey squirrels. In both cases, the
positive reaction is localized in the cytoplasm of thecal (arrowheads) and granulose (arrows)
cells (a) and in germinative epithelium (arrow) and follicular cells (arrowheads). Bar = 50 um.
(Maranesi, Palermo et al., 2020)

Comprehending the reproductive biology of the grey squirrel is essential
for population management. Research group, under the leadership of Professor
M. Maranesi, investigated the NGF system and its receptors in the testes of male

grey squirrels (Chapter 2).
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1.3. Reproduction activity in induced ovulator species. Nerve grow
factor (NGF)

The stimulus to initiate GnRH release varies between both types of ovulation.
In spontaneous ovulators, ovulation is contingent upon the systemic levels of
ovarian steroids; conversely, in induced ovulators, some triggers, including
copulation, environmental factors, and social signals, can promote or trigger
ovulation independent of changes in systemic estradiol concentration (Paiva et
al., 2023).

In induced ovulators, the neural signals generated by the physical stimulation
of the female reproductive tract from the penis during copulation have historically
been regarded as the primary factor linked to the preovulatory release of LH and
subsequent ovulation (Senger ,2012; Kauffman and Rissman, 2006). Research on
camelids and rabbits has demonstrated that stimuli beyond or supplementary to
penile intromission can elicit the ovulatory response, thereby questioning the
conventional understanding of mechanical stimulation of the female reproductive
tract (Adams et al., 2016; Maranesi et al., 2018; Ratto et al., 2019, Maranesi et
al., 2016).

Researchers discovered OIFs in the seminal plasma of several induced
ovulators, including camelids, koalas, and rabbits, as well as spontaneous
ovulators (Carrasco et al., 2024). Berland MA (2016) in his research indicates
NGF, the primary component of OIF in seminal plasma, induces ovulation in
camelids. The concentration of NGF in camelid seminal plasma was tenfold
greater than that in bovine seminal plasma (Bogle et al., 2018). Furthermore, NGF
promotes ovulation in alpacas and llamas (Kershaw-Young et al., 2012; Kumar
etal., 2013).

Researchers hypothesized that OIF triggers an endocrine mechanism in
camelids, which in turn triggers ovulation. Specifically, the vaginal canal may
absorb seminal plasmas’ NGF, which then circulates to the pituitary and/or brain,
stimulating LH production and ovulation (Adams et al., 2005) (Figure 6). This
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also confirms that the male reproductive system transmits signals to the female

endocrine system that facilitate spontaneous ovulation.
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Figure 6. The suggested hypothesis for the probable access and signaling pathways of nerve
grow factor (NGF) in inducing ovulation in Ilamas. Seminal plasma NGF is absorbed from the
uterus and conveyed via the bloodstream to the hypothalamic region, where it may (1) pass
through the cerebrospinal fluid of the third ventricle through the choroid plexus or via tanycyte-
mediated transport from the portal capillaries at the median eminence, or (2) exert direct or
indirect effects on GnRH (gonadotropin-releasing hormone) neurons at the median eminence.
3V- third ventricle, AN-arcuate nucleus, p1/p2 tanycyte, CSF-cerebrospinal fluid, CP-choroid
plexus, FSH-follicle-stimulating hormone, LH-luteinizing hormone, ME-median eminence,
PG-pituitary gland, pbv-portal blood vessels, trk-A-NGF receptor, VMN-ventromedial
nucleus. (Ratto et al., 2019).

Another idea is that seminal plasma OIFs and the endocrine route might help
start and speed up ovulation by affecting NGF-stimulated neurons in the uterus

and cervix that connect to the spinal cord. In rabbits, NGF may stimulate
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ovulation via a hybrid mechanism that integrates endocrine and neural
components (Maranesi et al., 2018). Consequently, the ovulation induction
process in rabbits may differ from that in llamas (Maranesi et al., 2018), however
it is likely facilitated by NGF present in the seminal plasma (Sanchez-Rodriguez
et al., 2018).

The research group led by M. Maranesi hypothesized a novel paracrine
mechanism mediated by raw semen OIF, presumably NGF, in the uterus/cervix,
which enhances the neuroendocrine reactivity triggered by vaginal cues during
natural mating (Figure 7).

Endocrine Nevrwous
NGF-mediated NGF-mediated
pathway pathrway

Figure 7. NGF-mediated pathway (Maranesi et al., 2018).

According to this mechanism, (a) semen-derived NGF promotes the de novo
synthesis of NGF in the uterine wall; (b) both seminal NGF and uterine NGF are

absorbed into the bloodstream and exert direct effects on the ovary instead of the
17



pituitary and/or hypothalamus; and (c) semen-derived NGF and locally
synthesized NGF activate uterine/cervical sensory neurons, which subsequently
stimulate GnRH neurons in the hypothalamus. Prostaglandins and nitric oxide are
generated by the uterus following the binding of NGF to NTRK1 and/or NGFR
receptors during sensory neuron stimulation in the neurological pathway.
Prostaglandins created by NGF would subsequently excite uterine and cervical
neurons directly or indirectly through local chemical mediators, which then
transmit signals via spinal cord afferent routes to the hypothalamus centers
responsible for the LH surge that triggers ovulation (Maranesi et al., 2018)
(Figure 7). This causes inflammation, which changes how the genital tract works
and encourages reproduction. This suggests that seminal plasmas’ OIF,
predominantly NGF, in the uterus/cervix triggers ovulation through a paracrine
mechanism. This mechanism reinforces the neuroendocrine response triggered by
vaginal stimuli during natural mating or after artificial insemination (Rodriguez-
Martinez et al., 2011; Robertson, 2005; Ratto et al., 2019; Bezerra, et al., 2019).

The pituitary, cervix, uterus, and ovaries of rabbits all have NGF and its
receptors: NTRK1 and NGFR (Cervantes et al., 2014; Maranesi et al., 2016). The
seminal fluid of mature rabbits also includes NGF, which accounts for around 4%

of the whole seminal protein (Dal Bosco et al., 2011).

Interleukin 1

Alongside NGF, a recognized ovulation-inducing agent, additional cytokines
present in seminal plasma can activate the female reproductive system,
facilitating ovulation and enhancing reproductive success. Some evidence shows
that different chemicals released by the seminal vesicles and prostate, such as
cytokines and prostaglandins, affect epithelial cells in the cervix and uterus of
rabbits (Maranesi et al., 2010).

18



There are two types of interleukin 1: interleukin-lo (IL-10) and interleukin-
1B (IL-1pB, IL1B) (Figure 8). Both are agonists and are expressed in several cell
lines, including monocytes, macrophages, neutrophils, hepatocytes, and tissue
macrophages throughout the organism. IL-1a is present in the cytoplasm as a 31
kDa precursor (pro-1L-10) that is biologically active and can bind to interleukin-
1 receptor type 1 (IL-1R), hence activating cells.

IL1B is not expressed constitutively; rather, its expression is triggered by
inflammatory stimuli. IL1B is synthesized in the cytoplasm as a 31-kDa precursor
and is then processed and secreted from cells via a mechanism involving the IL1B
converting enzyme (ICE), commonly referred to as caspase-1.

The conversion of pro- IL1B by ICE into its mature form may occur in
specialized secretory lysosomes or inside the cytoplasm. Pro-IL1B is
physiologically inactive and requires conversion to the mature 17 kDa IL1B to
connect to its receptors and activate cells (Di Paolo and Shayakhmetov, 2016;
Krumm et al., 2014).

IL-18

N Terminus

Figure 8. The structure of IL-1p with its B-sheets and key loops
(Fields et al., 2019).
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IL1B signaling transpires via IL1R1 and interleukin-1 receptor accessory
protein (IL1R3) heterodimer, initiating pathways such as the mitogen-activated
protein kinase (MAPK) pathway and the nuclear factor-kappa B (NF-kB)
pathway, which subsequently activates the transcription of various genes,
including IL1B itself (Ishiguro et al., 2016).

Interleukin-1 is integral to immunological and inflammatory mechanisms and
may hold significant physiological relevance in both female and male
reproductive systems (Silva et al., 2020).

Leukocytes primarily produce IL1B in the cervix of pregnant rabbits, acting
as a significant regulator of prostaglandin synthesis. It also promotes the
manufacture of cytokines such as interleukin-6 (IL6) and tumor necrosis factor
(TNF), which further augment prostaglandin production (Yoo et al.,2016; Acosta
et al.,1998).

Cytokines can be highly damaging to gonadal function when present at
elevated levels, particularly in inflammatory conditions (De Rivero Vaccari et al.,
2020).

Research on rabbits resulted in the initial characterization of the inflammatory
responses observed in females post-mating. A leucocytic influx in the uterus was
observed in response to seminal plasma, but not from the introduction of sterile
spermatozoa (McDonald et al., 1952). Further studies demonstrated that in
rabbits, both spermatozoa and seminal plasma elicited a uterine leukocytic
response (Phillips and Mahler., 1977).

Our study (Chapter 4) investigated the role of interleukin-1 in reproductive
interaction between male and female rabbits, along with its interplay with other

ovulation induction factors such as NGF.
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2. INFLUENCE OF DIET ON REPRODUCTION

Thanks to molecular biology techniques, it has become possible to study
fundamental biological processes at a micro level in greater depth. Recent
research on the effects of diet on reproduction suggests that the role of diet is
sometimes ambiguous (Guelfi et al., 2023; Pasquariello et al., 2022; Maranesi et
al., 2024).

2.1. Genistein
Genistein is a natural compound classified as a flavonoid (phytoestrogen)
(Figure 9, 10). Genistein can bind to estrogen receptors (Caceres et. al., 2023).
Notwithstanding extensive research, the effects of genistein remain inadequately
defined.

Figure 10. The scanning electron microscopy of genistein. Genistein consists of large, pure
crystals with a smooth surface and a regular prismatic shape. The size of tetragonal particles is
between 5-30 um (Danciu et al.,2012).
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Phytoestrogens, plant-derived compounds, can modulate the mechanism of
neurohormonal regulation, mimicking the effects of natural estrogens (Guelfi et
al., 2023). Numerous researchers provide evidence supporting the idea that
overconsumption of phytoestrogens in a natural diet result in diminished ovarian
function (Bennetts et al., 1951; Setchell et al., 1987).

For instance, in the 1940s, ewes grazing in clover-rich areas in Australia
exhibited significant rates of infertility, spontaneous abortions, and reproductive
abnormalities. Researchers later discovered that the clover contained large
guantities of phytoestrogens (Bennetts et al., 1951; Tucak et al., 2018). A
population of cheetahs experienced a similar case, becoming infertile when fed a
soy-based diet high in phytoestrogens. They restored their fertility upon switching
to a non-soy-based diet (Setchell et al., 1987).

Some research indicates that when phytoestrogens reach sufficiently high
concentrations, they can surpass the natural estrogen levels. These
phytoestrogens, including genistein, likely exert their effects at the hypothalamus
level by inhibiting ovarian function, like the action of medications like the birth
control pill (Guelfi et al., 2023). For example, a 1998 study on laboratory rodents
found that unpurified soy food containing higher quantities of genistein and
daidzein led to estrogenic stimulation of the uterus in ovariectomized rats
(Boettger-Tong et al., 1998).

This suggests that phytoestrogen levels in the diet should be high enough to
cause an estrogenic reaction.

Further studies on mice have shown that genistein negatively impacts the
developing female reproductive system. Neonatal exposure to genistein resulted
in altered ovarian differentiation and disturbed ovarian function and estrous
cyclicity, with reduced fertility and even infertility at higher doses. Genistein

exposure also had effects that went across generations (Jefferson et al., 2007).
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Phytoestrogens like genistein have a clear effect on ovarian differentiation,
depending on the stage of ovarian development and the timing of exposure.
Compounds such as diethylstilbestrol, bisphenol A, and genistein can deplete
ovarian follicle reserves due to their phytoestrogenic effects (Krisher, 2013).
Additionally, studies have shown that genistein influences polycystic ovarian
syndrome (PCOS) by reducing symptoms, improving ovarian morphology, and
regulating reproductive hormones (Nasimi Doost Azgomi et al., 2022).

Genistein also impacts granulosa cells, inhibiting LH-stimulated progesterone
synthesis and affecting oxidative stress pathways. Researchers have observed that
genistein stimulates oxytocin secretion from granulosa and luteal cells in cattle,
potentially disrupting reproductive functions (Voss and Fortune, 1993;
Mlynarczuk et al., 2011).

Genistein and other phytoestrogens have different effects on ovarian function
depending on the dose and species, and the effects are different in both vitro and
vivo systems (Chapter 5) (Guelfi et al., 2023).

2.2. Carotenoids

Carotenoids are organic compounds that are among the most recognized

pigments in nature (Figure 11), (Britton et al., 2012).
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Figure 11. Structure of carotenoids found in forages (Noziere et al.,2006).

Mammals lack the ability to biosynthesize carotenoids and must obtain them
via dietary intake (Figure 12). Carotenoids play a widely recognized pivotal role
In regulating tissue growth and promoting reproductive function. Multiple studies
have demonstrated that retinoid acid is involved in the neurohumoral regulation
of the reproductive cycle (Kawai et al., 2016). Studies have also shown that
administering -carotene decreases ovulation failure in bovine (Khemarach et al.,
2021). Ikeda et al. (2005) observed the presence of both (3-carotene and retinol in
bovine follicular fluid and found that their concentrations directly correlated with
blood levels. B-carotene levels in plasma, corpus luteum, and follicular fluid are
strongly linked to each other (Haliloglu et al., 2002). This suggests that carrier
proteins keep them in the follicle (Brown et al., 2003; Schweigert and Zucker,
1988).
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Figure 12. Schematic illustration of the carotenoid metabolic pathway for its transformation
to vitamin A. All-trans-p-carotene serves as a precursor to active retinoid forms. Following the
consumption of carotenoid-rich foods, the pigments are micellarized and subsequently
transported into the bloodstream. Carotenoids are processed in the liver, the principal storage
organ, by two enzymes: B-carotene 15,15-monooxygenase (BCO1) and B-carotene-9'-10'-
oxygenase (BCO2). Carotenoids can undergo symmetrical cleavage by BCOI, resulting in
retinal (RH) and its derivatives retinol (ROH), retinyl ester (RE), and retinoic acid (RA), but
BCO2 facilitates asymmetrical cleavage, producing apocarotenals and apocarotenones.
Abbreviations: ADH, alcohol dehydrogenase; LRAT, retinol acyltransferase; RALDH,
retinaldehyde dehydrogenase; RAR, retinoic acid receptor; RDH, retinol dehydrogenase; REH,
retinyl ester hydrolase; RXR, retinoid X receptor (De Souza Mesquita et al., 2021).

In dairy cows, administration of B-carotene at higher doses during the dry
period resulted in follicle ovulation in the first follicular wave postpartum
(Kawashima et al., 2012). B-carotene has also been shown to have a beneficial
impact on reproductive health by reducing embryonic mortality (Schweigert et
al., 2002).

According to studies with cattle, the fact that B-carotene builds up in the
corpus luteum suggests that it may provide retinol to follicles, which is needed
for their growth and maturation (Bondi and Sclan, 1984). Researchers have

studied carotenoids for their antioxidant properties, which could protect against
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oxidative stress and enhance overall reproductive outcomes, in addition to their
role in the female reproductive system (Schweigert, 2003).

Carotenoids positively influence optimal oocyte maturation, although this
influence appears to depend on the dosage. In terms of follicular development
and maturation, the function of B-carotene and its derivatives seems to be
beneficial (Haliloglu et al., 2002).

Our review summarizes the latest relevant research on the role and influence

of carotenoids on aspects of male and female reproduction (Chapter 6).
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3. ADIPONECTIN

Adiponectin (ADIPOQ) is a member of adipose-derived proteins referred to
as adipocytokines. It belongs to the soluble collagen superfamily and is
homologous to complement factor C1g and the tumor necrosis factor (TNF)
family. The structure comprises a signal peptide at the N-terminus, a collagenous
domain, and a globular C1g-like domain at the C-terminus (Figure 13), (Choi et
al., 2020).

FULL LENGTH ADIPONECTIN
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Figure 13. Domains and architecture of adiponectin. The core structure of adiponectin,
including 244 amino acids, includes an N-terminal signal sequence, a variable region with O-
glycosylated side chains, a collagenous domain, and a C-terminal globular domain (Choi et al.,
2020).

In ovine species, the ADIPOQ gene, located on chromosome 1g27 and
composed of three exons and two introns, encodes this hormone (Al-Jumaili et
al., 2023). It controls overall energy balance, insulin sensitivity, and
lipid/carbohydrate metabolism in both humans and animals (Budak et al., 2006).
ADIPOQ accelerates the oxidation of fatty acids in the liver and skeletal muscle,
inhibits hepatic glucose synthesis, enhances glucose absorption in skeletal
muscle, and elevates insulin levels (Martin, 2014).

ADIPOQ receptors R1 and R2 are found in the hypothalamus and pituitary in
humans (Yamauchi et al., 2003). Multiple species, such as rats, chickens, pigs
and cattle have had these two receptors (Yamauchi et al., 2003; Dai et al., 2006;
Lord et al.,2005; Tabandeh et al., 2010).
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Hypothalamic neurons release gonadotropin-releasing hormone (GnRH) in a
pulsatile fashion, thus enhancing the secretion of pituitary gonadotropins. These
gonadotropins regulate testicular steroidogenesis and spermatogenesis.

This suggests that ADIPOQ may change the endocrine reproductive axis.
ADIPOQ and its receptors are found on many types of cells in the male gonad.
This means that the adipocytokine probably has a direct effect on the testicles'
function through endocrine and/or paracrine pathways (Psilopanagioti et al.,
2008). The ADIPOQ/ADIPOR1 and ADIPOR2 systems were found in the
seminiferous and peritubular tubule cells of chickens (Ocon-Grove et al., 2008).

Choubey's study (2019) investigated the alterations in the expression of
ADIPOQ and its receptors in the testes of mice across several aging phases, from
early postnatal development to advanced senescence. The expression of testicular
adiponectin and its receptors progressively increased from the early postnatal

period, reaching a peak at puberty (Figure 14).
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Figure 14. Immunolocalization of adiponectin in the testes of mice at various maturation
phases (Postnatal, Weaning, Pubertal, Reproductively-active) and throughout aging
(Senescence). Extensive immunostaining of adiponectin was noted in Leydig cells at puberty
and reproductive maturity, while modest immunostaining was evident during infancy
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(postnatal), weaning, and senescence. Immunostaining in the Leydig cell (LC) is indicated by
the black arrowhead (Magnificationx100) (Choubey et al., 2019).

ADIPOQ has an impact on how glucose and lipid metabolism are controlled,
as well as on inflammation and oxidative stress (Choi et al., 2020).

Researchers have reported the expression of ADIPOQ and ADIPORs in rams'
reproductive tract and sperm cells. Previous research showed that different
measures of sperm movement, including curvilinear velocity, straight-line
velocity, linearity, and straightness, were significantly linked to the levels of
ADIPOQ and ADIPORL1 (Kadivar et al., 2016).

Our study (Chapter 3) aimed to assess ADIPORL1's presence, localization, and
expression in rams' reproductive tissues during the nonbreeding season and
clarify the role of the ADIPOQ/ADIPOQ receptor system in regulating ovine

reproductive processes.
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4. RESISTIN

Resistin is a recently identified hormone produced by adipocytes (Figure
15). Resistin is synthesized by white and brown adipose tissues, and has also
been detected in various other tissues, including the hypothalamus, pituitary and
adrenal glands, pancreas, gastrointestinal tract, myocytes, spleen, white blood
cells, and plasma. Insulin and cytokines including tumor necrosis factor a and
endothelin-1 reduce tissue levels of resistin, while growth and gonadal hormones,
hyperglycemia, and some proinflammatory cytokines, including interleukin-6

and lipopolysaccharide, elevate it (Adeghate, 2004).

N-termini

Figure 15. Crystal structure of the resistin hexamer. Resistin trimers associate via three
disulphide-bonds at their N-termini (Galic et al., 2010).

Research indicating a causal relationship between resistin and glucose
homeostasis relies on animal models exhibiting modified serum resistin
concentrations. The infusion or overexpression of resistin results in
hyperglycemia, mostly attributable to elevated hepatic glucose synthesis
(Banerjee et al., 2004; Galic et al., 2010). In contrast, diminishing circulating
resistin through the deletion of the resistin gene or the infusion of resistin
antibodies effectively safeguards against obesity-induced hyperglycemia, mainly
by reinstating hepatic insulin sensitivity (Steppan et al., 2001; Galic et al., 2010;
Muse et al., 2004).
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The molecular role in physiology remains highly ambiguous, as does the
discernment of its receptor or intracellular signaling pathways (Park and Ahima,
2013). However, researchers first identified and continue to recognize resistin as
a significant risk factor for insulin resistance syndrome, which in turn contributes
to the onset of type 2 diabetes mellitus (Tripathi et al., 2020).

Researchers have recognized the role of this mechanism in the progression of
pro-inflammatory conditions in both laboratory settings and living organisms,
including obesity and the induction of cardiovascular disease (Filkova et al 2009).
It was demonstrated that resistin regulates glucose metabolism by inhibiting
insulin resistance in the liver and skeletal muscle of rats, and by impairing glucose
tolerance in healthy mice (Yang et al., 2009; Adeghate, 2004).

During acute pancreatitis, pancreatic islet cells have also shown increased
concentrations of resistin, suggesting that the molecule likely controls the degree
of inflammation (Xue et al., 2015). The distribution and amount of adipose tissue,
which varies depending on the animal's nutritional condition, control the
secretion of resistin. Previous studies showed variations in the expression of
certain adipokines in sheep's peripheral tissues and organs exposed to various
nutritional conditions (Mercati et al., 2018; Palmioli et al., 2021).

Research of Dall'Aglio and co-authors (2019) is the first to discover that the
uterus of a domestic animal species synthesizes resistin and that variations in
nutritional conditions can influence the production of this adiponectin,
reinforcing the link between nutritional status and reproductive function. Uterine
samples were obtained from two groups of ewes at the end of an experiment,
wherein the first group was exclusively grazed, while the second group received
supplementary barley and corn. The data show that dietary supplementation
affected the production of resistin in the sheep's uterine glands, while the
epithelial lining showed no change. Food supplementation may improve animal
body condition, hence increasing resistin production by uterine glands. The

supranuclear positioning of resistin binding patterns suggests that resistin may
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exert an autocrine effect, enhancing the secretory activity of uterine glands and
playing a paracrine role as a trophic factor for spermatozoa and/or embryos
(Figure 16).
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Figure 16. Resistin-immunohistochemistry aspects in the uterus of sheep: in a) and b)
immunopositivity is localized in the cytoplasm of uterine glandular cells (arrows) with a
stronger intensity in EXP group (barley+corn) (b), compared to CTRL group (natural grazing)
(a). a) Immunopositivity seems to be mainly localized in the supranuclear (arrows) cytoplasm
of the uterine glandular cells; ¢) immunopositivity is localized in the supranuclear (arrows)
cytoplasm of the epithelial-lining cells; d) immunopositivity is localized in the muscle cells of
arterial vessels (arrows). (Dall'Aglio et al., 2019)

Since the data on whether the expression of resistin depends on diet in
different organs is currently ambiguous, we conducted our study to clarify this

hypothesis (Chapter 7).
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ABSTRACT

Keywords:
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Ovulation inducing factor
Seminal plasma
Accessory sex glands

Nerve growth factor (NGF) has long been known as the main ovulation-inducing factor in induced ovulation
species, however, recent studies suggested the NGF role also in those with spontaneous ovulation. The first aim of
this study was to evaluate the presence and gene expression of NGF and its cognate receptors, high-affinity
neurotrophic tyrosine kinase 1 receptor (NTRK1) and low-affinity p75 nerve growth factor receptor
(p75NTR), in the ram genital tract. Moreover, the annual trend of NGF seminal plasma values was investigated to
evaluate the possible relationship between the NGF production variations and the ram reproductive seasonality.
The presence and expression of the NGF/receptors system was evaluated in the testis, epididymis, vas deferens
ampullae, seminal vesicles, prostate, and bulbourethral glands through immunohistochemistry and real-time
PCR (gPCR), respectively. Genital tract samples were collected from 5 adult rams, regularly slaughtered at a
local abattoir. Semen was collected during the whole year weekly, from 5 different adult rams, reared in a
breeding facility, with an artificial vagina. NGF seminal plasma values were assessed through the ELISA method.
NGF, NTRK1 and p7S5NTR immunoreactivity was detected in all male organs examined. NGF-positive immu-
nostaining was observed in the spermatozoa of the germinal epithelium, in the epididymis and the cells of the
secretory epithelium of annexed glands, NTRK1 receptor showed a localization pattern like that of NGF, whereas
P75NTR immunopositivity was localized in the nerve fibers and ganglia. NGF gene transcript was highest (p <
0.01) in the seminal vesicles and lowest (p < 0.01) in the testis than in the other tissues. NTRK1 gene transcript
was highest (p < 0.01) in the seminal vesicles and lowest (p < 0.05) in all the other tissues examined. Gene
expression of p7SNTR was highest (p < 0.01) in the seminal vesicles and lowest (p < 0.01) in the testis and
bulbourethral glands. NGF seminal plasma concentration was greater from January to May (p < 0.01) than in the
other months. This study highlighted that the NGF system was expressed in the tissues of all the different genital
tracts examined, confirming the role of NGF in ram reproduction. Sheep are short-day breeders, with an anestrus
that corresponds to the highest seminal plasma NGF levels, thus suggesting the intriguing idea that this factor
could participate in an inhibitory mechanism of male reproductive activity, activated during the female anestrus.

1. Introduction

nerve growth factor (NGF) [1], which was followed by brain-derived
growth factor (BNDF), as well as additional neurotrophins (NT3,

The first member of the neurotrophin family to be identified was the NT4). According to Thoenen and Barde [2] and Snider [3], they are
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crucial for the survival, differentiation, development, and synaptic
plasticity of both central and peripheral neurons. The biological effects
of NGF are mediated by two classes of receptors, the high-affinity spe-
cific 140-kDa neurotrophic tyrosine kinase receptor 1 (NTRK1) and the
low-affinity 75-kDa nerve growth factor receptor (p75NTR) belonging to
the tumour necrosis factor (TNF) receptor family [4-7].

Although NGF was first identified in neural tissue, it is expressed in a
wide variety of non-neuronal cell types, such as thyroid, adrenal, sali-
vary gland [8,9], immune cells [10], vascular endothelial and muscular
smooth cells [11], and lung cells [12,13].

Numerous investigations have demonstrated that NGF affects both
male and female reproductive function and this topic is covered in
interesting and recent reviews [14-20]. In particular, Adams et al. [21]
highlighted that NGF, an ovulation-inducing factor (OIF), is a ubiquitous
seminal plasma protein involved in the regulation of hormonal and
endocrinal events, so controlling reproduction in induced and sponta-
neous ovulatory species [21].

Bogle et al. [22] analyzed the presence and localization of NGF in
male reproductive organs such as testicles, epididymis, ductus deferens,
ampulla, coagulating gland, and penis and evaluated the abundance of
NGF in the ejaculate of rats, cattle, bison, elks, llamas, and white-tailed
deer. In this study [22], NGF concentration in camelid seminal plasma
was 10 times higher than in bovine seminal plasma, whereas radioim-
munoassay did not identify NGF in horse or porcine ejaculates.

NGF and its receptors are expressed in many male reproductive tract
organs of different species such as humans, camelids, and rabbits [21,
23-25], as well as in hamster ejaculated sperm [26].

Squillacioti et al. [27] found that castration increased the expression
of NGF and NTRK1 receptors, indicating that these molecules in the
accessory sex glands were regulated by testicular steroids.

Further investigation revealed that NGF was also found in the sem-
inal fluid of several livestock species, including alpacas, llamas, rabbits,
and camels [28-31]. Additionally, it is well demonstrated that NGF
stimulates ovulation in alpacas and llamas [29,32].

Research has demonstrated that NGF affects sperm motility and
acrosome reaction in a dose- and time-dependent way [26].

The domestic sheep is a polyestrous species with an average cycle
length of 16.5 days. Since its short photoperiod reproductive activity,
sheep prefer to breed in the autumn and give birth in the spring [33].

Unlike the female, the ram is less sensitive to seasonal changes.
Essentially, the ram’s mating behavior is almost always the same, so that
sperm production happens all year round [33].

However, authors report that the best semen yielded is recorded in
the reproductive season [34-36]. Additionally, several studies found
that sperm quality is impacted by monthly fluctuations in terms of
viability, morphology, total and progressive motility, and acrosome
integrity [37-39]. The percentage of viable sperm was surprisingly
greater in July than it was in November [40,41].

All of this could be influenced by factors produced in the reproduc-
tive tract.

To our knowledge, there are no studies about the presence and
localization of NGF in the reproductive tract of the ram. Nonetheless, it
is quite likely that the ovulatory response may be influenced by the
potential OIF presence in the seminal plasma of this spontaneously
ovulating species. Additionally, NGF likely influences sperm functions in
rams as well. Thus, the primary goal of this investigation was to assess
the expression of NGF and its two receptors (NTRK1 and p75SNTR) in the
sex organs of male rams, whereas, the second goal was to evaluate the
annual trend of NGF seminal plasma levels.

The results of this investigation will be used to bolster functional and
comparative hints with earlier discoveries about the expression of those
compounds in different species.
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2. Materials and methods
2.1. Animal and experimental research design

The experiments foreseen in this study were carried out in two
different groups of animals. The first group allowed immunohisto-
chemistry and molecular biology studies; the animals came from Italian
farms. The second study made it possible to evaluate the concentration
of NGF in seminal plasma via ELISA; the animals coming from Spanish
farms (Fig. 1).

2.2. Sampling for gPCR and immunohistochemistry

The experimental study was designed and conducted following
approval from the Ethical Committee of the University of Perugia
(protocol no. 98657 dated May 23, 2023).

Five sexually mature Sarda rams (aged 5-7 years) were utilized in the
experimental protocol. The animals involved in this study were
slaughtered at the municipal slaughterhouse in Viterbo, following the
Council Regulation (EC) no. 1099/2009, ensuring the protection of
animals at the time of slaughter, according to Law no. 333/98 (Council
Directive 93/119/EC of 22 December 1993). Reproductive organs —
testis (T), epididymis (E), vas deferens ampulla (DA), seminal vesicles
(SV), prostate (P), and bulbourethral glands (BU) — were sampled for
the assessment of NGF, NTRKI, and p75NTR gene expressions via RT-
qPCR. The tissues T, E, DA, SV, P and BU were meticulously removed,
washed with RNase-free phosphate-buffered saline (PBS), and subse-
quently frozen at —20 °C until further use. A pilot experiment un-
derscores the requirement for a more specific and sensitive qPCR
method for the NTRK1 gene, given its very low expression. It involved
the utilization of TaqMan probes and pre-qPCR techniques to enhance
the precision and sensitivity of the analysis. The FFPE specimen adjacent
to the that employed for RNA extraction was used for immunohisto-
chemistry (IHC) identification of NGF, NTRK1, and p75NTR proteins.
Samples for morphology procedures were quickly dipped in 10 %
neutral-buffered formalin solution in PBS (0.1M, pH 7.4), left for 36 h,
and then processed for histological evaluation until the paraffin wax
embedding [42].

2.3. Sampling for ELISA

The experiment was carried out using ejaculates collected from 5
healthy and reproductively mature fertile Rasa Aragonesa rams (aged
48-54 months, 72-89 kg of body weight and genetically heteroge-
neous). The studies were conducted with the approval of the Ethics
Committee for Animal Experiments of the University of Zaragoza
(Project License PD28,/20, dated September 18, 2020). The experiment
was camried out at the farm in Zaragoza, Spain (41°4326.4'N
0°48'29.9"W/41.724011, -0.808316).

All rams were maintained under uniform nutritional conditions and
housed under the same environmental conditions (outdoor access) in
isolated enclosures to avoid herd conditioning effects on semen quality
(e.g., ewe effect).

2.4. Preparation and fractionation of seminal plasma and ELISA

Two ejaculates were collected twice weekly using a prewarmed
artificial vagina and pooled from five rams per day all year-round.
Pooled semen was centrifuged for 10 min at 12000 x g at 4 °C. The
supernatant was collected and centrifuged again under the same con-
ditions (12000 x g, 10 min, 4 °C) to remove remaining spermatozoa and
cell debris. After filtering through a 0.22 mm Millipore membrane
(Millipore Ibérica, Madrid, Spain), the recovered seminal plasma was
stored in Eppendorf tubes in a —20 °C freezer until use. In the seminal
plasma, the NGF protein concentration was evaluated using the ELISA
method (Fig. 1).
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Fig. 1. Experimental Flowchart. The figure shows the experimental design for profiling NGF, NTRK1, and p75NTR gene by qPCR and protein expressions by IHC. *
RT-qPCR was carried out using primers and Sybr green DNA intercalating dye. ** RT-qPCR was performed using TagMan probes.

Seminal plasma NGF concentrations were evaluated using the NGF
DuoSet® ELISA Immunoassay kit (DY256, R&D System, Milan, Italy),
according to the manufacturer’s instructions. This kit has already been
used for the detection of NGF in other species (Maranesi 2018 BOR;
Maranesi 2020 Animals; Gajardo, 2023; Berland, 2016). Briefly, the
plates were pre-coated with the specific Capture Antibody overnight at
room temperature. After washing, 100 pl of sample (diluted 1:2 in Re-
agent Diluent) or NGF standard were added to the plate and incubated 2
h at room temperature. After washing, the specific Detection Antibody
and the Streptavidin- Horseradish Peroxidase (HRP) were consecutively
added to all wells and incubated at room temperature. Then the Sub-
strate Solution was added to the wells and the plate incubated for 20 min
to develop the colour. After adding the stop solution, the optical density
of each well was immediately determined using a microplate reader
(Biotrak Plate Reader, Amersham Pharmacia Biotech, Cambridge UK)
set to 450-570 nm. Assay sensitivity was 12.8 pg/mL, intra- and inter-
assay coefficients of variation were 6.8 % and 9.2 %.

2.5. Total RNA purification, and reverse transcription for NGF, NTRK1
and p75NTR genes

Total RNA was purified from ram tissues using the total RNA puri-
fication kit (Norgen Biotek Corp., Ontario, Canada). RNA quality and
quantity were assessed using NanoDrop™ 2000/2000c (Waltham,
Massachusetts, U.S.) and Qubit RNA Assay Life Technologies (Monza,
Monza Brianza, Italy).

For reverse transcription, 200 ng of total RNA was reverse tran-
scribed using SuperSeript™ IV VILO™ Master Mix with ezDNase™
Enzyme (Waltham, Massachusetts, U.S.) in a final volume of 20 pL
following the manufacturer’s guidelines. A negative reverse transcrip-
tase control was included in all RT-qPCR experiments to monitor gDNA
contamination.

2.6. Pre-amplification of NTRK1 gene

A preamplification reaction was conducted before qPCR amplifica-
tion, using 100 ng of ¢DNA, 12.5 L of TagMan™ PreAmp Master Mix
(Applied Biosystems, Foster City, CA), 1 pL of each TagMan probe
(Table 1), and water to a final volume of 25 pL.

The preamplification conditions include 10 min at 95 °C (enzyme
activation), followed by 13 cycles of 15 s at 95 °C (denaturation) and 4
min at 60 °C (anneal/extend), with a final step of 99 °C for 10 min
(enzyme inactivation).
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Table 1

TaqMan probes. The table displays the probes utilized in the NTRK1 study. The
HPRT1 (hyp hosph 1) and the TBP (TATA-box
binding protein) probes are potential endogenous controls; the NTRK1 probe is
the target gene. All selected probes are designed for Ovis aries sequences (re-
ported in the TagMan ID column) and bind two exons (Exon Boundary column).

hine ibosyltr

Gene TaqMan ID Reference Exon Amplicon
Symbol Sequence Boundary bp
HPRT1 0204825272 gH XM 0151050232 7-8 52
TBP 0a04818075.m1  XM_015097549.2  4-5 66
NTRK1 0204767849 g1  XM_027976575.1  14-15 59

2.7. qPCR amplification of NGF, NTRK1 and p75NTR genes

The qPCR amplification was executed using 1,5 pL of cDNA (relative
to NGF or p75NTR gene), 1 pL of primer sense and 1 pL of primer reverse
(Table 2), and 10 pL of Fast Sybr™ Green Master Mix (Applied Bio-
systems, Foster City, CA) in a final volume of 20 pL. Following previous
studies, a stable reference gene was identified [43].

NTRK1 gPCR amplification was performed using 1 pL of pre-
amplified NTRK1, with 1 pL of TagMan probe (see Table 1) and 10 pL of
TaqMan™ Fast Advanced Master Mix (Applied Biosystems, Foster City,
CA), in a final volume of 20 pL.

The following qPCR conditions were the same for NGF, NTRK1, and
P75NTR. QPCR reactions were amplified under the following condi-
tions: 30 s at 95°, followed by 38 cycles at 95° for 15 s and 60° for 30s.
RT-controls were included to monitor potential genomic DNA contam-
ination. QPCR amplification efficiency was calculated using StepOne
Software v2.3 (Applied Biosystems, Foster City, CA). Three technical
replicates were performed for each biological sample, and the average
Cq value (quantification cycle according to MIQE guidelines) was
calculated [44]. Target gene expression was thenreported as normalized
values according to the Livak 2™-ACq method [45].

2.8. Immunohistochemistry of NGF, NTRK1 and p75NTR

Immunohistochemistry was performed on the samples of all tested
animals as follows [46]. Formalin-fixed, paraffin-embedded (FFPE)
sections of approximately 5 microns were cut and placed on
poly-L-lysine coated glass slides followed by deparaffinization in xylene
and hydration in ethanol until distilled water.

Sections were microwaved for three 5 min. cycles at 750 W in citrate
buffer (pH 6.0) for antigen retrieval and treated for 10 min. with a 3 %
hydrogen peroxide solution to block endogenous peroxidase. All sub-
sequent steps were carried out in a moist chamber at room temperature
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Gene expression primers. The table indicates the primers used in the NGF and p75NTR investigation. The ACTB primers (Sense, Reverse) were used to amplify the
endogenous control, whereas the NGF and p75NTR primers were utilized to amplify the target genes. This is followed by the amplicon length (bp) column and the

reference sequence column.

Gene Symbol Forward Reverse bp Sequence
NGF CAACATCACTGTGGACCCCA GCCTCGAAGTCCAGATCCTG 117 XM_004002369.5
P75NTR ACTGTGAACTTGGGGCACAA TTCAACCCCGTTACCAGCTC 125 XM_027974687.2
ACTB CCTTAGCAACCATGCTGTGA AAGCTGGTGCAGGTAGAGGA 130 U39357.2

(RT). Non-specific background and binding were avoided with a 30 min.
use of a species-specific normal serum diluted 1:10.

For the immunohistochemical reaction, sections were incubated
overnight at RT with a primary antibody (Table 3).

The dilution used for each primary antibody was found to be the best
at maintaining signal intensity and reducing background among other
dilutions tested in the range of 1:50-1:1000. On the second day, sections
were incubated with a 1:200 diluted biotin-conjugated secondary anti-
body (Table 3). The site of immunological reaction was detected trough
an avidin-biotin complex (VectastainElite ABC Kit, Vector Laboratories,
Burlingame, CA, USA) and revealed trough the chromogen dia-
minobenzidine (DAB Substrate Kit, Vector Laboratories, Burlingame,
CA, USA). The slides were counterstained with Mayer’s hematoxylin and
placed with Eukitt medium (Sigma-Aldrich, Alcobendas, Spain) for light
microscopy.

Negative control sections were incubated with normal IgG (Novus
Biological, Littleton, CO, USA; Table 3) in place of the primary antibody.
Gray squirrel ovarian sections were used as a positive control of the
reaction [48]. The sections were washed with PBS between all incuba-
tion steps, except after normal serum. Sections were observed under a
photomicroscope (Nikon Eclipse E800, Nikon Corp., Tokyo, Japan)
connected to a digital camera (Nikon Dxm 1200 digital camera).

2.9. Statistical analysis

QPCR output data (Cq) were normalized using the 2°-ACq method.
The 27-ACq gene expression results were obtained from the normaliza-
tion of target gene Cq with the selected endogenous control. To compare
gene expression 2-ACq among the different reproductive tissues, One-
Way ANOVA followed by Tukey’s test was used, and the significance
level was set at p < 0.05. Statistical analysis was performed using
GraphPad Prism 9 (GraphPad, San Diego, CA, USA).

3. Results
3.1. RNA quality and quantity valuation

The 260/280 and 260/230 RNA absorbance ratios were 1.9 and 2.1,
respectively, indicating high RNA purity in each sample. Although the
total RNA amount did not significantly differ between samples, minimal
variations in total RNA content were adjusted during RT using a fixed
RNA input.

Table 3
Antisera characteristics. The table shows the antisera name, the species in which
the antibody is raised, the working solution, and the antibody commercialized.

Antisera Species  Dilution Commercialized

NGF Recombinant Rabbit 1:100 MAS5-32067, Invitrogen, Thermo
monoclonal Fisher Scientific, MA, USA

Anti- NTRK1 Rabbit 1:100/ Clary et al., 1994 [47]

1:500

Anti-p75 NGF Rabbit  1:100 ab52987, Abcam Cambridge, UK
Receptor

Anti-rabbit biotin- Goat 1:200 BA-1000-1.5, Vector Laboratories,
conjugated CA, USA

Rabbit IgG Rabbit 1:100 1-1000-5, Vector Laboratories, CA,

USA
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3.2. Expression level of NGF and p75NTR genes

All primers generated an amplicon with a single peak in the melting
analysis confirming the dimer absence. The normalized NGF gene
expression (2" - Cq target gene - Cq ACTB) value assessed by qPCR and
primers in reproductive tissues revealed a statistically significant NGF
upregulation (p < 0.001) in SV tissue compared with other male
reproductive tissues: BU, P, T, DA, and E. In contrast, the expression of
NGF was significantly downregulated in T tissue than all the other tis-
sues (p < 0.01; Fig. 2).

The normalized expression value of the p75NTR gene assessed by
qPCR and primers pointed out a statistically significant p7SNTR upre-
gulation (p < 0.001) in SV tissue compared with other male reproduc-
tive tissues: BU, P, T, DA, and E. In contrast, the expression of p75NTR
was significantly downregulated in T tissue than in P, DA, SV, and E
tissues (p < 0.01; Fig. 3).

3.3. Expression profiling of NTRK1 gene

The qPCR data were normalized to the most stable endogenous
control (EC) selected from two candidates, TBP and HPRT1. The optimal
EC was identified by using Delta Ct, BestKeeper, NormFinder, and
GeNorm mathematical approaches as described in Guelfi et al. [49]. The
RefFinder tools ranked the EC from most stable as TBT to least stable as
HPRT1 based on the results of the four algorithms. Consequently,
NTRK1 gene expression levels were normalized as follows: 2 - ACq = 2"
- (Cq target gene - Cq TBP) (Table 4).

The NTRK1 gene evaluated by qPCR and TaqMan probes was
expressed in all reproductive tissues examined: T, P, DA, SV, BU, and E,
with Cq values ranging between 20 and 30 cycles. The gene expression
level of NTRK1 in the SV was significantly upregulated from the
expression level in BU, P, T, DA, and E (p < 0.05). In contrast, no sta-
tistically significant differences were observed between NTRK1 expres-
sion levels in BU, P, T, DA, and E tissues (Fig. 4).

404

9

= d

©

>

& 301

o

9]
= =
O & i b b
z & 20 B

v

o]

= 104 a

g c

g l""_‘

2 o —

BU P T DA SV E

Fig. 2. NGF gene normalized expression values. In SV tissue, normalized NGF
expression was significantly upregulated (p < 0.001) compared with BU, P, T,
DA, and E. In T tissue, NGF expression was significantly downregulated from all
other tissues (p < 0.01). NGF expression in BU was significantly different
versus P, SV (p < 0.001), and T, DA, E (p < 0.01). The expression of NGF
between P, DA, and E shows no significant differences (p > 0.05). Each bar
represents the mean + SEM of 5 samples. Different letters indicate a statistically
significant difference (p < 0.05).
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Fig. 3. p75NTR gene normalized expression values. P7SNTR expression in BU
was significantly downregulated than P, SV (p < 0.001), as the same vs DA, and
E (p < 0.01), while BU vs T showed no differences. P7SNTR expression in DA
tissue is significantly upregulated versus BU, T, E (p < 0.01). In SV tissue,
normalized p75NTR was significantly upregulated (p < 0.001) compared with
BU, P, T, DA, and E. In E tissue p75NTR showed a significantly different
expression than all the other tissues (p < 0.01). P, DA, and E show no signif-
icant differences compared with each other. Each bar represents the mean +
SEM of 5 samples. Different letters indicate a statistically significant difference
(p < 0.05).

Table 4

Endogenous control ranking order. The resulting data obtained from the four
methods, Delta Ct, BestKeeper, NormFinder, and GeNorm, were evaluated using
the RefFinder algorithm, which provides a comprehensive ranking by ordering
the candidate ECs from most stable (first column) to least stable (second col-
umn). RefFinder results are highlighted.

Algorithm EC rank
Delta Ct TBP HPRT1
BestKeeper HPRT1 TBP
NormFinder TBP HPRT1
GeNorm TBP HPRT1
RefFinder comprehensive ranking TBP HPRT1
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Fig. 4. NTRK1 normalized expression values. The figure shows the NTRK1
normalized gene expression level in BU, P, T, DA, SV, and E tissues. NTRK1 in
SV was significantly upregulated (p < 0.05) versus NTRK1 in BU, P, T, DA, and
E tissues. Each bar represents the mean + SEM of 5 samples. Different letters
indicate a statistically significant difference (p < 0.05).

3.4. NGF protein levels in seminal plasma

The levels of NGF protein were assessed in seminal plasma once a
month in all months of the year using the ELISA procedure. Within the
12 months of the year, two clusters of months with significantly different
NGF levels (p < 0.001) were identified based on ELISA results. NGF
levels were 52.00 + 2.50 pg/mL (mean =+ SEM) for the first cluster from
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January to May while NGF levels were 38.43 + 1.81 pg/mL (mean +
SEM) for the second cluster from June to December (Fig. 5).

I histochemical locali:

3.5.
the ram reproductive tissues

of NGF, NTRK1 and p75NTR in

The immunohistochemical investigation demonstrated the presence
of the neurotrophin NGF and the receptors NTRK1 and p75NTR on all
examined organs of the ram reproductive system (Table 5).

NGF was mainly observed in the cytoplasmic component of the lining
and glandular epithelial cells, with small differences depending on the
organ examined (Fig. 6). NGF immunostaining was also observed in
nerve fibres and peripheral ganglia, lining epithelium of the vas deferens
and urethra, skeletal muscle of the urethra wall (Fig. 7). Nerve fibres and
peripheral ganglia positivity was used as a positive control of the anti-
body, inside the section [50]. In the testis, immunopositivity for NGF
was observed in the spermatids, starting from the Golgi phase up to the
final maturation phase of spermiogenesis (Fig. 6a, b); indeed, in the
different convoluted seminiferous tubules, the immunostaining was
visible in the cytoplasmic component of the spermatids with a different
localization depending on the stage of maturation: from the perinuclear
region in the Golgi phase to the adluminal position in the acrosome
phase up to the localization only in the tail in the maturation phase. At
the level of the epididymis, NGF staining was localized in the epithelium
lining the organ (Fig. 6¢). In the ampulla of the vas deferens (Fig. 6d), in
the seminal vesicles (Fig. 6e), and in the disseminated component of the
prostate (Fig. 6f) positivity for NGF was localized in the glandular
epithelium. Finally, in the bulbo-urethral gland NGF was observed in the
apical region of the epithelial cells lining the ducts (Fig. 6g) and in the
glandular adenomeres (Fig. 6h) where the appearance of the staining
varied contextually with the histological characteristics of the cells. In
total, secretion-rich pyramidal cells, the immunostaining was localized
in the cell basal region near the nucleus, while in the cylindrical and
smaller resting state cells the staining was distributed throughout the
cytoplasm.

As well as in the epithelial component, NGF immunostaining was
also observed in the peripheral ganglia and nerve fibres (Fig. 7a), in the
skeletal muscle of the urethra wall (Fig. 7b), in the lining epithelium of
the vas deferens (Fig. 7¢) and of the urethra, (Fig. 7d). Nerve fibres and
peripheral ganglia positivity were used as a positive control of the
antibody, inside the section [50]. No staining was evidenced in the
negative control sections incubated with normal IgG (data not shown).

The NTRK1 receptor was observed by immunohistochemistry in all
examined organs of the ram reproductive system with a localization
pattern similar to the NGF molecule one and, in addition, in the lining
epithelium of the urethra. In the testis, NTRK1 receptor immunostaining
was observed in the cytoplasmic component of spermatids during the
different phases of the spermiogenesis (Fig. 8a): in the perinuclear re-
gion during the Golgi phase; in the adluminal position of the cytoplasm
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Fig. 5. NGF levels in seminal plasma. Each bar represents the mean + SEM of 5
samples. Different letters indicate a statistically significant difference (p
< 0.01).
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Table 5 was evidenced in the negative control sections incubated with normal
NGF, NTRK1 and p75NTF immunopositivity in in the organs of the ram repro- 1gG (data not shown).
ductive system. The intensity of the staining was graded in arbitrary units as The p75NTR receptor was observed in all organs of the reproductive

follows: negative (-), low (+), moderate (++) and intense (+++) [51]. T: Testis; system of the ram. The immunostaining was localized at the level of the
E: epididymis; DA: vas deferens ampulla; SV: | vesicles; P: p BU: nervous tissue, i.e. in the nerve fibers and the ganglia, while the
bulboutedical glala BC: spidiclial cells, NE: fietve fibers. epithelial components of the organs such as the lining epithelia and

T E DA sV P BU glandular epithelia were negative for this receptor (Fig. 9). In the testis

NGF ++ 4 o - b . and epididymis, positivity was observed in thin nerve fibers located in

NTRK1 + /+ +++ +++ ++ =+ the lamina propria of both organs, beneath the epithelium and in the

P7SNTR  EC - 5 3 3 2 = perivascular regions (Fig. 9a, b). In the ampulla of the vas deferens
NF +++ +++ +++ +++ +++ +++

(Fig. 9¢), in the seminal vesicles (Fig. 9d), in the prostate gland (Fig. %),
and in the bulbourethral gland (Fig. 9f) positivity was observed in the
during the acrosome phase and in the tail during the maturation phase. larger nerve bundles and the ganglia located in the adventitia of the
In the other organs, immunostaining was localized in the cytoplasmic organs as well as in the thinner nerve branches infiltrating in the con-
component of the lining and glandular epithelial cells. In the epididymis, nective septa and the lamina propria reaching the glandular epithelium
a quite weak NTRKI receptor immunostaining was localized in the and parenchyma of the organs. No staining was evidenced in the nega-
epithelium lining the organ (Fig. 8b). The glandular epithelium of the tive control sections incubated with normal IgG (data not shown).
ampulla of the vas deferens (Fig. Sc) and especially of the seminal ves-

icles (Fig. 8d) showed the stronger immunostaining. NTRK1 receptor 4. Discussion

was observed in the glandular epithelium of the disseminated lobules of

the prostate (Fig. Se). Finally, in the bulbourethral gland NTRK1 re- This is the first study that details the differential gene and protein
ceptor was observed in the apical region of the epithelial cells liningthe ~ expression for NGF and its cognate receptors, NTRK1 and p7SNTR, in
ducts and in the glandular adenomeres (Fig. 5f): in tall, secretion-rich the ram male sex organs. NGF i docrine ¢ ication can be

pyramidal cells, the immunostaining was localized in the cell basal re- defined in the sex organs of rams as autocrine and paracrine signaling.
gion near the nucleus, while in the cylindrical and smaller resting state ~ We describe the NGF signal as autocrine because the cell can produce
cells the staining was distributed throughout the cytoplasm. No staining ~ NGF mRNA, NGF protein, and NGF receptors to be self-regulating. NGF

Fig. 6. Immunopositivity for NGF in the organs of the ram reproductive system. NGF-positive spermatids are observed in different phases of spermiogenesis such as
the maturation phase where the immunostaining is localized in the tails (a, arrow) and the acrosome phase where the staining is in the cytoplasmic adluminal region
(b, arrow). NGF-positivity is observed in the lining epithelium of the epididymis (c, arrows) and the glandul ithelium of the lla of the vas deferens (d,
arrows), of the seminal vesicles (e, arrows) and the prostate (f, arrows). In the bulb hral gland, the staining is localized in the supranuclear cytoplasmic region of
the cells of the epithelium lining the ducts (g, arrows) and in the secreting adenomeres (h) where positivity is localized in the basal region of the active foamy cells
(arrow) and the whole cytoplasm of resting cells (asterisk). Secti are co ined with h 1i

Fig. 7. Immunopositivity for NGF in some structures of ram genital tract. A peripheral ganglion (a) where positivity is localized in the neuron cytoplasm (arrows);
NGF-positive skeletal muscle fibres (arrow) in the urethra wall (b); lining epithelium (arrows) of vas deferens (c) and urethra (g). Sections are counterstained with
hematoxylin.
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Fig. 8. I itivity for NTRK1 ptor in the organs of the ram reproductive system. NTRK1 receptor positivity is observed in the tails and the cytoplasmic
adluminal region (arrows) of the spermatids at different spermiogenesis phases inside convoluted seminiferous tubules (a). A quite weak positivity is observed in the
lining epithelium of the epididymis (b, arrow). A strong positivity is ob: d in the glandul ithelium of the ampulla of the vas defé (c, arrows), the seminal
vesicles (d, arrows) and a prostate lobule (e, arrows). In the bulb thral gland, the staining is localized in the lear cytoplasmic region of the cells of the
epithelium lining the ducts (f, arrows) and in the secreting ad (h), where positivity is localized in the basal region of the active foamy cells (asterisk) and the
whole cytoplasm of resting cells (dotted arrows). Sections are ¢ d with | 1i

o

Fig. 9. . Immunopositivity of p7SNTR in the organs of the ram reproductive system. I ining is shown in the nerve fibers located in the lamina propria and in
the perivascular areas of the testis (a, arrows), epididymis (b, arrows), ampulla of the vas deferens (c, arrows); in a ganglion (arrows) and a nerve bundle (arrowhead)
in the adventitia of the seminal vesicles (d); in nerve fibres (arrow) localized in the lamina propria of urethra next to a prostate lobule (asterisks, €); in nerve fibres
(arrows) infiltrating in the connective septa separating adenomeres (asterisks) of the bulbourethral glands (f). Asterisks in the images point out negative eplthel.lum of
the testis (a), epididymis (b), vas defe pulla (c), seminal vesicles (d), prostate (e), bulbourethral glands (f). These sections were not

communication is defined as paracrine because the NGF protein pro- I histochemistry r led, albeit with different levels of
duced by one cell can be exported and bind the NGF receptors of  staining, positive signals for NGF, NTRK1, and p75NTR in several cells
neighboring cells. In our research, it is confirmed that sex ram tissues and structures including the germ cells of the gonad, the lining epithe-
synthesize NGF mRNA and NTRK1 and p7SNTR NGF receptors. lium of the epididymis, glandular epithelium of the vas deferens
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ampulla, seminal vesicles, prostate glands and bulbourethral glands as
well as the nerve fibres and peripheral ganglia annexed to the analysed
organs.

Through RT-qPCR analysis, all sex organs under investigation
expressed NGF, NTRK1, and p7SNTR mRNAs, albeit in varying relative
amounts. There are many intriguing concerns regarding the possible
roles of this neurotrophin in the regulation of reproductive function,
given the vast distribution and variable expression pattern of each NGF
system component inside particular cellular types of ram male sex
organs.

The immunohistochemical investigation found NGF in all organs
analyzed in this study in agreement with the literature on other species
[25,26]. The positivity of the molecule was observed in the cytoplasm of
the lining epithelial and glandular epithelial cells about the different
analised organs [25,26,52].

At the testis level, NGF was localized in the spermatids, starting from
the Golgi phase up to the final maturation phase of spermiogenesis. This
localization has been already described in other animal species: in the
spermatozoa collected from the rete testis and different regions of the
epididymis, such as the head and tail, in the golden hamster [26], in the
spermatozoa of the sperm ejaculated in the llama [53], in bull ejaculate
[54], and human sperm [55]. It has been previously demonstrated that
NGF stimulates important sperm functions such as apoptosis, motility
and the acrosome reaction and in the case of the last two activities the
regulation occurs in a time-dependent and dose-dependent manner [26].
The regulation of spermatogenesis by NGF occurs through an autocrine
and paracrine mechanism [56-59], while a role for NGF in the matu-
ration of spermatids was hypothesized, based on the presence of NGF
during the different phases of spermiogenesis [26]. In this study, the
NGF localization in the spermatids together with the NTRK1 receptor,
strongly supports the hypothesis that also in rams NGF may play an
important role in the maturation of these germinal cells as well as in
sperm motility and acrosome reaction through an autocrine and para-
crine mechanism.

It has been suggested that NGF has an autocrine and/or paracrine
role during testicular development and spermatogenesis since NGF and
NTRK1 have been selectively identified in the germinal and endocrine
cells of the male gonads [58,60]. Using an NTRK1-KO mouse model,
direct evidence was produced that the NGF/NTRK1 system negatively
affects testicular development [61].

All these findings from other mammalian species support the idea
that the NGF system pathway is critical also for the development of the
ram’s testis.

The columnar secretory epithelial cells of the ram prostate gland
exhibited a strong positive response to NGF and NTRK1. The existence of
NGF and its receptor in these cell types suggests that this neurotrophin
regulates the growth and differentiation of these cells, through intricate
autocrine and/or paracrine processes. Additionally, as shown in several
other species, including humans, in rabbit the prostate is the primary
source of this neurotrophin for the seminal plasma, as confirmed by the
extensive dispersion of NGF and its mRNA [62]. NGF has also been
shown to have a particular mitogenic effect in rat prostate tissue [63].

These findings suggest that the ovulation-inducing component NGF
is less abundant in the seminal plasma of ram (38-52 pg/ml) than in
llama (1.2 mg/dl [22]), rabbit (ranging from 1894 pg/ml to 151 pg/ml
[25,64]), human (763 pg/ml [65], 820 pg/ml [54]), bulls (0.73 to 7.19
pg/mL [66], 1860 pg/mL [67], 20.5 pg/mL [68]), but more abundant
than horses, and pigs, where the NGF concentration resulted to be lower
than 10 pg/ml [22,30]. Although at lower concentrations, it cannot be
excluded that seminal plasma NGF may have significant effects in ewes,
although it could be a different effect to that highlighted in camelids; in
the latter, a high concentration of seminal plasma NGF is recorded and it
is well established that NGF can induce ovulation in 100 % of llamas
[69-71].

Interestingly, in the seminal plasma examined, NGF appears at
reduced concentrations during the reproductive activity of this animal
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species which, being a negative photoperiod, in our latitude, begins in
late summer and ends in the autumn season, raising the intriguing
possibility that this component may be involved in a mechanism that
inhibits male reproductive activity and is triggered during the female
anestrus. In contrast, Zhang etal., in the testis of wild ground squirel via
immunohistochemistry, western blot and RT-PCR, demonstrated that
the expressions of NGF and NTRK1 are higher in the breeding season
than in the non-breeding season [72].

Even melatonin, a fundamental molecule for the reproductive ac-
tivity of this animal species, undergoes important fluctuations in the
seminal plasma, with lower concentrations during the non-reproductive
season [73,74].

The NGF/NTRK1 system may have a function in the cell biology of
these tissues in both healthy and pathological circumstances, as evi-
denced by its presence in benign prostatic hyperplasia, prostatic cancer
cells, and normal prostatic tissue [62,75].

The localization of NGF in the epididymis and accessory glands has
been observed in the lining epithelia and the glandular epithelia with
results that are sometimes consistent and sometimes contrasting with
the numerous data present in the literature about the different animal
species [22,25,26,52]. In rabbit, NGF has been highlighted in the sem-
inal vesicles and prostate [25,52]; in rat, NGF has been described in the
epididymis, vas deferens, prostate and coagulation glands [76]. In ru-
minants, NGF positivity was observed in numerous male glands partially
related to the abundant distribution observed in the ram in our study.
Bogle et al. [22] described its immunopositivity in the epididymis and
ampulla of cattle, bison, and deer; in the prostate of llamas, cattle and
deer; in the seminal vesicles of cattle and bison; in the bulbo-urethral
glands of llamas and deer. Therefore, the literature suggests that NGF
is a common protein in the male accessory glands among various animal
species and its abundance in camelids, bovids and cervids has an
important role in the ovulation mechanisms of both spontaneous and
induced species [22].

Similar to the distribution of NGF, the receptor NTRK1 was observed
in all the analysed organs of the ram. In particular, this receptor showed
a similar localization pattern of NGF attesting that the NGF system plays
a role likely related to the local regulation of each organ function, by a
paracrine and/or autocrine mechanism. NTRK1 was already observed in
the male reproductive organs of other species as in the spermatids of the
rat [76]; in the prostate, bulbourethral glands and epididymis of sexual
mature male rabbit [25,52] in the prostate, bulbourethral glands, and
epididymis of the llama [22,53]. Some authors also suggested an influ-
ence of the NGF system on the concentration and sperm motility in the
epididymis [54].

The tissue abundance of NGF mRNAs was, in order, seminal vesicles,
prostate, vas deferens ampulla, epididymis, bulbourethral gland, and
testis, in agreement with IHC findings, where NGF was higher in the
seminal vesicle gland than in the other genital tract tissues examined.
Remarkably, NTRK1 and p75NTR mRNA levels showed a comparable
distribution pattern, with strong expression in the seminal vesicles.
These small variations in the NGF system could simply reflect morpho-
logical variations in the quantity and kind of positive cells, or they could
be related to the distinet embryological origins of the sex organs.

The large quantity of NGF found in the seminal vesicles is in agree-
ment with the study of Hofman and Hunsicker [77], which reported that
the bull seminal vesicle was very rich in NGF (up to 0.68 mg/ml) and
probably the main source of this factor in the seminal plasma of this
ruminant. In addition, NGF is present in the seminal vesicle at amounts
similar to those in the mouse submaxillary gland, which is considered
the primary tissue source of NGF in this rodent [78].

According to Harper et al. [79] and Squillacioti et al. [27], the
prostate and seminal vesicles are the main locations of NGF expression
in male guinea pigs and rats. Additionally, the caudal area of the
epididymis appears to express more NGF than the other segments [26].

The quantity of NGF mRNA and NTRK1 in accessory glands may
suggest that NGF could influence the ejaculated sperm behavior. NGF
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and NTRK1 were co-expressed in the seminal vesicle epithelial glandular
cells as well as bulbourethral glands and prostate. It suggests that NGF
could regulate cell development and function of these organs, through
paracrine and/or autocrine mechanisms. A considerable amount of the
fluid that eventually turns into semen is secreted by the seminal vesicles,
so suggesting that the relative NGF abundance in the glands of this organ
may play a key role in its accumulation within the seminal plasma.
Similarly, it can be hypothesized that the prostate and the bulbourethral
glands may also contribute to the secretion of NGF in the seminal
plasma, although to a lesser extent than the seminal vesicles. Our
immunohistochemical analysis highlighted the presence of the p75NTR
receptor on all the ram samples examined, i.e., gonads, epididymis and
glandular tissues responsible for the production of seminiferous plasma.
In all organs, p75NTR was observed in the nerve fibers in contrast with
some data present in the literature relating to the reproductive system.
Indeed, in the rabbit p7SNTR was observed in the Leydig cells of the
testis, the stromal cells and the glandular epithelium of the prostate, and
the stromal cells of the seminal vesicles [25]. In the Japanese monkey,
P75NTR has been observed in the epithelium and smooth muscle of the
epididymis, prostate and seminal vesicles [30]. In the rat, at the level of
germ cells, spermatids, Leydig cells, Sertoli cells, epididymis, vas def-
erens and accessory glands [76]. However, numerous studies carried out
on non-reproductive organs described p7SNTR at the level of nerve fi-
bers: it has been identified in sympathetic neurons and small-diameter
peripheral sensory neurons that mediate nociception both during
development and in adulthood [51,32]; in bone and articular cartilage,
P7SNTR was located in nerve fibers near NGF-positive blood vessels
[83]; in the bladder, this receptor is in the nerve fibers reaching the
urothelium and in the nerve bundles of the submucosa [34]. p7SNTR is
in the peripheral portion of the nerve trunks and fibers reaching the skin
[85].

Ultimately, this research validates that the NGF/cognate receptors
system is extensively expressed throughout several cell types in the sex
organs of ram. This expression implies a role for NGF in spermatogenesis
and testicular development. This study evidenced that this system is
expressed in the reproductive tissues of all the different genital tracts
examined, confirming the role of NGF in ram reproduction. Sheep are
short-day breeders, with an anestrus that corresponds to the highest
seminal plasma NGF levels, thus suggesting the intriguing idea that this
factor could participate in an inhibition mechanism of male reproduc-
tive activity, arising during the female anestrus.

The gene and protein expression studies described in this article that
evaluated the NGF system in the ram reproductive tract were conducted
during the non-breeding season. In future research this system will be
examined, from a comparative perspective, in the breeding and non-
breeding seasons.

A deeper knowledge of these complex cellular mechanisms could be
useful to improve the reproductive performance of farm animals and
humans too.
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Simple Summary: The grey squirrel (Sciurus carolinensis) is an invasive species threatening the Eurasian
red squirrel in Umbria, Italy. Understanding its reproductive biology is crucial for managing its popula-
tion. Based on previous research on female grey squirrels, this study investigates the nerve growth factor
(NGF) system and its receptors in the testes of male grey squirrels. Eighteen squirrels were classified into
immature, pubertal, and active spermatogenesis. Results showed an increased NGF level in pubertal
squirrels. Inmunohistochemistry identified NGF in Leydig cells, with stronger staining in pubertal and
mature subjects. NTRK1 was found in the Leydig cells of immature squirrels and the germ cells of pu-
bertal and mature ones. NGF receptors were also observed in Sertoli cells. These findings suggest that
NGF plays a key role in testis development and reproductive success through autocrine or paracrine
mechanisms, highlighting its importance in managing this invasive species.

Abstract: The grey squirrel, an invasive species, threatens the Eurasian red squirrel’s conservation,
particularly in Umbria, Italy. Understanding its reproductive biology is essential to limiting its re-
productive success. This study investigates the NGF system and its receptors (NTRK1 and p75NTR)
in the testes of male grey squirrels, following prior research on female reproductive biology. NGF
plays a role in testicular morphogenesis and spermiogenesis in animals and humans. As part of the
LIFE Project U-SAVEREDS, eighteen squirrels were captured and classified into three morphotypes
(immature, pubertal, and active spermatogenesis). NGF and its receptors were analyzed using real-
time PCR, western blotting, immunohistochemistry, and plasma levels measured via ELISA. NGF
qPCR expression levels were significantly higher during puberty compared to the immature and
spermatogenesis stages (p < 0.01). Immunohistochemistry revealed NGF in Leydig cells, with
stronger staining in pubertal and mature squirrels, while NTRK1 was found in Leydig cells in im-
mature squirrels and germ cells in pubertal and mature ones. NGF receptors were observed in Ser-
toli cells in pubertal and mature squirrels. Plasma NGF levels showed a significant upregulation in
pubertal squirrels (135.80 + 12 pg/mL) compared to those in the immature (25.60 + 9.32 pg/mL) and sper-
matogenesis stages (34.20 +6.06 pg/mL), with ap value <0.01. The co-localization of NGF and its receptors
suggests that NGF, produced by Leydig cells, regulates testis development and reproductive success
through autocrine or paracrine mechanisms, potentially involving an unidentified pathway.

Animals 2024, 14, 3318. https://doi.org/10.3390/ani14223318

www.mdpi.com/journal/animals

57



Animals 2024, 14, 3318

2 of 14

Keywords: grey squirrel; NGF; P7SNTR; NTRK]; testis; reproductive phases

1. Introduction

Initially, the function of NGF (nerve growth factor) was thought to be limited to the
growth of the nervous system and neuron differentiation and survival [1,2]. However, the
discovery of NGF in semen [3,4] and the presence of a potent ovulation-inducing neuro-
trophin in seminal plasma [5] shifted research toward the role of NGF in the female repro-
ductive endocrine system. These findings provided the basis for hypothesizing that sem-
inal plasma may play a role in female ovulation, which was also suggested by several
recent studies showing that NGF was directly implicated in male and female reproductive
functions [6-10]. More specifically, the expression of NGF and its receptors was evaluated
in the testes of several mammalian species, including mice, llamas, cattle, bison, elk, white-
tail deer, rats, and rabbits [6,11,12], underscoring the essential autocrine and/or paracrine
role of NGF in the development of spermatozoa [13,14]. In wild male ground squirrel tes-
tes, Zhang et al. (2015) identified NGF-, NTRK1-, and p75NTR-signaling during seasonal
spermatogenesis [15].

NGF was the first member of the neurotrophin family discovered. The initial evi-
dence for the presence of this protein dates back to the early 1950s, when Rita Levi-Mon-
talcini identified it in mouse sarcoma cultures [16]. The biological function of NGF is me-
diated by neurotrophic receptor tyrosine kinase 1 (NTRK type 1) [17], with high NGF af-
finity, and p75 neurotrophin receptor (p75NTR), with low NGF affinity [18]. The tropo-
myosin receptor kinase (TRK) family of receptor tyrosine kinases are encoded by NTRK
genes; a family of three proto-oncogenes including neurotrophin TrkA, TrkB, and T7kC,
which encode the NTRK1, NTRK2, and NTRK3 protein receptors. TRKB binds brain-de-
rived neurotrophic factor (BDNF) and neurotrophins NT-4 and NT-5, and TRKC binds
the neurotrophin NT-3. In addition to binding with low-affinity NGF, the p75NTR binds
with the neurotrophin p75.

On the neuronal plasmatic membrane, the binding of NGF/NTRKI1 triggers NTRK1
dimerization, autophosphorylation, and activation. The NGF/NTRK1 complex is then in-
ternalized into the cell via endocytosis by signaling endosome formation [19]. Inside the
cell, NGF/NTRK1 induces the activation of the NGF-dependent transcriptional program
through critical signaling cascades that mediate the transcription of NGF-regulated genes
[20]. NGF and its receptors are dynamically regulated in response to physiological cellular
events, such as cell growth and differentiation, and pathological events, such as tissue
damage and diseases of the immune and inflammatory system [21].

The eastern grey squirrel (Sciurus carolinensis) is a medium-sized tree squirrel within
the Sciuridae family and the order Rodentia, native to eastern North America. Males and
females show no size or coat color differences [22]. Recognized as a major pest in Europe
and globally, this species is listed among the 100 most invasive alien spedies (IAS) by the In-
ternational Union for Conservation of Nature [23]. To counter the spread of IAS, the European
Union implemented Regulation 2014/1143, aimed at preventing and controlling their intro-
duction. In the UK and Italy, grey squirrels from the USA have displaced native red squirrels
(Sciurus vulgaris), exemplifying competitive exclusion by an introduced species [24-26].

Maranesi et al., 2020 [27], observed that the Umbrian male grey squirrel has different
testis morphotypes belonging to ditferent reproductive phases: immature, pubertal, and
active spermatogenesis (sexually mature). Increasing evidence underscores the need for a
deeper understanding of the reproductive system of this invasive species, given its re-
markable adaptability to new environments and its higher reproductive success com-
pared to native species [27,28]. This study investigates the reproductive system of male
grey squirrels across different developmental phases (immature, pubertal, and active
spermatogenesis) with a focus on the role of NGF and its receptors, NTRK1 and p75NTR.
Understanding these mechanisms provides critical insights into reproductive adaptations
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in invasive species, with implications for population management strategies. We exam-
ined the expression of NGF, NTRK1, and p75NTR at both gene and protein levels, along
with the cellular localization of these molecules within the testes, to elucidate their roles
in NGF signaling pathways across different reproductive stages. To complement this
study, plasma NGF protein was also evaluated.

2. Materials and Methods
2.1. Animal Capture and Sample Collection

This study is part of the LIFE U-SAVEREDS Project (LIFE13 BIO/IT/000204) Manage-
ment of grey squirrel in Umbria: conservation of red squirrel and preventing loss of bio-
diversity in the Apennines, investigating the conservation of the European red squirrel
and forest ecosystem in Umbria and central Italy [29]. Between 2016 and 2018, as part of a
control initiative, several male grey squirrels of three distinct morphotypes (n =5 imma-
ture, n=3 pubertal, and n =10 active spermatogenesis; Maranesi et al., 2020) were captured
using Tomahawk live traps (model 202.5, Tomahawk Live Trap Co., Hazelhurst, WI,
USA). These traps were placed in shaded locations and away from high-traffic areas to
reduce stress in the animals [27]. All captures complied with wildlife control regulations
under Italian Law 157/92 (Rules for the protection of wild animals and homeotherms and
hunting), the Habitat Directive 92/43/Comunita Economica Europea, and Regulation
2014/1143 of the European Parliament (focused on invasive alien species prevention and
management). The captured squirrels subsequently underwent surgical gonadectomy
[27] for testis collection.

Within a few minutes, to investigate the gene expression and western blot analysis,
the testes were washed in an RNase-free phosphate-buffered saline solution and then fro-
zen at —80 °C [30]. Testis samples for histological evaluation were quickly dipped in 10%
neutral-buffered formalin solution in phosphate-butfered saline (PBS 0.1 M, pH 7.4) and,
after 36 h, processed until paraffin wax embedding [27]. Blood samples (1 mL) were drawn
from the radial vein of each anesthetized squirrel immediately before surgery. Plasma was
separated by centrifuging the samples at 1500 g for 10 min, then stored at -20 °C for
subsequent NGF analysis [31].

2.2. Histological Germinal Functional Phase Evaluation

Sections each five micrometers thick, were prepared, placed onto poly-L-lysine-
coated glass slides, and allowed to air dry at 37 °C. The sections were subsequently stained
with Haematoxylin—Eosin to histologically evaluate the functional phase of the germinal
epithelium by using a photomicroscope (Nikon Eclipse E800, Nikon Corp., Tokyo, Japan)
connected to a digital camera (Nikon Dxm 1200 digital camera, Tokyo, Japan) [32].

2.3. RNA Extraction from FFPE Tissues and gPCR Gene Expression

Total RNA was isolated from testicular tissue as described previously [33]. Five ug
of RNA were reverse transcribed into 20 uL of iSCRIPT cDNA using random hexamers,
following the manufacturer’s protocol (Bio-Rad Laboratories, Milan, Italy). Genomic
DNA contamination was assessed by conducting a PCR reaction in the absence of reverse
transcriptase. A series of experiments were performed to optimize quantitative reaction
conditions, including efficiency and Cq (quantification cycle) values. The final optimized
qPCR reaction volume of 25 pL contained 12.5 pL of iQSYBR Green SuperMix (Bio-Rad
Laboratories), 1 uL each of forward and reverse primers (10 uM stock concentration), and
water up to 25 uL. The primer sequences used are provided in Table 1.
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Table 1. QPCR primers. The table shows NGF, NTRK1, p75NTR, and ACTB (Actin B) forward (F)
and reverse (R) primer sequences [31] and expected amplicon (bp).

Gene NCBI Genebank Accession Number Primers bp
T
bl WO gelomocrcccemcics”
i XLOTHHIO! R CAGTGGAGAGTOCTGCAARG
- WO roarereacocaceaTrice”

All reagents were combined into a master mix and aliquoted into a 96-well PCR plate,
followed by the addition of 2 puL of diluted cDNA (1:10). PCR was conducted on an
iCycleriQ system (Bio-Rad Laboratories) with an initial denaturation at 95 °C for 1.5 min,
then 40 cycles of 95 °C for 15 s and 53 °C for 30 s. A melting curve analysis was performed
post-PCR to assess primer specificity using a protocol of 80 heating cycles for 10 s each,
beginning at 55 °C with 0.5 °C increments. The melting curve confirmed the presence of a
single amplification product for each primer set, validating primer specificity. Quantita-
tive PCR values were normalized using the 2-2Ca method [34], with Actin B (ACTB) serving
as the reference gene.

2.4. Western Blotting Protein Expression

The expression of NGF proteins was analyzed by western blotting in the testis tissue
of immature (n = 3), pubertal (n = 3), and active spermatogenesis (1 = 5) squirrels. Proteins
were purified from testicular tissue homogenized in 1 mL of ice-cold RIPA buffer as pre-
viously described [28]. Following a 60 min incubation at 4 °C, the homogenates were cen-
trituged at 12,000x g for 20 min at 4 °C. Protein concentration in each supernatant was
determined using the Bradford assay (Bio-Rad, Hercules, CA, USA). Equal protein
amounts (50 ug) were then separated on a 10% SDS-PAGE gel (sodium dodecyl sulfate
polyacrylamide gel electrophoresis 4% stacking gel, run for 1 h at 200 V and 500 mA).
Proteins were subsequently transferred onto nitrocellulose membrane using the Trans-
Blot Turbo Transfer System (Bio-Rad, Hercules, CA, USA). Next, the membrane was
blocked in TBS with Tween-20 and 5% non-fat dried milk. The transferred proteins were
probed with different antibodies, each one incubated overnight at 4 °C in separate western
blots with rabbit anti-NGF (1:500; n. MA5-32067 Invitrogen, Waltham, MA, USA), rabbit
anti-p75 (1:1000; ab52987, Abcam, Cambridge, UK), rabbit anti-pan-TRK (1:1000; n.
ab109010 Abcam), and mouse anti-Actin (1:1000; clone AC-40, Merk Sigma-Aldrich,
Darmstadt, Germany) antibodies. The pan-TRK antibody recognized the active domains
of the neurotrophins NGF, BDNF, and NT-3. Then, western blots were incubated with a
mouse horseradish peroxidase (HRP)-labeled secondary antibody (1:10,000; Merk Milli-
pore, Burlington, MA, USA) for 1 hr at room temperature under gentle agitation. Antibody
incubations were performed in TBS. The immune-blotting substrates were detected by
enhanced chemiluminescence (ECL, Bio-Rad, Hercules, CA, USA) with a ChemiDoc MP
Imagin System (Bio-Rad Laboratories, Milan, Italy). For each target, densitometric analy-
sis of specific signals was performed with ImageLab software version 6 (Bio-Rad Labora-
tories, Milan, Italy), and samples were normalized as a ratio to corresponding actin band
intensity and used as a loading control.

2.5. Immunohistochemistry Protein Localization

Immunohistochemistry was conducted on samples from all morphotypes as de-
scribed previously [33]. Sections of formalin-fixed, paratfin-embedded (FFPE) tissue, ap-
proximately 5 pum thick, were cut and mounted on poly-L-lysine-coated glass slides, then
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deparaffinized in xylene and rehydrated through graded ethanol to distilled water. Anti-
gen retrieval was achieved by microwaving the sections in citrate buffer (pH 6.0) for three
cycles of 5 min each at 750 W. Endogenous peroxidase activity was inhibited by treating
the sections with a 3% hydrogen peroxide solution for 10 min. Non-specific backgrounds
were avoided with a 30 min use of a species-specific normal serum diluted 1:10. For the
immunohistochemical reaction, sections were incubated overnight at room temperature
with a primary antibody (Table 2).

The optimal dilution for each primary antibody, chosen to maximize signal intensity
while minimizing background, was identified from a range of 1:50 to 1:1000. On the sec-
ond day, sections were incubated with a biotin-conjugated secondary antibody diluted
1:200 (Table 2). Immunoreactivity was visualized using an avidin-biotin complex (Vec-
tastain Elite ABC Kit, Vector Laboratories, Burlingame, CA, USA) and developed with
chromogen diaminobenzidine (DAB Substrate Kit, Vector Laboratories, Burlingame, CA,
USA). Negative control sections were treated with normal IgG (Novus Biological, Little-
ton, CO, USA; Table 2) instead of the primary antibody. Since the molecules investigated
in this study have already been identified in the ovary of the grey squirrel, ovarian sections
of this species served as positive controls [31].

Table 2. Antisera characteristics. The table shows the antisera name, the spedies in which the anti-
body is raised, the working solution, and the antibody producer.

Antisera Species  Dilution Commercialized

NGF Recombinant monoclonal Rabbit 1:100 g:AS -32067, Thermo Fisher Scientitic, Waltham, MA,
Anti-NTRK1 Rabbit 1:100/1:500 Maranesi et al., 2024 [33]

Anti-p75NTR Rabbit 1:100 ab52987, Abcam, Cambridge, UK

Anti-rabbit biotin-conjugated Goat 1:200 BA-1000-1.5, Vector Laboratories, Newark, CA, USA
Rabbit IgG Rabbit 1:100 1-1000-5, Vector Laboratories, Newark, CA, USA [35]

The sections were washed with PBS between all incubation steps, except after normal
serum. All steps after endogenous peroxidase blocking were carried out in a moist chamber at
room temperature. Sections were observed under a photomicroscope (Nikon Eclipse E800,
Nikon Corp., Tokyo, Japan) connected to a digital camera (Nikon Dxm 1200 digital camera).

2.6. ELISA NGF Plasma Levels

An enzyme-linked immunosorbent assay (ELISA) was used to determine NGF levels
in plasma samples (catalog number DY256, DuoSet ELISA for measuring NGF —R&D Sys-
tem, Milan, Italy), according to the manufacturer’s instructions. This kit had already been
validated for the detection of NGF in grey squirrels (Sciurus carolinensis) [31]. Briefly, the
plates were pre-coated with a diluted capture antibody at room temperature. After three
washes, plates were blocked by adding reagent diluent to each well. Subsequently, 100 uL
of each sample or NGF standard was added to the plate and incubated for 2 h at room
temperature. Following incubation, a specific detection antibody and streptavidin-horse-
radish peroxidase (HRP) were added to each well, after which a substrate solution was
applied and the plate was incubated for an additional 30 min to allow color development.
The optical density of each well was then measured immediately, with readings set at 450—
570 nm.

2.7. Data Statistical Analysis

All statistical analyses were performed using Prism version 10 (GraphPad Software
Inc., San Diego, CA, USA). Data are expressed as mean + SD (standard deviation) from at
least three independent experiments. Statistical significance was set at p < 0.05. Analyses
were conducted using one-way ANOVA (Analysis of Variance), followed by the New-
man-Keuls Multiple Comparison Test.
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3. Results
3.1. Histological Evaluation of the Testis Reveals the Phase of the Reproductive Cycle

Histological analysis identitied specific germinal epithelium features that determine
the reproductive status of a squirrel [27]. The squirrels were categorized as immature (n =
5), pubertal (n = 3), and active spermatogenesis (n = 10). Immature squirrels (Figure 1a)
showed seminiferous tubules lacking a lumen and of small diameter, with the germinal
epithelium consisting of Sertoli cells close to the basal lamina and a few spermatogonia.
Pubertal squirrels exhibited a germinal epithelium (Figure 1b) containing basal Sertoli
cells and primary spermatocytes, progressing up to round spermatids, but without elon-
gated spermatids or spermatozoa. The seminiferous tubules of pubertal squirrels were
larger in diameter with a central lumen. Mature, sexually active male squirrels (Figure 1c)
had testes with large seminiferous tubules and wide lumens, where spermatids and sper-
matozoa were in the germinal epithelium. Leydig cells in the intertubular connective tis-
sue were observed to have abundant cytoplasm.

S,

Figure 1. Histological evaluation of the squirrel testis. In the immature phase (a), the seminiferous
tubules lack lumens and have small diameters. Sertoli cells are located at the basis of the germinal
epithelium, while a few spermatogonia occupy a more central position. During the pubertal phase
(b), the lumen starts forming in some seminiferous tubules. The germinal epithelium contains Ser-
toli cells, primary spermatocytes, and spermatids, with Leydig cells seen in the peritubular inter-
stice. In the spermatogenesis phase (c), the seminiferous tubules have large lumens, and elongated
spermatids are visible.

3.2. QPCR Gene Expression Levels of NGF and NGF Receptors

Normalized qPCR data revealed an NGF expression upregulated in the pubertal ver-
sus immature and spermatogenesis (p <0.01) phases. In contrast, an absence of differences
(p > 0.05) was observed in NTRK1 and p75NTR expression levels examined in the three
reproductive phases (Figure 2).
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Figure 2. Gene expression-normalized data. The figure shows NGF, NTRK1, and p75NTR qPCR
expression data normalized to the reference gene ACTB. Gene expression is compared between the
three reproductive stages: immature, pubertal, and spermatogenesis. The expression levels of the
NGF gene are different in the pubertal group versus the immature and spermatogenesis groups (p
<0.01). Different letters placed on the top of the boxes indicate statistically significant differences.
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3.3. Western Blotting Protein Expression of NGF and NGF Receptors

Western blot analysis of grey squirrel testes revealed the expression of NGF, pan-
NTRK, and p75NTR proteins during the three reproductive stages: immature, pubertal,
and spermatogenesis.

The Pan-NTRK antibody was directed to a homologous region of NTRK1, TRKB, and
TRKC, adjacent to the C-terminus (Figure 3).

NGF
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¥ 29 12 38 49 28 282 51 42 11 7 5
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Pan-NTRK *: 29 12 34 43 28 282 51 42 11 7 5
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s EBEw “ 130KDa
29 12 3a a3 8 282 51 42 1 7 5
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BRAIN  |MMATURE  PUBERTAL SPERMATOGENESIS
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._ — - b ‘d
- 72K0a
2 29 12 24 49 28 282 51 42 11 7 &5
MOUSE
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Figure 3. Western blotting of the squirrel testis. Western blotting on the top left is relative to the NGF
antibody (kDa 34), the pan-NTRK antibody (kDa 130), and the p75NTR antibody (kDa 72). On the
right, the western blot is for the ACTB reference protein. To the left of each western blotting image
is shown the positive control (mouse brain) followed by the three sexual phenotypes: immature
(lanes 1, 2, and 3), pubertal (lanes 4, 5, 6), and spermatogenesis (lanes 7, 8, 9, 10, and 11). Numbers
below the lanes represent the Sample ID. To the right of each western blot, the weight in kDa of the
respective antibodies is revealed in the running line outlined in the box.

Normalized NGF, pan-NTRK, and p75NTR, protein expression showed no difference
(p > 0.05) between the immature, pubertal, and spermatogenesis groups. Although the
statistical analysis did not reveal significant differences in the protein levels of p75NTR
and NTRKI1 across reproductive stages, visual inspection of the western blot images sug-
gests a decrease in signal intensity during the pubertal and spermatogenesis phases. This
observation may indicate a potential modulation of receptor expression to reproductive
maturity (Figure 4).
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Figure 4. Protein expression-normalized data. The graphs show the results derived by analyzing the
western blot images. The expression of the three proteins NGF, p75NTR, and pan-TRK (pan-TRK
antibody recognizes the active domains of the neurotrophins NGF, BDNF, and NT-3) is normalized
for the value of the reference protein ACTB. Statistical analysis shows no significant differences in
NGF, pan-NTRK, and p75NTR protein levels of the immature, pubertal, and spermatogenesis
groups. Different letters placed on the top of the boxes indicate statistically significant differences.
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3.4. Immunohistochemistry Protein Localization of NGF and NGF Receptors

Immunohistochemical analyses highlighted the presence of the NGF, NTRK1, and
p75NTR on all grey squirrel testis samples examined with different localization in the
three morphotypes.

The NGF molecule was observed on the Leydig cells, few cells appeared in the im-
mature testes, and progressively more numerous and intensely marked cells appeared in
the testes of animals in puberty and subjects undergoing active spermatogenesis, respec-
tively (Figure 5).

Figure 5. NGF immunopositivity in grey squirrel testis morphotypes. (a—c) NGF protein is observed
at the level of Leydig cells (arrows). The positivity appears more intense in the pubertal morphotype
(b) and active spermatogenesis (c) compared to the immature morphotype (a).

NTRK1 was observed in Leydig cells in the immature morphotype. In the pubertal
morphotype, a weak positivity was observed in the germ cells located in the basal com-
partment of the epithelium and the perinuclear regions of type I spermatocytes. In the
mature morphotype, NTRK1 was localized in germ cells with greater intensity in the sper-
matids and spermatozoa (Figure 6).

Figure 6. Inmunopositivity for NTRK1 in grey squirrel testis morphotypes. The receptor is shown
in Leydig cells of the immature morphotype ((a), arrow); in basal germ cells (arrow) and in the
perinuclear region of type I spermatocytes (asterisk and top panel) of the pubertal morphotype (b);
and in spermatids and spermatozoa of the mature morphotype ((c), arrow).

P75NGF was not observed in the immature testicular parenchyma, where receptor-
positive nerve bundles were observed representing the positive controlinternal to the sec-
tion. The positivity to the receptor emerged, albeit weakly, in the seminiferous tubules of the
testis pubertal phase and appeared strong in subjects in active spermatogenesis (Figure 7).

£ SE2 'jol : < 2 i 3 4 L8t

Figure 7. Inmunopositivity for p75NTR in the morphotypes of grey squirrel testes. p75NTR is not
visible in the parenchyma of the immature morphotype (a) where the nerves located in the capsule
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(top panel) appear positive, providing validity to the immunohistochemical reaction. In the pubertal
morphotype (b) a weak positivity of Sertoli cells is observed (arrows) which significantly increases
in the mature morphotype ((c), arrow).

3.5. NGF Protein Plasma Levels

Plasma NGF levels as determined by the ELISA method showed a higher concentra-
tion (p < 0.01) in pubertal squirrels (135.80 + 12 pg/mL) compared with immature (25.60 +
9.32 pg/mL) and spermatogenesis individuals (34.20 + 6.06 pg/mL) (Figure 8).

b

NGF
Plasma levels (pg/mlL)
8

&
o«
Figure 8. NGF protein plasma content. The graph depicts NGF levels assessed by the ELISA method
in the plasma of immature, pubertal, and spermatogenesis stages. In the pubertal group, the level
of NGF is higher than the two other groups (p < 0.01). Different letters placed on the top of the boxes
indicate statistically significant differences.

4. Discussion

It is well-established that the NGF molecule plays a leading role in the development
and regulation of the male reproductive system, both during the individual's develop-
ment and in adulthood [10]. NGF’s action has been studied in various animal species, not
only at the level of the gonads but also in the genital tract, such as the epididymis and vas
deferens [36], as well as in accessory glands like the seminal vesicles, prostate, and bulb-
ourethral glands [6]. Although the role of NGF in testis function has been extensively stud-
ied in many species [37,38], this is the first study on the role of NGF and its receptors in
the testis function of squirrels across different reproductive phases (immature, pubertal,
and active spermatogenesis). NGF and its receptors are likely involved in the various re-
productive stages of testis development and maturation. This system has a pivotal role in
controlling the reproductive function of this species, in addition to its well-known regu-
latory role in the nervous system. In this research, the reproductive role of NGF was in-
vestigated using different methods (western blotting, qPCR, immunohistochemistry, and
ELISA), which together helped identify the presence of the protein and transcript and lo-
calized the molecules within the testis tissue. The normalized western blotting results re-
vealed no significant differences between the three reproductive phases in the protein lev-
els of NGF, p75NTR, and pan-TRK. Although the normalized western blot data did not
reveal statistically significant differences in protein levels of p75NTR and pan-TRK across
the reproductive phases, the observed decrease in signal intensity during the pubertal and
spermatogenesis stages suggests a potential biological modulation of the NGF system in
these phases. This reduction, while not reaching statistical significance, may reflect under-
lying physiological changes associated with reproductive development and function in
the grey squirrel. The presence of NGF in the testes of grey squirrels aligns with its known
expression in the testes of various domestic (llamas [13], rabbits [12], and bulls [6,39]), and
wild species [15], indicating that NGF may play a regulatory role in the reproductive pro-
cesses of grey squirrels. NGF gene expression in grey squirrel testes at different stages of
sexual maturity revealed an increase in the NGF transcript during puberty. No significant
variation was detected between the different testicular morphotypes for the transcripts of
the two analyzed receptors. The testicular expression of the NGF system, as measured by
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qPCR, showed a similar pattern to the plasma NGF concentrations across reproductive
phases. This underscores how the testes are an important site of production of NGF, and
developing testes probably contribute to the higher levels evaluated in these animals. The
circulating NGF results showed a different trend from the western blotting testis protein
ones, probably due to the circulating NGF being absorbed by many different tissues.
Through an immunohistochemical investigation, NGF was observed in Leydig cells in all
testicular morphotypes with an intensity of immunostaining greater in pubertal subjects
compared to immature and mature ones. The greater coloration was likely an indication
of greater protein production [32,40-42]. The difference observed between morphotypes
was partially confirmed by the evaluation carried out with gPCR where the quantity of
NGF transcript appeared significantly higher in pubertal subjects compared to immature
subjects and in active spermatogenesis. The increased expression of ligands around pu-
berty suggests that this molecule can play a role in stimulating the development of testic-
ular parenchyma. As highlighted by the morphological evaluation, in this period im-
portant morphological changes were observed in the seminiferous tubules which, in ad-
dition to increasing in diameter, showed the formation of the lumen and the development
of the germ cell population [27].

The role of NGF in the male reproductive system was demonstrated during both tes-
ticular morphogenesis and the regulation of spermiogenesis, as evidenced by the presence
of NGF receptors in Sertoli cells [43,44]. Further evidence includes lower NGF levels in
infertile individuals [45]. NGF plays a critical role in maintaining the physiological integ-
rity of the cells of the seminiferous epithelium [46], stimulating DNA synthesis in the sem-
iniferous tubules [47] and inducing the secretion of androgen-binding protein (ABP) from
Sertoli cells [48].

The detection of p75NTR and NTRK1 receptors within the testicular parenchyma
suggests that NGF may act through paracrine and/or autocrine signaling in the squirrel
testis. As evidence of this, in vitro studies on various cell lines have demonstrated that
NGF can function as a local signaling factor, facilitating interactions between somatic and
spermatogenic cells [49]. In this study, the NGF receptor was observed in the testis of Um-
brian grey squirrels, with increasing immunostaining intensity in the Sertoli cells of pu-
bertal and mature morphotypes, while no positivity was detected in the immature mor-
photype. These data suggest that the NGF molecule can act on the immature testis via the
NTRK1 localized in the Leydig cells. From puberty and even later, thatis in the full scope
of reproductive activity, the NGF system appeared complete, indicating that the ligand
could activate both the receptors that operate synergistically and competitively [50].
Through qPCR, the NGF receptors p75NTR and NTRK1 were detected in immature squir-
rels as well as in pubescent and mature ones. The discrepancy between the gPCR and
immunohistochemistry could be due to the greater sensitivity of the first method in de-
tecting the presence of transcripts; on the other hand, in this period of development, the
NGEF receptors protein could still be poorly concentrated due to limited translation and
accordingly not being visible in a morphological observation. NTRK1 showed variable
cellular localization based on the grey squirrel testis morphotype analyzed. Differences in
the localization of NGF and related receptors at different periods of testis development
have also been observed in other animal species [43,51]. Jin et al. (2010) [52] hypothesized
a role of NGF in the maturation of spermatids by observing NGF during the different
phases of spermiogenesis in the golden hamster; it could also be valid for the grey squirrel,
as NTRK1 was observed in the germ cells of pubescent and mature subjects.

The immunohistochemical results obtained in this study for NGF and its two recep-
tors find only partial confirmation from the numerous and conflicting data already pre-
sent in the literature for other rodents and animal species [15,36,46,49,53]. The differences
described in the literature relating to the identification, localization, and expression of the
molecule and its receptors suggest that the NGF system is species-specific for localization
and function, highlighting the complexity of defining the mechanisms that regulate this
system in reproductive activity. In addition, it is necessary to consider that the cellular
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localization of NGF and related receptors could change with development [43,51]. How-
ever, the role of NGF in the testis and reproductive processes appears indisputable. The
indispensable role of NGF in testicular and reproductive processes is further supported
by studies demonstrating its involvement in spermatogenesis, testicular development,
and hormonal regulation across species. For example, NGF has been shown to influence
the activation of primordial follicles and folliculogenesis in knockout models of mice,
highlighting its critical function in reproductive physiology [54]. As previously shown in
other mammalian species [10], our findings indicate a potential auto- and/or paracrine
pathway through which the NGF system may be involved in grey squirrel reproductive
activity.

These findings could inform strategies to control grey squirrel populations by target-
ing reproductive mechanisms regulated by NGF and its receptors, potentially developing
interventions that disrupt reproductive success and limit population growth. With an em-
phasis on the biological roles of the NGF receptor and the NGF source, future studies
should assess the involvement of NGF and its corresponding receptors in the reproductive
processes of IAS grey squirrels.

5. Conclusions

This study provides novel insights into the role of NGF and its receptors in the re-
productive physiology of grey squirrels. By examining NGF system expression and local-
ization across different reproductive phases—immature, pubertal, and active spermato-
genesis—our findings reveal that NGF is consistently present in the testes and exhibits
significant changes during puberty. The data support the hypothesis that NGF plays a
role in testicular development and function, potentially through autocrine or paracrine
mechanisms. The observed increase in NGF expression during puberty aligns with mor-
phological changes in the seminiferous tubules, suggesting a regulatory function of NGF
in testis maturation. These results not only underscore the importance of NGF in squirrel
reproductive biology but also highlight the need for further research to fully elucidate its
mechanisms and effects in this and other species.

Author Contributions: Conceptualization, M.M., EM., AB., B.C.-G. and G.G.; methodology, M.M.,
FM,AB, GG, CD.,CS,PC,FAP,PA, CC. and M.Z; data curation, MM., EM,, G.G,, P.C,,
F.AP., and M.M,; writing—original draft preparation, MM., F.M. and G.G.; supervision, M.M. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Ethical review and approval were waived for this study as
it was conducted in compliance with wildlife control regulations under Art. 19 of Italian Law 157/92
(rules for the protection of wild animals and homeotherms and hunting), the Habitat Directive
92/43/CEE, and Regulation 1143/2014 (dated 22 October 2014) of the European Parliament, which
addresses the prevention and management of invasive alien species.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding author.

Acknowledgments: The authors express their gratitude for the precious technical support provided
by Elisa Palmioli, and for the careful English language editing offered by Cristina Gasparri.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

Thoenen, H.; Barde, Y.A. Physiology of Nerve Growth Factor. Physiol. Rev. 1980, 60, 1284-1335.
https://doi.org/10.1152/physrev.1980.60.4.1284.

Snider, W.D. Functions of the Neurotrophins during Nervous System Development: What the Knockouts Are Teaching Us. Cell
1994, 77, 627-638. https://doi.org/10.1016/0092-8674(94)90048-5.

67



Animals 2024, 14, 3318 12 of 14

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

25.

26.

27.

Harper, G.P; Barde, Y.-A; Edgar, D.; Ganten, D.; Hefti, F.; Heumann, R.; Naujoks, KW.; Rohrer, H.; Turner, ].E.; Thoenen, H.
Biological and Immunological Properties of the Nerve Growth Factor from Bovine Seminal Plasma: Comparison with the
Properties of Mouse Nerve Growth Factor. Neuroscience 1983, 8, 375-387. https://doi.org/10.1016/0306-4522(83)90073-8.

Adams, G.P.; Ratto, M.-H.; Huanca, W.; Singh, J. Ovulation-Inducing Factor in the Seminal Plasma of Alpacas and Llamas. Biol.
Reprod. 2005, 73, 452-457. https://doi.org/10.1095/biolreprod.105.040097.

Chen, B.X; Yuen, Z.X.; Pan, G.W. Semen-Induced Ovulation in the Bactrian Camel (Camelus bactrianus). J. Reprod. Fertil. 1985,
74, 335-339. https://doi.org/10.1530/jrf.0.0740335.

Bogle, O.A; Carrasco, R.A,; Ratto, MM.H.; Singh, J.; Adams, G.P. Source and Localization of Ovulation-Inducing Factor/Nerve
Growth Factor in Male Reproductive Tissues among Mammalian Species. Biol. Reprod. 2018, 99, 1194-1204.
https://doi.org/10.1093/biolre/ioy149.

Ratto, M.H.; Berland, M.; Silva, M.E.; Adams, G.P. New Insights of the Role of 3-NGF in the Ovulation Mechanism of Induced
Ovulating Species. Reproduction 2019, 157, R199-R207. https://doi.org/10.1530/REP-18-0305.

Lima, F.S.; Stewart, ].L.; Canisso, LF. Insights into Nerve Growth Factor-f Role in Bovine Reproduction—Review. Theriogenology
2020, 150, 288-293. https://doi.org/10.1016/j.theriogenology.2020.01.076.

Maranesi, M.; Petrucdi, L.; Leonardi, L.; Piro, F.; Rebollar, P.G.; Millan, P.; Cocdi, P.; Vullo, C.; Parillo, F.; Moura, A.; et al. New
Insights on a NGF-Mediated Pathway to Induce Ovulation in Rabbits (Oryctolagus cuniculus). Biol. Reprod. 2018, 98, 634-643.
https://doi.org/10.1093/biolre/ioy041.

Maranesi, M.; Boiti, C.; Zerani, M. Nerve Growth Factor (NGF) and Animal Reproduction. Adv. Exp. Med. Biol. 2021, 1331, 277—
287. https://doi.org/10.1007/978-3-030-74046-7_19.

Avyer-LeLievre, C.; Olson, L.; Ebendal, T.; Hallb6dk, F.; Persson, H. Nerve Growth Factor mRNA and Protein in the Testis and
Epididymis of Mouse and Rat. Proc. Natl. Acad. Sci. USA 1988, 85, 2628-2632. https://doi.org/10.1073/pnas.85.8.2628.

Maranesi, M.; Zerani, M.; Leonardi, L.; Pistilli, A.; Arruda-Alencar, J.; Stabile, A.M.; Rende, M.; Castellini, C.; Petrucci, L.; Parillo,
F.; et al. Gene Expression and Localization of NGF and Its Cognate Receptors NTRK1 and NGEFR in the Sex Organs of Male
Rabbits. Reprod. Domest. Anim. Zuchthyg. 2015, 50, 918-925. https://doi.org/10.1111/rda.12609.

Sari, LM.; Zampini, R.; Argafaraz, M.E.; Carretero, M.L; Fumuso, F.G.; Barraza, D.E.; Ratto, M.; Apichela, S.A. Expression of
B-NGF and High-Affinity NGF Receptor (TrKA) in Llama (Lama glama) Male Reproductive Tract and Spermatozoa. Mol. Reprod.
Dev. 2018, 85, 934-944. https://doi.org/10.1002/mrd.23075.

Castellini, C.; Mattioli, S.; Dal Bosco, A.; Mancinelli, A.C.; Rende, M.; Stabile, A.M,; Pistilli, A. Role of NGF on Sperm Traits: A
Review. Theriogenology 2020, 150, 210-214. https://doi.org/10.1016/j.theriogenoclogy.2020.01.039.

Zhang, H.; Wang, Y.; Zhang, ], Wang, L.; Li, Q.; Sheng, X.; Han, Y.; Yuan, Z.; Weng, Q. Testicular Expression of NGF, TrkA and
P75 during Seasonal Spermatogenesis of the Wild Ground Squirrel (Citellus dauricus Brandt). Eur. J. Histochem. 2015, 59, 2522.
https://doi.org/10.4081/ejh 2015 2522.

Levi-Montalcini, R. The Nerve Growth Factor 35 Years Later. Scence 1987, 237, 1154-1162.
https://doi.org/10.1126/science.3306916.

Schecterson, L.C.; Bothwell, M. Neurotrophin Receptors: Old Friends with New Partners. Dev. Neurobiol. 2010, 70, 332-338.
https://doi.org/10.1002/dneu.20767.

Underwood, CK., Coulson, EJ. The P75 Neurotrophin Receptor. Int. ]. Biochem. Cell Biol. 2008, 40, 1664-1668.
https://doi.org/10.1016/j.biocel.2007.06.010.

Howe, C.L.; Mobley, W.C. Signaling Endosome Hypothesis: A Cellular Mechanism for Long Distance Communication. J.
Nerobiol. 2004, 58, 207-216. https://doi.org/10.1002/neu.10323.

Angelastro, J.M.,; Klimaschewski, L.; Tang, S.; Vitolo, O.V.; Weissman, T.A.; Donlin, L.T.; Shelanski, M.L.; Greene, L.A.
Identification of Diverse Nerve Growth Factor-Regulated Genes by Serial Analysis of Gene Expression (SAGE) Profiling. Proc.
Natl. Acad. Sci. USA 2000, 97, 10424-10429. https://doi.org/10.1073/pnas.97.19.10424.

Marlin, M.C; Li, G. Biogenesis and Function of the NGF/TrkA Signaling Endosome. Int. Rev. Cell Mol. Biol. 2015, 314, 239-257.
https://doi.org/10.1016/bs.ircmb.2014.10.002.

Koprowski, J.L. Sciurus carolinensis. Manni. Species 1994, 480, 1-9. https://doi.org/10.2307/3504224.

Lowe, S.; Browne, M.; Boudjelas, S.; De Poorter, M. 100 of the World’s Worst Invasive Alien Species: A Selection From The
Global Invasive Species Database. In Encyclopedia of Biological Invasions; Simberloff, D., Rejmanek, M., Eds.; University of
California Press: Berkeley, CA, USA, 2019; pp. 715-716, ISBN 978-0-520-94843-3.

Gurnell, J; Pepper, H. A Critical Look at Conserving the British Red Squirrel Sciurus vulgaris. Mammal Rev. 1993, 23, 127-137.
https://doi.org/10.1111/j.1365-2907.1993 tb00424.x.

Lawton, C.; Cown, P.; Bertolino, S.; Lurz, P.W.W_; Peters, A.R. The Consequences of Introducing Non-Indigenous Species: Two
Case Studies, the Grey Squirrel in Europe and the Brushtail Possum in New Zealand. Rev. Sci. Tech. Int. Off. Epizoot. 2010, 29,
287-297. https://doi.org/10.20506/rst.29.2.1983.

Martinoli, A.; Bertolino, S.; Preatoni, D.G.; Balduzzi, A.; Marsan, A.; Genovesi, P.; Tosi, G.; Wauters, L.A. Headcount 2010: The
Multiplication of the Grey Squirrel Populations Introduced to Italy. Hystrix Ital. ]. Mammal. 2011, 21, 127-136.
https://doi.org/10.4404/hystrix-21.2-4463.

Maranesi, M.; Bufalari, A.; Dall' Aglio, C.; Paoloni, D.; Moretti, G.; Crotti, S.; Manuali, E.; Stazi, M.; Bergamasco, F.; Crudiani, D.;
et al. Reproductive Traits of an Invasive Alien Population of Grey Squirrel (Sciurus carolinensis) in Central Italy. Animals 2020,
10, 738. https://doi.org/10.3390/ani10040738.

68



Animals 2024, 14, 3318 13 of 14

28.

29,

30.

31,

32,

33.

34

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

Santicchia, F.; Romeo, C.; Grilli, G.; Vezzoso, S.; Wauters, L.A.; Mazzamuto, M.V.; Martinoli, A.; Ferrari, N. The Use of Uterine
Scars to Explore Fecundity Levels in Invasive Alien Tree Squirrels. Hystrix Ital. ]. Mammal. 2015, 26, 95-101.
https://doi.org/10.4404/hystrix-26.2-11428.

La Morgia, V.; Paoloni, D.; Genovesi, P. Eradicating the Grey Squirrel Sciurus carolinensis from Urban Areas: An Innovative
Decision-Making Approach Based on Lessons Learnt in Italy. Pest Manag. Sci. 2017, 73, 354-363. https://doi.org/10.1002/ps.4352.
Maranesi, M.; Petrucci, L.; Leonardi, L.; Bufalari, A,; Parillo, F.; Boiti, C.; Zerani, M. Kisspeptin/Kisspeptin Receptor System in
Pseudopregnant Rabbit Corpora Lutea: Presence and Function. Sci. Rep. 2019, 9, 5044. https://doi.org/10.1038/s41598-019-41623-
1.

Maranesi, M.; Palermo, F.A.; Bufalari, A.; Mercati, F.; Paoloni, D.; Cocdi, P.; Moretti, G.; Crotti, S.; Zerani, M.; Dall’Aglio, C.
Seasonal Expression of NGF and Its Cognate Receptors in the Ovaries of Grey Squirrels (Sciurus carolinensis). Animals 2020, 10,
1558. https://doi.org/10.3390/ani10091558.

Mercati, F.; Scocco, P.; Maranesi, M.; Acuti, G.; Petrucdi, L.; Cocci, P.; Renzi, A.; De Felice, E.; Dall’Aglio, C. Apelin System
Detection in the Reproductive Apparatus of Ewes Grazing on Semi-Natural Pasture. Theriogenology 2019, 139, 156-166.
https://doi.org/10.1016/j.theriogenology.2019.08.012.

Mercati, F.; Guelfi, G.; Marti, MJ.I; Dall’Aglio, C.; Calleja, L.; Caivano, D.; Marenzoni, M.L.; Capacdia, C.; Anipchenko, P.;
Palermo, F.A; et al. Seasonal Variation of NGF in Seminal Plasma and Expression of NGF and Its Cognate Receptors NTRK1
and p75NTR in the Sex Organs of Rams. Domest. Anim.  Endocrinol. 2024, 89, 106877.
https://doi.org/10.1016/j.domaniend.2024.106877.

Livak, K.J.; Schmittgen, T.D. Analysis of Relative Gene Expression Data Using Real-Time Quantitative PCR and the 2734CT
Method. Methods 2001, 25, 402—408. https://doi.org/10.1006/meth.2001.1262.

Clary, D.O.; Weskamp, G.; Austin, L.R.; Reichardt, LF. TrkA Cross-Linking Mimics Neuronal Responses to Nerve Growth
Factor. Mol. Biol. Cell 1994, 5, 549-563. https://doi.org/10.1091/mbc.5.5.549.

Li, C.; Watanabe, G.; Weng, Q.; Jin, W_; Furuta, C.; Suzuki, A.K.; Kawaguchi, M.; Taya, K. Expression of Nerve Growth Factor
(NGEF), and Its Receptors TrkA and P75 in the Reproductive Organs of the Adult Male Rats. Zoolog. Sci. 2005, 22, 933-937.
https://doi.org/10.2108/zsj.22.933.

Ferraguti, G.; Fanfarillo, F.; Tarani, L.; Blacona, G.; Tarani, F.; Barbato, C.; Minni, A.; Ralli, M; Francati, S.; Greco, A.; et al. NGF
and the Male Reproductive System: Potential Clinical Applications in Infertility. Int. J. Mol. Sci. 2022, 23, 13127.
https://doi.org/10.3390/ijms232113127.

Li, C; Zhou, X. The Potential Roles of Neurotrophins in Male Reproduction. Reproduction 2013, 145, R89-R95.
https://doi.org/10.1530/REP-12-0466.

Niu, Q.; Cao, M; Yuan, C.; Huang, Y.; Zhao, Z.; Zhang, B.; Wang, X.; Wei, Y.; Fan, W.; Zhou, X.; et al. Effect of Nerve Growth
Factor on the Proliferation in Newborn Bovine Testicular Sertoli Cells. Reproduction 2020, 160, 405-415.
https://doi.org/10.1530/REP-19-0601.

Merecati, F.; Dall’Aglio, C.; Acuti, G.; Faeti, V.; Tardella, F.M,; Pirino, C.; De Felice, E.; Scocco, P. Oregano Feed Supplementation
Affects Glycoconjugates Production in Swine Gut. Animals 2020, 10, 149. https://doi.org/10.3390/ani10010149.

Maranesi, M.; Di Loria, A.; Dall’Aglio, C.; Piantedosi, D.; Lepri, E.; Ciaramella, P.; Mercati, F. Leptin System in Obese Dog Skin:
A Pilot Study. Animals 2020, 10, 2338. https://doi.org/10.3390/ani10122338.

Palmioli, E.; Dall’Aglio, C.; Bellesi, M.; Tardella, F.M.; Moscatelli, S.; Scocco, P.; Mercati, F. The Apelinergic System Immuno-
Detection in the Abomasum and Duodenum of Sheep Grazing on Semi-Natural Pasture. Amimals 2021, 11, 3173.
https://doi.org/10.3390/ani11113173.

Cupp, A.S; Kim, G.H,; Skinner, M.LK. Expression and Action of Neurotropin-3 and Nerve Growth Factor in Embryonic and
Early Postnatal Rat Testis Development. Biol. Reprod. 2000, 63, 1617-1628. https://doi.org/10.1095/biolreprod63.6.1617.

Cupp, A.S.; Tessarollo, L.; Skinner, MK. Testis Developmental Phenotypes in Neurotropin Receptor trkA and trkC Null
Mutations: Role in Formation of Seminiferous Cords and Germ Cell Survival. Biol. Reprod. 2002, 66, 1838-1845.
https://doi.org/10.1095/biolreprod66.6.1838.

Li, C.; Zheng, L.; Wang, C.; Zhou, X. Absence of Nerve Growth Factor and Comparison of Tyrosine Kinase Receptor A Levels
in Mature Spermatozoa from Oligoasthenozoospermic, Asthenozoospermic and Fertile Men. Clin. Chim. Acta 2010, 411, 1482—
1486. https://doi.org/10.1016/j.cca.2010.06.002.

Seidl, K.; Holstein, A.-F. Evidence for the Presence of Nerve Growth Factor (NGF) and NGF Receptors in Human Testis. Cell
Tissue Res. 1990, 261, 549-554. https://doi.org/10.1007/BF00313534.

Parvinen, M.; Pelto-Huikko, M.; Séder, O.; Schultz, R.; Kaipia, A.; Mali, P.; Toppari, J.; Hakovirta, H.; Lonnerberg, P.; Ritzén,
E.M. Expression of Beta-Nerve Growth Factor and Its Receptor in Rat Seminiferous Epithelium: Specific Function at the Onset
of Meiosis. J. Cell Biol. 1992, 117, 629-641. https://doi.org/10.1083/cb.117.3.629.

Lonnerberg, P.; Soder, O.; Parvinen, M.; Ritzén, EM.; Persson, H. Beta-Nerve Growth Factor Influences the Expression of
Androgen-Binding Protein Messenger Ribonucleic Acid in the Rat Testis. Biol. Reprod. 1992, 47, 381-388.
https://doi.org/10.1095/biolreprod47.3.381.

Perrard, M.-H.; Vigier, M.; Damestoy, A.; Chapat, C.; Silandre, D.; Rudkin, B.B.; Durand, P. Beta-Nerve Growth Factor
Participates in an Auto/Paracrine Pathway of Regulation of the Meiotic Differentiation of Rat Spermatocytes. J. Cell. Physiol.
2007, 210, 51-62. https://doi.org/10.1002/jcp.20805.

69



Animals 2024, 14, 3318 14 of 14

50.

51;

53.

54.

Frade, ].M.; Barde, Y.A. Nerve Growth Factor: Two Receptors, Multiple Functions. BioEssays News Rev. Mol. Cell. Dev. Biol. 1998,
20, 137-145. https://doi.org/10.1002/(SICI)1521-1878(199802)20:2<137:: AID-BIES6>3.0.CO;2-Q.

Russo, M.A.; Odorisio, T.; Fradeani, A.; Rienzi, L.; De Felici, M.; Cattaneo, A.; Siracusa, G. Low-Affinity Nerve Growth Factor
Receptor Is Expressed during Testicular Morphogenesis and in Germ Cells at Specific Stages of Spermatogenesis. Mol. Reprod.
Dev. 1994, 37, 157-166. https://doi.org/10.1002/mrd.1080370206.

Jin, W, Tanaka, A.; Watanabe, G.; Matsuda, H.; Taya, K. Effect of NGF on the Motility and Acrosome Reaction of Golden
Hamster Spermatozoa in Vitro. J. Reprod. Dev. 2010, 56, 437-443. https://doi.org/10.1262/jrd.09-219n.

Jin, W.; Arai, K.Y.; Shimizu, K.; Kojima, C.; Itoh, M.; Watanabe, G.; Taya, K. Cellular Localization of NGF and Its Receptors trkA
and p75LNGER in Male Reproductive Organs of the Japanese Monkey, Macaca fuscata fuscata. Endocrine 2006, 29, 155-160.
https://doi.org/10.1385/ENDO:29:1:155.

Zhang, T.; He, M.; Zhang, |.; Tong, Y.; Chen, T.; Wang, C.; Pan, W.; Xiao, Z. Mechanisms of Primordial Follicle Activation and
New Pregnancy Opportunity for Premature Ovarian Failure Patients. Front. Physiol. 2023, 14, 1113684
https://doi.org/10.3389/fphys.2023.1113684.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

70



CHAPTER 3

Presence, Tissue Localization, and Gene Expression of the
Adiponectin Receptor 1 in Testis and Accessory Glands of Male Rams
during the Non-Breeding Season

Animals

Volume 13, Issue 4, 2023, 10.3390/ani13040601

Martinez-Barbitta M, Maranesi M, Mercati F, Anipchenko P, Grispoldi L,
Cenci-Goga BT, Marini D, Zerani M, Dall’Aglio C

Department of Veterinary Medicine, University of Perugia, Via San Costanzo 4,
06126 Perugia, Italy

71



. animals

Article

Presence, Tissue Localization, and Gene Expression of the
Adiponectin Receptor 1 in Testis and Accessory Glands of Male
Rams during the Non-Breeding Season

Marcelo Martinez-Barbitta (), Margherita Maranesi */, Francesca Mercati
Polina Anipchenko *, Luca Grispoldi, Beniamino T. Cenci-Goga

check for
updates

Citation: Martinez-Barbitta, M.;
Maranesi, M.; Mercati, F.,; Marini, D.;
Anipchenko, P; Grispoldi, L.;
Cenci-Goga, B.T,; Zerani, M.;
Dall’Aglio, C. Presence, Tissue
Localization, and Gene Expression of
the Adiponectin Receptor 1 in Testis
and Accessory Glands of Male Rams
during the Non-Breeding Season.
Animals 2023,13,601. https://
doi.org/10.3390 /ani13040601

Academic Editors: Marta Kiezun,
Tadeusz Kaminski, Kamil Dobrzyn
and Dorota Zieba-Przybylska

Received: 9 January 2023
Revised: 4 February 2023
Accepted: 6 February 2023
Published: 9 February 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org /licenses/by /
40/).

, Daniele Marini ',

, Massimo Zerani *'* and Cecilia Dall’Aglio

Department of Veterinary Medicine, University of Perugia, Via San Costanzo 4, 06126 Perugia, Italy
* Correspondence: margherita.maranesi@unipg.it (M.M.); massimo.zerani@unipg.it (M.Z.)
t Ph.D. student in Healthcare and Veterinary experimental sciences.

Simple Summary: Adiponectin (ADIPOQ) is the most abundant adipocytokine secreted by adipocytes
in white adipose tissue and exerts its action by two receptors, ADIPOQ receptor 1 and -2, respec-
tively (ADIPOR1 and -R2). ADIPOQ has an important role in various physiological mechanisms
modulating whole-body energy homeostasis. Besides these metabolic aspects, ADIPOQ has been
shown to affect the reproductive system through its actions on the hypothalamic-pituitary—gonadal
axis. ADIPOQ and its cognate receptors are expressed in different cell types of the male gonad,
indicating that this adipocytokine directly regulates the testicular function. To better understand
the role of the ADIPOQ/ADIPOQ receptor system in modulating ovine reproductive processes, we
have evaluated the ADIPOR1 presence and gene expression in male ram reproductive tissues during
the non-breading season. The reported results support the idea that the mammalian reproductive
processes are also modulated by the ADIPOQ/ADIPORI system, particularly the testicular activity
of male rams, during the non-breading season. The study on reproductive activities regulated by the
ADIPOQ/ADIPOQ receptors system is helpful for better knowledge of the physiological mechanisms
that link adipose tissue with the mammalian reproductive processes, specifically on how altered
energy metabolism can induce reproductive pathologies in humans and animals.

Abstract: Adiponectin (ADIPOQ) is a member adipocytokines, and its actions are supported by two
receptors, ADIPOQ receptor 1 and -2, respectively (ADIPOR1 and -R2). Our study was performed
to evaluate the ADIPORI presence and location and its gene expression in reproductive tissues of
the male ram, during its non-breading season. The different portions of the male ram reproductive
system (testis, epididymis, seminal vesicle, ampoule vas deferens, bulb-urethral gland) were collected
in a slaughterhouse. Inmunohistochemistry showed ADIPORI positive signals in the cytoplasm of
all the glandular epithelial cells, with a location near the nucleus; in the testes, the positive reaction
was evidenced in the cytoplasm in the basal portion of the germinal epithelial cells. The immune
reaction intensity was highest (p < 0.001) in the prostate and seminal vesicles glands than that of
other parts of the ram reproductive tract. RT-qPCR detected the ADIPOR1 transcript in the testes,
epididymis, vas deferens, bulbourethral glands, seminal vesicles, and prostate; the expression levels
were high (p <0.01) in the prostate and low (p < 0.01) in the testis, epididymis, and bulbourethral
glands. The present results evidenced the possible ADIPOQ/ADIPORI1 system’s role in regulating
the testicular activity of male rams during the non-breading season.

Keywords: adiponectin; adiponectin receptors; ovine; ram; testis; sexual glands

1. Introduction

Adiponectin (ADIPOQ) is a member of the adipose-secreted proteins, called adipocy-
tokines. The initial report on ADIPOQ in 1995, just one year after the discovery of leptin,
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was published by Scherer et al. [1]. This molecule is a 244-amino acids protein with a
molecular weight of 30 kDa that belongs to the superfamily C1q/TNF-« (tumor necrosis
factor-at) [2]. It comprises an N-terminal signal peptide, a collagenous domain, and a
globular Clg-like domain at its C-terminus [3]. In sheep, this hormone is encoded by
the ADIPOQ gene, located on chromosome 1q27 and comprising three exons and two
introns [4]. These authors suggested that the ADIPOQ gene regulates several productive
traits and that sheep with the AA genotype have heavier and larger body dimensions,
thereby improving their productivity and reproducibility [4].

ADIPOQ is composed of four distinct domains, which include a signal peptide at the
N-terminus, followed by a short variable region, a collagenous domain, and a C-terminal
globular domain [5]. ADIPOQ has been found in human and mouse sera as trimeric and
hexameric oligomers, although heavy molecular weight forms as well as small proteolytic
cleavage products have also been detected [6,7].

ADIPOQ is the most abundant adipose-derived hormone secreted by adipocytes in
white adipose tissue, with an important role in the regulation of whole-body energy home-
ostasis, insulin sensitivity and lipid /carbohydrate metabolism in human and animals [8].
ADIPOQ also plays a role in the stimulation of fatty acid oxidation in the liver and skele-
tal muscle, suppression of hepatic gluconeogenesis, stimulation of glucose uptake in the
skeletal muscle, and increasing insulin secretion [9]. The ADIPOQ actions are supported by
two distinct, structurally related, receptors, ADIPOQ receptor 1 and -2, respectively (ADI-
PORI1 and -R2). These two receptors have been identified in different species, including
human [10], rodents [10], chicken [11], pig [12,13], and cow [14].

In addition to its well-known metabolic effects, ADIPOQ has been shown to affect
the reproductive system, partially, through central actions on the hypothalamic-pituitary
axis [15]. Hypothalamic neurons secrete a gonadotropin-releasing hormone (GnRH) in a
pulsatile pattern, stimulating the release of pituitary gonadotropins. These gonadotropins
regulate testicular steroidogenesis and spermatogenesis [16]. ADIPOQ receptor R1 and -R2
are generally expressed in the human hypothalamus and pituitary [17], thus suggesting that
ADIPOQ could participate in the modulation of the endocrine reproductive axis. ADIPOQ
and its cognate receptors are also expressed in different cell types of the male gonad, indi-
cating that this adipocytokine directly regulates the testicular function ADIPOQ through
an endocrine and/or paracrine way. In chicken, the presence of the ADIPOQ/ADIPOR1
and -R2 system was evidenced in the seminiferous and peritubular tubule cells [18].

Functional differences and signaling pathways were demonstrated through the gen-
eration of ADIPOR1 and -R2 knockout mice: ADIPORI related to the activation of AMP-
activated and mitogen-activated protein kinase (AMPK) and its pathways [19] and regulates
adipose metabolism throughout the regulation of the hormone-sensitive lipase and the
peroxisome proliferator-activated receptor (PPAR) y expression, during adipocyte differen-
tiation [2]. Conversely, ADIPOR2 appears to be associated with the activation of pathways
of PPAR« [19]. Simultaneous disruption of both ADIPOR1 and -R2 abolished ADIPOQ
binding and actions, resulting in increased tissue triglyceride content, inflammation, and
oxidative stress, and thus leading to insulin resistance and marked glucose intolerance [19].
Therefore, ADIPOR1 and -R2 serve as the predominant receptors for ADIPOQ in vivo and
play important roles in the regulation of glucose and lipid metabolism, inflammation, and
oxidative stress in vivo [19].

Recent evidence suggests that ADIPOQ plays a crucial role in mammal reproduc-
tive function: ADIPOQ-induced AMPK activation repressed the promoter activity of the
kisspeptinl gene via inhibition of the translocation of specificity protein-1 from the cy-
toplasm to the nucleus and subsequently influenced GnRH secretion [20]; this AMPK
activation by ADIPOQ reduced GnRH-stimulated LH secretion, and this repression was
mimicked by 5-aminoimidazole-4-carboxamide riboside, an activator of AMPK [20]

In ovine, the expression of ADIPOQ and ADIPORs has been reported in the male
reproductive tract [21] and sperm cells [22]. The latter study also reported that some sperm
motility indices (curvilinear velocity, straight-line velocity, average path velocity, linearity,
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wobble, and straightness) were also significantly correlated with ADIPOQ and ADIPOR1
relative expression, whereas the correlation of ADIPOR2 was also significant with the
mentioned parameters, although this correlation was not comparable with ADIPOQ and
ADIPOR1 [22]. To better understand the role of the ADIPOQ/ADIPOQ receptor system in
modulating ovine reproductive processes, the purpose of this work was to evaluate the
ADIPORI1 presence and location and its gene expression in the reproductive tissues of the
male ram during the non-breading season.

2. Materials and Methods
2.1. Collection of Ram Reproductive Tissues

Male reproductive tissues were collected during the non-breading season (May 2021)
at Viterbo (Lazio, Italy) slaughterhouse from 12 healthy adult rams (aged 3-8 years, weigh
118-135 kg). The different portions of the reproductive system (testis, epididymis, seminal
vesicle, ampoule vas deferens, bulb-urethral gland) of each animal were promptly removed,
identified and divided into two fractions, one immediately frozen at —80 °C, and the other
fixed by immersion in 4% (w/v) formaldehyde solution in phosphate buffered solution (PBS)
(0.1 M, pH 7.4) for 24 h at room temperature and subsequently processed for embedding in
paraffin, following routine tissue preparation procedures.

2.2. Immunohistochemistry

The immunohistochemistry method followed that previously reported [23]: 5 um thick
serial sections, mounted on poly-L-lysine coated glass slides using the avidin-biotin complex
(ABC, Vector Laboratories, Burlingame, CA, USA) and the chromogen 3,3’ diaminobenzidine-4-
HCI1 (DAB, Vector Laboratories). First of all, the sections were dewaxed in xylene and then
rehydrated by alcohols in descending percentage. Then, the sections were microwaved
three times (5 min at 750 W) in 10 mM citric acid (pH 6.0) for antigen retrieval and cooled
at room temperature (15 min). All subsequent steps were performed in a humid chamber
at room temperature. Non-specific binding of the primary antibody was prevented by
sections’” pre-incubation with the goat normal serum (30 min). The excess liquid was
removed, and the sections were incubated (overnight) in the presence of the primary
antibody, rabbit polyclonal anti-ADIPOR1 (LS-C151518/55035, 1:100, LSBio, Seattle, WA,
USA). The next day, the sections were rinsed in PBS (5 min) and incubated (30 min) with
the secondary biotin-conjugated antibody, a goat anti rabbit IgG (BA-1000-1.5, 1:200, Vector
Laboratories, Burlingame, CA, USA). Subsequently, they were rinsed (5 min) in PBS and
then processed (30 min) with the Vectastain ABC kit (PK-4000, Vector Laboratories) at the
manufacturer dilution. The sections were rinsed in PBS, and the reaction was developed
with the chromogen solution. After several rinses in PBS, they were counterstained with
hematoxylin, dehydrated and mounted in Canada Balsam (BDH, Poole, Dorset, UK). The
immunoreaction and the reagents used were validated by positive and negative controls:
sections of tissues with the testified presence of the same primary antibody were the positive
control [23]; and sections without the presence of the primary antibody and/or replaced
with pre-immune mouse-globulin were the negative control of unspecific staining. The
intensity of immune reactions was evaluated with the image analysis system (IAAS 2000
image analyzer, Delta Sistemi, Rome, Italy) as described in a previous work [24] through
optical density, using five microscope fields of each sample, evaluating the absorbance of
the treated tissue in relation to the same without immunohistochemistry treatment.

2.3. RNA Extraction and RT-gPCR

Total RNA was purified from the different portions of the genital tract (testis, epi-
didymis, seminal vesicle, ampoule vas deferens, bulbourethral gland) of each ram as
previously described [25]. Five micrograms of total RNA were reverse transcribed in
20 uL of iSCRIPT cDNA using a random hexamer method according to the protocol
provided by the company. Genomic DNA contamination prevention was realized by an
RT-qPCR without reverse transcriptase. Serial experiments were carried out to optimize

74



Animals 2023, 13, 601

40f10

the quantitative reaction, efficiency, and Ct values. In 25 uL. RT-qPCR reaction volume
were added 12.5 uL of iQ SYBR Green SuperMix (Bio-Rad Laboratories, Hercules, CA,
USA), 1 uL forward and 1 pL re-verse primers (stock concentration 10 uM) and 8.5 pL
of water. The primers used are listed in Table 1. The final master mix was distributed
into a 96-well RT-qPCR plate before adding 2 uL. of cDNA for each gene (diluted 10-fold
with water). To avoid genomic DNA contamination, for every PCR run, negative reaction
controls without reverse transcriptase in RT were performed. Samples’ amplification
fidelity was also confirmed by agarose gel electrophoresis. RT-qPCR was carried out
in an iCycler iQ (Bio-Rad Laboratories) with an initial incubation at 95 °C for 1.5 min,
followed by 40 cycles at 95 °C for 15 s, and 53 °C for 30 s, during which fluorescence data
were evaluated. The cycle threshold (CT) value was automatically computed for each
trace. The beta-actin Ct housekeeping gene (ACTB) was determined to normalize sample
variations in the amount of starting cDNA. Standard curves were generated by plotting the
Ct against the log cDNA standard dilution (1/5 dilution) in nuclease-free water, and the
graph slope was used to determine reaction efficiency. Quantification of the standard curve
was evaluated using iCycler system software (Bio-Rad Laboratories), while mRNA gene
expression was quantified with the 2744 method [26,27]. The melting curve analysis,
performed immediately after the RT-qPCR end cycle, was used to determine the specificity
of each primer set. A melt curve protocol was performed by repeating 80 heating cycles for
10 s, from 55 °C with 0.5 °C increments, during which fluorescence data were collected.

Table 1. Primers for ADIPOR1 and ACTB [28] housekeeping gene used for RT-qPCR quantification.

Gene NCBI Seq. Ref. Primers Bp
F  GGTGGTGTTCGGGATGTTCT
ADIPOR1 NM_001306110.1 128
R CGATCCCCGAATAGTCCAGC
F  CCTTAGCAACCATGCTGTGA
ACTB U39357.2 130
R AAGCTGGTGCAGGTAGAGGA

2.4. Statistical Analysis

Data were analyzed by one-way ANOVA, and multiple comparisons were performed
with a Student-Newman-Keuls post hoc t-test. Differences with a probability level of
p < 0.01 were considered statistically significant. Equality of variances was checked by
Levene’s test.

3. Results

This is the first publication that reports the histological localization (immunolocalization)
of ADIPORI in testis and accessory glands of the ram, outside of its reproductive seasonality.

3.1. ADIPOR1 Immunolocalization

The immunohistochemical studies revealed a positive signal for ADIPOR1 and evi-
denced its presence and localization in the cytoplasm of all the glandular epithelial cells.
The positive reaction seems to be localized near the nucleus, while the rest of the cytoplasm
appeared faintly colored or even negative.

In the testes, the positive reaction was evidenced and localized in the cytoplasm of cells
placed in the basal portion of the germinal epithelial cells (arrows) and, also in this case,
the localization was peculiarly perinuclear. The particular positivity localization within
the cells is typical of many receptors and is an expression of their internationalization after
binding to the molecule [29].

The intensity of immune reactions was higher (p < 0.001) in the prostate and seminal
vesicles glands compared with other parts of the ram reproductive tract (Figures 1 and 2).
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Figure 1. Immunostaining for ADIPOR1 in bulbourethral gland (a), epididymis (b), seminal vesicle
(c), testicle (d), prostate (e) and vas deferens (f) counterstained with hematoxylin. The arrows indicate
the positive localization of the immunoreaction, while the inserts in (b,e,f) are examples of the

negative reactions.
Optical Density
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Figure 2. Immunoreaction intensity of ADIPORI, performed on adult ram male reproductive tissues.
Different letters above bars indicate significantly different values (ANOVA p < 0.001, Levene’s test
p>0.05).

3.2. Gene Expression

ADIPOR]1 transcripts were detected in the testes, epididymis, vas deferens, bul-
bourethral glands, seminal vesicles, and prostate (Figure 3). The ADIPORT mRNA ex-
pression level was higher (p < 0.01) in the prostate and lower (p < 0.01) in the testis,
epididymis, and bulbourethral glands (Figure 3).
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Figure 3. RT-qPCR analysis of ADIPOR1 gene expressions performed on adult ram male reproductive
tissues. Different letters above bars indicate significantly different values (ANOVA p < 0.001, Levene’s
test p > 0.05).

4. Discussion

In the present study, we have analyzed the gene and protein expressions and the lo-
cation of ADIPORI in the reproductive tissues of adult male rams. First, our results estab-
lish that, for the adult rams, Leydig cells did not express ADIPOR1 differently from other
species, where the presence of this receptor and its possible function was found [18,30,31].
Caminos et al. [30], working with rats, found the ADIPOQ IHC presence in adult Leydig
cells. Océn-Grove et al. [18] and Ramachandran et al. [31], also by IHC, established the
ADIPOQ presence in chicken Leydig cells. These authors also described the presence of
these receptors in Sertoli cells, spermatids, and sperm cells [18,31].

ADIPORI1 was found located in seminiferous tubules of rats [30]. Wu et al. [32] found
itin TM3 and mLTC Leydig cell lines in mice, using Western blot, and Océn-Grove et al. [18]
and Ramachandran et al. [31] found it in peritubular locations in chickens.

ADIPOQ and its cognate receptors are also expressed in male reproductive tracts
in different species [8,9,14,15,18,21,30]. In particular, they are present in human testes
(seminiferous tubules and interstitial tissue), epididymis, Leydig cells and spermatozoa [33].
In mice, the loss of ADIPOR2 induced seminiferous tubular atrophy associated with
aspermia and reduction of testes weight [33].

In recent years, Choubey and coworkers [34-38] have extensively studied the role of
ADIPOQ on mice testicular activity; in particular, that of the ADIPOQ/ADIPORs system in
the prevention of aging and obesity-associated testicular reproductive dysfunctions. In an
initial study, these authors [35] reported that ADIPOR1 and -R2 are localized in adult mice
Leydig cells and seminiferous tubules. The in vitro study showed the ADIPOQ direct action
on spermatogenesis by stimulating cell proliferation (proliferating cell nuclear antigen) and
survival and by suppressing cell apoptosis (anti-apoptosis gene Bcl2) [35], thus suggest-
ing an ADIPOQ role in cell survival and proliferation during mice spermatogenesis [35].
Another study [36] reported that, in aged mice testis, the decline in ADIPOQ/ADIPORs
system expression is concomitant with that of testicular mass, insulin receptor expres-
sion, and testosterone synthesis. In addition, aged mice treated with ADIPOQ showed
improvements in testicular mass, cell proliferation, insulin receptor expression, testicular
glucose uptake, anti-oxidative enzymes activity and testosterone synthesis [36]. ADIPOQ
exogenous administration to type 2 diabetes-induced mice showed an increase of testicular
steroidogenic activities, insulin receptor and glucose transporter 8 proteins, and glucose
and lactate intra-testicular concentrations [37], thus supporting the idea that ADIPOQ
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improves testicular functions also through the increase of intra-cellular energy substrate
transport and the reduction of oxidative stress [37].

As far as the avians are concerned, in male chickens, the ADIPOQ/ADIPOR1 and
-R2 system was expressed in the testes [31]. More precisely, ADIPOQ and ADIPOR1 were
localized in the peritubular and Leydig cells, and ADIPOR2 was mainly observed in
the Sertoli cells, spermatids, and spermatozoa, suggesting that ADIPOQ can affect the
maturation and differentiation of spermatocytes [31].

According to Océn-Grove et al. [18], in chicken, ADIPOQ and ADIPOR1 immunolocal-
ization and gene expression were evidenced exclusively in the peritubular cells as well as in
Leydig cells. Conversely, ADIPOR?2 positive cells were found in the ad luminal and luminal
compartments of the seminiferous tubules as well as in interstitial cells. In particular, Sertoli
cell syncytia, round spermatids, elongating spermatids, spermatozoa, and Leydig cells
showed strong ADIPOR2 immunoreactivity.

In agreement with Tabandeh et al. [14], we found that ADIPOR1 immunopositivity
was in the cells of the basal portion of germinal epithelium surrounding the seminiferous
tubules. Caminos et al. [30] have suggested that the ADIPOQ presence is exclusively in Ley-
dig cells and macrophages in the rat testis interstitium [30]. In addition, these authors [30]
reported that ADIPORI mRNA, but not ADIPOR?2, is present in the seminiferous tubular
epithelium isolated from rat testis. In the chicken testis, based on the distinguishable
flattened cell morphology of the peritubular cells, ADIPOQ and ADIPOR1 were expressed
in peritubular myoid cells [18]. The localization of both ADIPOQ and ADIPORI in per-
itubular cells indicate that ADIPOQ could influence myoid cell function [18]. Peritubular
myoid cells are involved in the transport of spermatozoa and testicular fluid from the
seminiferous tubule [39], secretion of extracellular matrix proteins such as fibronectin [40],
and regulation of Sertoli cell function [39,41]. In addition to myoid cells, the peritubular
space also contains immune cells such as macrophages [42]. ADIPOR1 was shown to be
expressed in the epithelium of the seminiferous tubules of rams, where it is involved in the
regulation of spermatogenesis, as previously reported in rats [19,30]. Since ADIPOQ has a
fundamental role in the male HPG axis and regulation of steroidogenesis [43,44], the effects
of circadian disruption on testicular ADIPOQ, ADIPOR1 and ADIPOR2 mRNA expressions
were examined in some seasonal species [43], finding an inverse relationship between light
hours and their gene expression.

Rahmanifar and Tabandeh [21] reported that ADIPOQ, ADIPOR1 and ADIPOR2 tran-
scripts are present in the testes, epididymitis, and vesicular and bulbourethral glands. Our
results demonstrated the location ADIPORI in cells of glandular epithelium in adult rams.
Additionally, the ADIPOR2 expression level in different parts of the male reproductive tract
was more than that of ADIPORI [21]. Unfortunately, this study lacks the date of sampling,
and these data would have been important to understand the possible seasonality of the
ADIPOQ/ cognate receptors system. In mammals, testicular growth and regression are
photoperiod-dependent, meaning they are mainly determined by the endogenous circadian
secretion of melatonin [45]. In mammals, endogenous biological rhythms regulate multiple
physiological and behavioral processes that are essential for successful reproduction, so
much that their misalignment provokes reproductive disorders [45]. Within this context, in
rats, a species that shows a circadian rhythm, Moustafa [46] demonstrated that ADIPORI is
expressed in the epithelium of the seminiferous tubules, where it is involved in the regula-
tion of spermatogenesis [30]. Since ADIPOQ has a fundamental role in the male HPG axis
and regulation of steroidogenesis, the effects of circadian disruption on testicular ADIPOQ,
ADIPORI mRNA expressions in the ram should be examined, as has been demonstrated in
other species.

Ovine are known as mammals with a marked seasonality of breeding activity. In fact,
in these species, the daily photoperiod is the determinant factor for this activity, whereas
environmental temperature, nutritional status, and social interactions are modulators, as
evidenced by the correlation between AMPK and variable gonadotropins [19] during the
ovine cycle. Taibi et al. [47] indicated that AMPK is expressed in the ovine testis and regu-

78



Animals 2023, 13, 601 80f10

lates steroidogenesis in male sheep. Additionally, pituitary AMPK is known to act as an
energy sensor, thus controlling gonadotropin secretion and reproduction in bovine [20]. In
this context, it is important to emphasize that AMPK is activated by ADIPOQ to inhibit hu-
man GnRH release, through the hyperpolarization of plasma membranes as well as calcium
influx [48]. In addition, Dutta et al. [49] reported that the amount of GnRH immunoreac-
tive neurons decreased with ADIPOQ mutations, suggesting that this cytokine controls
GnRH secretion in mammal hypothalamus. The important role of ADIPOQ in reproductive
mechanisms is also suggested by its effects on prostaglandins secretion [50]. In particular,
it is well known that the semen of mammalian species contains high amounts of different
prostaglandins. These findings support the idea that the ADIPOQ/cognate receptor system
may be associated with the secretion of these factors in the male reproductive tract.

5. Conclusions

The present results strengthen the evidence of the ADIPOQ/ADIPOR1 system’s role
in regulating the mammalian reproductive processes, particularly in the testicular activity
of male rams, during the non-breading season. Despite this, our knowledge is still underde-
veloped; therefore, future studies are needed to better elucidate the fine mechanisms of the
ADIPOQ/ADIPOQ cognate receptors system in modulating reproductive processes. This
future research on reproductive activities regulated by the ADIPOQ/ADIPOQ receptors
system will enable us to better understand the physiological mechanisms that link adipose
tissue with the mammalian reproductive processes, specifically on how an altered energy
status can induce reproductive pathologies in humans and animals.
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Abstract: Several seminal plasma components, besides NGF, are implicated as ovulation-inducing
factors in mammals. This study investigated the IL1B and its receptor ILIR1 in the testis (T), male
accessory glands, prostate (P) and seminal vesicles (SV), and uterus (U) of adult rabbits using
immunohistochemistry (IHC) and quantitative reverse transcription PCR (RT-qPCR). We also assessed
the presence of IL1B in seminal plasma through Western blotting (WB) and examined the interaction
between IL1B and NGF in vitro by measuring their production with enzyme-linked immunosorbent
assay (ELISA) in the presence of NGF and IL1B alone or with their respective receptor antagonists.
IHC revealed IL1B system expression in all reproductive organs studied, with IL1B and IL1R1
localized to the germinative epithelium of the T and the epithelial cells of the accessory glands and
U. IL1B gene transcript levels were significantly higher (p < 0.01) in the P and SV compared to the
T, while IL1R1 levels were significantly higher (p < 0.001) in the P compared to the other tissues,
while IL1R1 levels were three times higher (p < 0.001) in the P. WB confirmed the presence of IL1B
in seminal plasma with a 30-35 kDa band. The in vitro study demonstrated that IL1B increased
(p < 0.05) basal NGF production in the U, whereas NGF had no effect on IL1B production. These
findings provide evidence of the expression of the IL1IB/IL1R1 system in both male and female rabbit
reproductive tracts and suggest that IL1B in seminal plasma may influence uterine endocrine activity.
The results propose a potential role for IL1B in ovulation, in conjunction with NGEF, supporting that
ovulation may involve inflammatory-like processes.

Keywords: IL1B; IL1R1; PGE2; PGF2¢; uterus; testis; prostate; seminal vesicles; seminal plasma; NGF

1. Introduction

There is growing evidence that seminal plasma components are involved in both male
and female reproductive processes. In addition to NGF, a well-known ovulation-inducing
factor, other cytokines in seminal plasma can stimulate the female reproductive tract and
lead to ovulation, thereby improving reproductive success [1].

IL1, the first cytokine to be discovered, plays a crucial role in immune and inflam-
matory processes and may have key physiological importance in the female and male
reproductive systems [2,3]. Nevertheless, cytokines can become extremely detrimental
to gonadal function when their levels are higher than normal, as in inflammatory situa-
tions [4].
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There are two main IL1s, IL1A and IL1B. When secreted, IL1B undergoes proteolytic
processing from an inactive 35 kDa precursor to an active 17 kDa molecule. It is generally
accepted that IL1A, the other isoform, acts as an autocrine growth factor or as a mediator of
direct cell-to-cell communication. Although IL1A can be released, IL1A prefers to remain
cell-associated [5].

IL1B signaling occurs through the interleukin-1 receptor type 1 (IL1R1)/interleukin 1
receptor accessory protein (IL1R3) heterodimer, triggering pathways like mitogen-activated
protein kinase (MAPK) pathway or the nuclear factor-kappa B (NF-kB), which activate tran-
scription of numerous genes, including IL1B, too [6,7]. IL1B is synthesized in the pregnant
rabbit cervix, largely by leukocytes [8] and it is a potent regulator of prostaglandin (PG) syn-
thesis [6]. It also stimulates the production of cytokines like Interleukin-6 (IL6) and tumor
necrosis factor (TNF), which further enhance PG synthesis [9]. IL1B’s role in PG production
and ovulation is well-established, promoting Cyclooxygenase-2 (COX2) synthesis and
inducing PGs in granulosa cells across various species [10]. It also enhances phospholipase
A2 activity in the ovary, boosting PG production and stabilizing its mRNA [11].

Research on rabbits first described inflammatory responses in females post-mating,
revealing a leukocytic influx in the U triggered by seminal plasma but not by sterile
sperm [12]. Although coitus-induced ovulation is mediated by neuroendocrine mechanisms
in rabbits, the role of seminal plasma as an ovulation-inducing factor is still debated
question [13,14].

This research studied how IL1B was involved in male—female rabbit reproductive
crosstalk. The investigational approach included two steps. The first phase (in males) aimed
to investigate using RT-qPCR the expression levels of IL1B and its related receptor IL1IR1 in
rabbit male reproductive tissues, T, P, and SV, and to detect, using IHC, IL1B and IL1R1
protein location in male reproductive tissues. At this stage, circulating IL1B protein was
assessed in seminal plasma using WB to investigate whether seminal plasma transported
IL1B protein. In the second step (in females), based on a hypothetical functional role of IL1B
in the rabbit U, the expression of IL1R1 and the co-receptor IL1R3 was investigated using
RT-gPCR. IHC evaluated the IL1R1 uterine tissue location. Finally, an ex vivo rabbit uterine
model was used to investigate the impact of molecules such as IL1B, IL1R1 antagonist,
Tropomyosin receptor kinase A (TRKA) Inhibitor, p75 neurotrophin receptor (p75NTR)
Inhibitor, and COX Inhibitor on the production of NGF, PGF2«, and PGE2. The secretion of
NGEF, PGF2«, and PGE2 in the tissue culture medium was analyzed through ELISA.

2. Results
2.1. IL1B and IL1IR1 Male Tissue Gene Expression

The 260/280 RNA ratio was 1.95, while the 260/230 ratio was 2.1, indicating the high
purity of RNA preparation in each sample. The yield of total RNA was not significantly
different in the samples. Minimal variations in total RNA amount were adjusted in reverse
transcription (RT) using a fixed RNA input. QPCR data of target genes of different tissues
were examined using the normalized value 2" —(Cq target gene — Cq reference gene).

The level of the IL1B gene in rabbit P and SV tissues was statistically significantly
higher when compared with the T (p < 0.01). T exhibited a lower IL1B transcript level
in comparison with the accessory genital glands (Figure 1a). The gene expression levels
of ILIR1 in T, P, and SV tissues, compared with each other, showed highly significant
differences (p < 0.001). IL1R1 in P appeared upregulated compared to the other tissues
(Figure 1b).
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Figure 1. QPCR normalized expression values. The normalized gene expression values for IL1B
(a) show a statistically significant upregulation in testis (T) (**, p < 0.01) compared to prostate (P)
and seminal vesicles (SV). No significant differences in IL1B levels were observed between P and SV
(p > 0.05). Regarding IL1IR1 (b), normalized mRNA expression levels reveal significant differences
(***, p < 0.001) between T, P, and SV. The bars above the histograms represent the standard error.
Figure 1 below the graphs shows the results from the 2% agarose gel electrophoresis. In the gel
images, the first lane (left) contains a 50 bp DNA ladder (LD), followed by lanes with the qPCR
amplicons for P, T, and SV. The last lane (right) shows the qPCR negative control (CTRL). (a) shows
the gel of IL1B (183 bp) and 185 (489 bp) qPCR amplicons from P, T, and SV, while (b) shows the gel
for ILIR1 (137 bp) and 18S (489 bp) amplicons from the same samples.

2.2. IL1B and IL1R1 Male Tissue Protein Localization

The immunohistochemical investigations highlighted the presence of IL1B and IL1R1
in all the male reproductive organs of the rabbits investigated. The identifiable proteins such
as the molecule and its receptor were mainly observed in the cytoplasmic compartment of
the lining and glandular cells with some small differences referred to the organ examined.

In the T, the convoluted seminiferous tubules expressed a positive immunoreaction:
in particular, the IL1B and IL1R1 immunopositivity was observed in the cytoplasm of the
germinal cells, from the basal layer with the immature spermatogonia to the apical layers
with cells that have completed the spermiohistogenesis (Figure 2a,b). The peritubular
connective tissue with Leydig cells appeared negative to both IL1B and IL1R1.

In the portion of the P, the immunopositivity concerned the glandular epithelium with
a strong reaction for IL1R1 in the cytoplasm of many lining cells (arrows; Figure 2d), while
the positivity for IL1B was very weak and limited to a few glandular cellular elements
(arrow; Figure 2c).

Finally, in the SV, the immunopositivity to both IL1B (Figure 2e) and IL1R1 (Figure 2f)
was evidenced in all glandular epithelial cells.
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Figure 2. Immunopositivity for IL1B and IL1R1 in some organs of the reproductive tract of the
male rabbits. Both IL1B and its receptor were observed in the cytoplasm of germinal cells, inside
the convoluted seminiferous cells (a,b). Positivity is particularly evident in the basal portion of
the epithelium where spermatogonia and first-order spermatocytes are found (*). In the P, a weak
positivity for IL1B was observed in some secreting epithelial cells (c), while the positivity for the
receptor was evident in a high number of the secreting epithelial cells (d). All glandular epithelial
cells in the SV were immunopositive for IL1B (e) and IL1R1 (f). The immunopositivity for both IL1B
and ILIR1 was diffused in the cytoplasm of all the epithelial cells. Sections were counterstained
with hematoxylin.

Regarding the immunohistochemical investigation for IL1R1 in the U, the presence of
the receptor was highlighted in the cytoplasm of the lining (arrow) and glandular (arrow)
epithelial cells (Figure 3).
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Figure 3. Inmunopositivity for IL1R1 in the U of female rabbits. The positive immunoreaction was
highlighted in the cytoplasm (*) of the lining (arrows) and glandular epithelial cells (arrows head).
The section was counterstained with hematoxylin.

2.3. IL1B Seminal Plasma Protein Expression

IL1B protein expression in seminal plasma was determined using WB analysis. The
immunoblot showed a strong IL1B band at approximately 30-35 kDa, indicating the
presence of the IL1B protein (Figure 4).

Tadder =37/
10-250kDa 1 2 3 S

S S W S S <+ TL1B control protein

- 30-35kDa

Figure 4. IL1B WB. The figure shows the molecular weight marker (10 to 250 kDa) on the left, only the
bands corresponding to the target IL1B weights are cut. Bands 1, 2, 3, 4, and 5, positioned between
30 and 35 kDa, confirm the presence of the IL1B protein in the seminal plasma of the five rabbits
involved in the experiment.

2.4. IL1R1 and IL1R3 Gene Expression in the Uterus

In utero, the IL1R1 and IL1R3 genes exhibited an amplification signal within the range
of 25 to 30 cycles. This result is valuable as it highlights the presence of these two receptors
in the uterine tissue, suggesting their functional involvement in the utero.

2.5. IL1B, NGF, PGF2«, and PGE2 ELISA in Uterine Cultured Model

The results of the IL1B protein levels in the uterine tissue fragment (UTF) culture
medium, after 2 h of incubation, obtained using the ELISA procedure, allowed for the
comparison of the various experimental groups (EGs) with each other and to the control,
highlighting the absence of statistically significant differences (p > 0.05) (Figure 5).
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Figure 5. IL1B ELISA. The figure shows the IL1B levels (ng) for total protein (mg). There were no
statistical differences in IL1B expression between experimental group (EG) 1 (control), EG 4 (NGF
addition), EG 5 (NGF + TRKA inhibitor), and EG 6 (NGF + p75NTR inhibitor). The bar above
the histograms represents the dataset standard error. Equivalent letters indicate not statistically

significant differences (p > 0.05).
NGEF protein levels analyzed using ELISA showed statistically significant differences
between control and IL1B or control and IL1B plus IL1R1 antagonist (p < 0.001). Similarly,

protein levels indicate statistically significant differences (p < 0.001) between IL1B and IL1B
plus the IL1R1 antagonist. NGF expression in IL1B EG revealed protein overexpression

(Figure 6).
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Figure 6. NGF ELISA. NGF protein expression levels of EG 1 (control) versus EG 2 (addition of IL1B)
or versus EG 3 (addition of IL1B plus IL1R1 antagonist) show statistically significant differences.
The bar above the histograms represents the dataset standard error. Different letters (a,b,c) indicate
statistically significant differences (p < 0.05). Equivalent letters indicate not statistically significant

differences (p > 0.05).
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PGF2x and PGE2 levels showed no significant differences when compared within
the same EGs (control, IL1B, IL1B plus IL1R1 antagonist, and IL1B plus COX inhibitor).
Statistical significance (p < 0.001) was observed when PGF2«x and PGE2 of the control EG
were compared with PGF2x and PGE2 of the IL1B EG. A significant difference (p < 0.001),
also exists, when PGF2x and PGE2 of the control EG were compared with PGF2x and
PGE2 of the IL1B plus COX inhibitor EG. PGF2x and PGE expression in IL1B EG reveals
protein overexpression compared to the other EGs (Figure 7).

& 7000 b
E o000 [J PGF2a
= 5000 B PGE2
o & 10001 b a
= %
° & 30009 2
g~ a
s 2000 a
o
5 1000 i i & =
M 0 Loglm
"\ X
Q\‘o i\;éb ,\é\ +§
oy Na 9
o x
Q Q
& &

Figure 7. PGF2x and PGE2 ELISA. When compared with EG 2 (addition of IL1B) or with EG 7
(addition of IL1B plus COX inhibitor), the PGF2«x and PGE2 expression levels in EG 1 (control) show
statistically significant differences (p < 0.001). EG 2, EG 3 (IL1B plus ILIR1 antagonist), and EG 7
when confronted with each other show statistically significant differences (p <0.001). Different letters
(a,b,c) indicate statistically significant differences (p < 0.05). Equivalent letters indicate not statistically
significant differences (p > 0.05).

3. Discussion

This study presents the first detailed investigation of the variations in protein and
mRNA expression of the IL1B/IL1R1 system in the male sex organs and U of rabbits. Our
RT-qPCR analysis revealed the expression of IL1B and IL1R1 across all examined sex organs,
with IHC confirming their presence in distinct patterns within the germ and somatic cells
of the gonads, as well as in the epithelial and glandular cells of the P, SV, and U.

Notably, IL1B and IL1R1 showed a strong immunoreactivity in the P, particularly
within luminal and glandular cells. Similarly to findings in other species, such as hu-
mans [15], the rabbit P appears to be a primary source of this cytokine for seminal plasma.
It aligns with previous studies suggesting that the P gland produces large quantities of
seminal plasma and prostasomes, which are crucial for enhancing sperm motility and
modulating capacitation and the acrosome reaction [16]. Our data indicate a significant
role for IL1B in regulating sperm behavior post-ejaculation, even though its exact impact
requires further study, particularly in light of contrasting reports that associate high IL1B
levels with reduced sperm motility [17,18].

Additionally, co-expression of IL1B and IL1R1 in the SV implies a potential autocrine
or paracrine regulatory role in glandular function. The significant contribution of SV to
seminal plasma suggests that IL1B concentration in these glands may be key for its ac-
cumulation in the reproductive fluid. Similarly, IL1B and IL1R1 were detected in the T,
predominantly within the seminiferous tubules. The role of IL1B in modulating steroido-
genesis in the T, as demonstrated in other species like rats and cows [19,20], is further
supported by our findings of a robust IL1B expression across various germ cell stages.
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Interestingly, our WB analysis revealed a prominent IL1B band in rabbit seminal
plasma, highlighting potential species-specific roles for IL1B. While commonly associated
with inflammation in other species [21,22], IL1B may have a unique function in rabbits,
possibly related to their induced ovulation mechanism.

In female rabbits, IL1B appears to play a dual role, functioning as an inflammatory
mediator as well as a modulator of reproductive processes. Previous studies suggest that
IL1B is involved in luteal regression and contributes to uterine inflammation following
lipopolysaccharide (LPS) treatment. Our data support these findings, as we observed that
IL1B stimulated a significant increase in PGF2x and PGE2 release in uterine tissues, with
COX inhibitors blocking this effect. It suggests that IL1B enhances PG production via the
COX pathway, potentially influencing uterine function during the reproductive cycle.

Moreover, we found that IL1B stimulates NGF production in the U, with NGF levels
rising in response to IL1B and decreasing when IL1R1 was blocked. This interaction hints at
aregulatory interplay between IL1B and NGE, possibly mediated by cyclic AMP response
element-binding protein (CREB) transcription factor through MAPK signaling [23,24].
These findings suggest that IL1B and NGF may synergistically regulate uterine PG produc-
tion, contributing to ovarian activity modulation.

Recognizing that all research is subject to limitations in both internal and external
validity, particularly when the sample size is small, we wish to emphasize that this study is
intended as a preliminary investigation. To address the potential impact of a limited sample
size, we plan to conduct further investigations involving a larger and different cohort. This
approach will help mitigate the effects of small sample size and enhance the robustness
of our findings. This research offers valuable new insights into the cytokine-mediated
mechanisms underlying male—female reproductive interactions, with potential implications
for advancing our understanding of reproductive regulation and improving reproductive
success.

Finally, while this study stresses IL1B’s role in male—female reproductive interactions,
the involvement of other cytokines in seminal plasma in stimulating the female reproductive
tract remains an open area for exploration.

Figure 8 shows a proposed interaction between IL1B, the inflammatory response, and
NGF production in the rabbit U.
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Figure 8. IL1B is associated with the inflammatory response and NGF production in the rabbit
uterus (U). The binding of IL1B to the extracellular domain of the ILIR1 membrane receptor allows
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the recruitment of the IL1R3 co-receptor. This interaction forms the IL1R1/ILIR3 heterodimer via
the intracellular toll-interleukin-1 receptor (TIR) domains of the two receptor polypeptide chains,
thereby initiating signal transduction. The ILIR1/IL1R3 receptor complex then recruits the adaptor
protein myeloid differentiation primary response gene 88 (MyD88), which activates interleukin-1
receptor-associated kinase 1 (IRAK1) and tumor necrosis factor receptor-associated factor 6 (TRAF-6).
This activation cascade stimulates the nuclear factor-kappa B (NF-«kB) and p38 mitogen-activated
protein kinase (MAPK) signaling pathways. Upon activation, NF-kB translocates to the nucleus
where it acts as a transcription factor, upregulating the gene expression of pro-inflammatory cytokines
(e.g., IL-1, IL-6, and TNFa) and COX2 which is essential for the synthesis of PGE2 and PGF2« starting
from the arachidonic acid. Similarly, IL1B-mediated activation of p38 MAPK induces the transcription
factor cyclic AMP response element-binding protein (CREB), which promotes the transcription of
COX2, pro-inflammatory cytokine, and NGF gene, explaining how the inflammatory cytokine IL1B
enhances NGF production in the rabbit U. In addition to IL1B, NGF, through its receptors, p75NTR
and TRKA, activate NF-kB and Ras-Raf-MEK-ERK-CREB signaling (red arrows), contributing to
COX2 transcription and as a consequence prostaglandins production in the U.

4. Materials and Methods
4.1. Animal Enrollment and Experimental Design

This research was carried out following a revised protocol approved by the Bioethics
Committee of the University of Perugia (prot. no. 365301 dated 12 October 2023), according
to welfare guidelines and principles for animal protection. Adult New Zealand white
rabbits, aged 5-8 months and weighing 4.5-5 kg, were used in all experimental steps. The
environmental housing conditions were monitored because rabbits are highly susceptible
to environmental stress. Rabbits were maintained in a controlled condition: temperature
ranged from 17 to 22 °C, relative humidity was 60% and a continuous photoperiod of 16 h
light per day was maintained. Fresh water was always available [25]. The rabbits were fed
with commercial pelleted food.

The experimental procedure was divided into two steps.

Step 1: Male
- IL1B and IL1R1 gene expression and tissue protein localization

In this step, the tissues of the male reproductive system, in particular the T, P, and
SV of rabbits, were studied. In T, P, and SV, the expression of ILB1 and IL1R1 genes was
investigated using RT-PCR, while the ILB1 and IL1R1 protein expression was observed
through IHC. In seminal plasma, the presence of IL1B protein was evaluated in WB.

Step 2: Female

- IL1R1 and IL1R3 gene expression and protein tissue localization
- Functional model of molecular reproduction crosstalk

In this step, we investigated IL1R1 and co-receptor IL1R3 gene expression using RT-
qPCR in Formalin-fixed paraffin-embedded (FFPE) U. The IL1R1 protein location was also
investigated using IHC. In addition, the female molecular crosstalk was observed in vitro
by incubating the UTF with target ligands sole or with their cognate receptor antagonist
inhibitors. After incubation, the release of NGF, IL1B, PGF2«, and PGE2 in the medium was
assessed using ELISA procedure to study the changes in the microenvironment (Figure 9).
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Figure 9. The experimental procedure consists of two steps. Step 1 involved the investigation of IL1B
and IL1R1 gene (RT-PCR) and protein (IHC) expression in reproductive tissues (T, P, and SV) in six
male rabbits. Protein IL1B evaluation (WB) in the seminal plasma of 5 rabbits was included in this
step. In Step 2, the U of six rabbits sliced into small pieces was incubated in vitro for two hours, and
then the concentration of IL1B, NGF, PGE2, and PGF2x was assessed in the culture medium using
ELISA method. The U (n = 6) evaluation of IL1R1 and IL1R3 gene (qQPCR) and IL1R1 protein (IHC)
were included in this step.

In Step 1, six male rabbits were sacrificed for T, P, and SV tissue sampling, while
seminal plasma was collected from five rabbits. In Step 2, six female rabbits were sacrificed
for uterine sampling.

4.2. Collection and Processing of Tissue and Seminal Plasma

The rabbits were sacrificed using cervical dislocation following the guidelines and
principles for the care and use of research animals. Upon sacrifice, sex organs (male: T,
P, and SV; female U) were promptly removed and thoroughly washed with RN Ase-free
buffered saline solution (PBS) and then frozen at —80 °C until use. Samples for IHC
procedure were quickly dipped in 10% neutral-buffered formalin solution in PBS (0.1 M,
pH 7.4), left for 36 h, and then processed until the paraffin wax embedding. Seminal plasma
was collected from live animals by artificial vaginal. To evaluate sperm count and sperm
morphological integrity, 300 cells /animal were analyzed using light microscopy. The sperm
was frozen at —80 °C up to the time of use.

4.3. IL1B and IL1R1 Male Tissue RT-PCR

Total RNA from freshly collected T, P, and SV reproductive tissues of rabbits (n = 6)
was purified using a NucleoSpin RNA Extraction kit (MN-740955; D-Mark Biosciences,
Macherey-Nagel, Bethlehem, PA, USA). After Deoxyribonuclease I (DNAase I Amp. Grade)
treatment, the purified total RNA was retrotranscripted with Superscript Ill reverse tran-
scriptase (Superscript III First-Strand Synthesis System). RNA quality and quantity were as-
sessed by spectrophotometry (NanoDrop™ 2000 /2000c, Thermo Fisher Scientific, Waltham,
MA, USA) and fluorometry (Qubit RNA As-say, Life Technologies, Waltham, MA, USA).
Total RNA was reverse transcribed in 20 uL iSCRIPT cDNA (Bio-Rad, Hercules, CA, USA)
according to the manufacturer’s recommendations. Controls without reverse transcriptase
(RT-) were included to check for genomic DNA contamination.

QPCR amplification was executed in a final volume of 20 uL using 10 uL of SsoAd-
vanced Universal SyBrgreen Supermix (Bio-Rad, Hercules, CA, USA), 1 uL of cDNA (di-
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luted 1:10), 1 uL of primer. Primers were designed using Primer-BLAST (NCBI) and were
synthesized using Life Technologies (Monza, taly). Primer characteristics are listed in
Table 1.

Table 1. PCR primer. The table lists the gene name (acronym), the sequence identification number,
the forward (F) and reverse (R) primers, and the amplicon length in the base pair (bp).

Gene Sequence Number Primers bp
F—TGAGGCCGATGGTCCCAATTA 183

M) NM_001082201.1 R—AAGGCCTGTGGGCAGGGAAC

LRI SRR F—CTGCTGTCTTGGCCCTGTTA 137

R—GCATCCTCTTGAAAGGCCCT
QuantumRNA™ 185 endogenous

489
reference gene

185

The primer dissociation peak was estimated with the melting curve: 95 °C for the 15th,
60 °C for the 20th followed by ramping to 95 °C with fluorescence measurement every
2.5°C. QPCR amplification reactions were run in a 96-well optical plate on StepOne Plus
Real-time PCR instrument (Applied Biosystems). Three technical replicates were performed
for each biological sample, and the average Cq value (quantification cycle according to
MIQE guidelines [26]) was calculated. Amplification signals and Cq values were deter-
mined using StepOne Software v2.3 (Applied Biosystems, Foster, CA, USA). No template
controls were enrolled in the qPCR to control possible genomic DNA contamination. The
mRNA target expression levels were estimated using the Livak 2°—ACq method [27], using
18S gene to normalize target gene expression.

4.4. IL1B and IL1R1 Male Tissue IHC

Tissue samples (T, P, and SV) of male rabbits (n = 6) were fixed, dehydrated, cleared,
embedded in paraffin wax, and then cut in 5 um-thick serial sections. After morphological
evaluation in hematoxylin—eosin solution to exclude pathologies, IHC was performed in
all tissues. FFPE sections, after being dewaxed and hydrated, were heated to reveal the
antibody epitopes. The endogenous peroxidase was blocked with a 3% hydrogen peroxide
solution (10 min), and thus, to exclude non-specific bindings, the sections were incubated
(30 min) with normal goat serum. Subsequently, to perform the IHC, the sections were
incubated overnight (ON) at room temperature with IL1B and IL1R1 antibodies. The
best dilution to obtain a signal intensity without background was used for each primary
antibody. The next day, sections were incubated with a biotin-conjugated secondary
antibody for 30 min. The binding sites were detected using the DAB chromogen (DAB
substrate kit, Vector Laboratories, Burlingame, CA, USA). Antibody specifications and
dilution are provided in Table 2.

Table 2. Antisera characteristics and dilutions. The table indicates the antibody name, the species in
which the antibody was raised, and the working solution.

Antisera Host Dilution
! Polyclonal anti-IL1B B Rabbit 1:500
2 Polyclonal anti IL1R1 Rabbit 1:500
3 Anti-rabbit IgG Biotin conjugated Goat 1:200

T Anti—IL1B, catalog reference GTX74034 (GeneTex, Irvine, CA, USA). 2 Polyclonal anti-IL1R1, catalog refer-
ence 106278 (Abcam Cambridge, UK). 3 Anti-rabbit Biotin conjugated catalog reference BA-1000-1.5 (Vector
Laboratories, Newark, CA, USA).
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4.5.IL1B WB

WB was performed in rabbit male (n = 5) seminal plasma. The protein amount in
the seminal plasma was quantified spectrophotometrically using the dye-binding method
based on the Bradford assay (Bio-Rad Protein Assay Dye Reagent Concentrate, 5000006,
Bio-Rad, Hercules, CA, USA). A 40 ug of proteins, diluted in sample buffer, was loaded
in a 10% sodium dodecyl sulfate polyacrylamide gel (SDS-PAGE) and separated based on
their size. The proteins were then transferred onto nitrocellulose membranes using Trans-
Blot Turbo Transfer System (Bio-Rad, Hercules, CA, USA) before blocking and incubation
with primary antibodies. The primary antibody against IL1B (Mouse IL-1 beta/IL-1F2,
AF-401-NA Biotechne, R&DS System, Minneapolis, USA) was incubated ON at 4 °C. The
membranes were rinsed in tris-buffered saline (TBS) with tween, and incubated with the
secondary horseradish peroxidase (HRP)-labeled antibody for 1 h at room temperature
under gentle agitation. The membranes were washed 4 times (10 min) before detecting the
immune complexes using a chemoluminescent substrate (Euroclone, Life Science Division,
Siziano, Italy). Densitometric analysis was performed with ImageLab software 3.0 (Bio-Rad,
Hercules, CA, USA).

4.6. IL1R1 and IL1R3 Uterine RT-gPCR

Total RNA was extracted from three 5 pm-thick FFPE sections of rabbit U using the
FFPE RNA Purification Kit (Norgen Biotek Corp., Thorold, ON, Canada). During RNA
isolation, samples were treated with DNase I provided in the Extraction Kit to remove
on-column DNA. RNA quantification and cDNA synthesis were performed as described in
Step 1.

To increase the sensitivity of qPCR analysis, a pre-amplification reaction was carried
out using 3 uL of cDNA, 1 uL of TagMan Gene Expression Assays (Table 3), 10 uL of
SsoAdvanced™ Universal Probes Supermix (Bio-Rad Laboratories, Hercules, CA, USA),
and water up to 20 uL. Pre-amplification reactions were run for 3 min at 95 °C, 13 cycles of
15sat95°C, and 4 min at 58 °C.

Table 3. TagMan Gene Expression probes. The table shows the gene acronym, the TagMan probe
ID, the reference sequence, the exon boundary, and the amplicon length (bp). The selected TagMan
probes were designed for Oryctolagus cuniculus sequences.

Reference .
Gene Symbol TagMan ID Sequence Exon Boundary Amplicon bp
IL1R1 0Oc06785929_m1 XM _002709884.3 8-9 76
ILIR3 Oc06776406_m1  XM_008266655.2 2-3 65

For Real-time qPCR, TagMan probes were used in place of primers to improve the
specificity of the amplification signal. The reaction was performed using 1.5 uL of pre-
amplification reaction, 1 uL of TagMan probes (Table 3), and 10 uL of SsoAdvanced™
Universal Probes Supermix (Bio-Rad Laboratories, Hercules, CA, USA), in a final volume
of 20 uL. The qPCR conditions were initial activation 30 s at 95 °C and 2-step cycling
(denaturation 5s at 95 °C, annealing /extension 5 s at 60 °C) for a total of 40 cycles.

Both pre-amplification and qPCR amplification reactions were run in a 96-well optical
plate on StepOne Plus Real-time qPCR instrument (Applied Biosystems). RT-controls were
enrolled in the qPCR to check for potential genomic DNA contamination. Amplification
signals were computed and Cq values were determined using StepOne Software v2.3
(Applied Biosystems).

4.7. IL1R1 Female Tissue IHC

Tissue samples (U) of female rabbits (n = 6) were fixed, dehydrated, cleared, embed-
ded in paraffin wax, and then cut into 5 um-thick serial sections. The entire subsequent
procedure follows what has already been indicated in Section 4.4.
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4.8. Ex Vivo Uterine Tissue Cultured Model

Postmortem female rabbit U (n = 6) was extracted, rinsed with PBS, and then cut
with fine surgical scissors (21 pieces per rabbit, each weighing approximately 30 mg). UTF
were randomly distributed (1 UTF per well) with 1 mL of culture medium 199 plus Earles
Balanced Salt Solution, 2.2 mg/mL sodium bicarbonate, 2.3 mg/mL HEPES, and 3% BSA
(w/v). All reagents were obtained from GIBCO (Grand Island, NY, USA).

The 24-well culture plates purchased from Becton Dickinson Co. (Clifton, NJ, USA)
were incubated for 4 h (37 °C in 5% CO,). After the end of the incubation time, the medium
was collected separately to be stored at —20 °C for further ELISA determination.

The experimental in vitro tissue slice culture model consists of seven EGs. The EGs
were tested in triplicate and each EG includes culture medium and UTF. The experimental
design of the 7 EGs was described below: (1) Control (medium and UTF alone); (2) Re-
combinant Human IL1B, R&D Systems (Minneapolis, MN, USA); (3) IL1B + IL1B receptor
antagonist, Sobi Kineret® (Swedish Orphan, Stockholm, Sweden); (4) Human NGF, Sigma-
Aldrich (St. Louis, MO, USA); (5) NGF + TRKA Inhibitor, catalogue reference GW 441756,
Tocris (Milano, Italy); (6) NGF + p75NTR Inhibitor, catalogue reference PD 90780, Tocris
(Milano, Italy); (7) IL1B + COX inhibitor, Sigma-Aldrich (St. Louis, MO, USA).

Based on a pilot study, we selected the specific design and the minimum efficacy dose
for the NGE, IL1B, IL1R1 antagonist, TRKA Inhibitor, and p75NTR Inhibitor (Table 4).

Table 4. Plate well design. The table shows the EGs from 1 to 7 (first column on the left) and the
corresponding ligands (IL1B and NGF), or receptor antagonists (IL1R1) or inhibitors (TRKA, p75NTR,
and COX inhibitors) used in the respective EG (when in wells added as +). Each column indicates the
working solution and the reagent provider (as a note).

EGs IL1B ! IL1R1 Ant? NGF? TRKA Inh* p75NTRInh®  COXInh®

100 mg/Well 7 mg/Well 8.1 ng/Well 10 pg/Well 10 pg/Well 85 pg/Well
1 - - - - - -
2 + - - - - -
3 + + - - - -
4 - - + - - -
5 - - + + - -
6 - - + - + -
7 + - - - - +

! Recombinant Human IL1B, R&D Systems (Minneapolis, MN, USA). 2 IL1B receptor antagonist, Sobi Kineret®
anakinra (Swedish Orphan, Stockholm, Sweden). 3 Human NGF, Sigma-Aldrich (St. Louis, MO, USA). 4+ TRKA
Inhibitor, Tocris catalog reference GW 441756 (Milano, Italy). 5 p75NTR Inhibitor, Tocris catalog reference PD
90780 (Milano, Italy). 6 COX nonselective cyclooxygenase inhibitor (acetylsalicylic acid) Sigma-Aldrich (St. Louis,
MO, USA).

4.9. IL1B, NGF, PGF2«, and PGE2 Evaluation Using ELISA

The analytical procedure used to assess the expression of IL1B, NGF, PGF2«, and
PGE2 in the culture medium was the ELISA approach. The ELISA kits used for PGF2x
and PGE2 (catalog reference ADI-901-069 and ADI-901-001, respectively) were supplied by
Enzo Life Science Inc. (Farmingdale, NY, USA). Human NGF and IL1B proteins (catalog
reference DY256 and E-EL-RB0013, respectively) were analyzed using ELISA kits supplied
by R&D Systems (Minneapolis, MN, USA). All the recommended procedures provided
by the manufacturer were followed in performing the ELISA procedures. Pilot linearity
experiments were performed before setting up the ELISA to determine the optimal culture
medium concentration. In all plates, in addition to the standard curve, an aliquot serum
sample was run for result normalization and comparison between plates. All samples were
run in triplicate and the mean values were used for data analysis. These kits contained a
pre-coated ELISA plate with the specific capture antibody for the rabbit analyte (PGF2c,
PGE2, IL1B, and Human NGF). The culture medium (100 uL) was added to ELISA plate
wells to react with the specific antibody. The plate was incubated for 120 min at 37° C. After
three washes, the specific detection antibody Avidin-HRP conjugate (100 puL) was added
and incubated (20 min). After three washes, the substrate solution (90 uL) was added to
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each well, and the plate was incubated 20 min at room temperature. Only those wells that
contain Rabbit analyte, biotinylated detection antibody, and Avidin-HRP conjugate will
appear blue. The enzyme-substrate reaction was terminated by adding a stop solution
(50 uL). All incubations were performed at room temperature. The optical density (OD) was
measured spectrophotometrically at a wavelength of 450 and 570 nm (Tecan Spark, Tecan
Group Ltd., Madnnedorf, Switzerland). The OD value were proportional to the concentration
of the analyte. The concentrations of all analytes found in the wells were calculated by
comparing the OD of the samples with the standard curve (Figure 2).

4.10. Statistical Analysis

One-way analysis of variance (ANOVA) and Kruskal-Wallis test were used to test
differences in IL1B and IL1R1 RT-PCR gene expression and IL1B and NGF ELISA protein
concentration. Two-way ANOVA and Bonferroni multiple comparisons were used to
evaluate differences in PGF2« and PGE2 ELISA concentrations in different tissue culture
models. ANOVA analysis was performed using GraphPad Prism 9 software.

5. Conclusions

This study provides preliminary evidence that IL1B and its receptor IL1R1 are present
in rabbit male reproductive tissues (T, P and SV) and seminal plasma at both the gene and
the protein levels, supporting IL1B’s involvement in reproductive regulation. Notably, IL1B
and its receptors, ILIR1 and co-receptor IL1R3, are also expressed in rabbit U, where IL1B
enhances the inflammatory response and promotes PG synthesis through COX activity.
Our findings suggest that IL1B directly influences uterine NGF secretion, while NGF does
not affect IL1B production, indicating that NGF may be produced in response to seminal
plasma mediators like IL1B. Future research should explore the roles of PGF2« in mediating
IL1B’s effects on uterine NGF production and investigate other ovulation-inducing factors
in seminal plasma. Further understanding of these interactions could improve fertility
management strategies in rabbits and potentially in other mammals with both induced and
spontaneous ovulation.
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IL1 Interleukin-1

IL1A Interleukin-1 A

IL1B Interleukin-1 B

IL1IR1 Interleukin-1 receptor type 1

ILIR3 Interleukin 1 receptor accessory protein
IL6 Interleukin-6

IRAK1 Interleukin-1 receptor-associated kinase 1
LPS Lipopolysaccharide

MAPK Mitogen-activated protein kinases
Myd88 Mpyeloid differentiation primary response 88
NF-kB Nuclear factor-kappa B

NGF Nerve growth factor

OD Optical density

ON Overnight

B Prostate

p75NTR p75 neurotrophin receptor

PBS Buffered saline solution

PG Prostaglandin

PGE2 Prostaglandin E2

PGF2«x Prostaglandin F2«

RT-gPCR  Quantitative reverse transcription PCR
RT Reverse transcription

SDS-PAGE  Sodium dodecyl sulfate polyacrylamide gel
SV Seminal vesicles

T Testis

TBS Tris-buffered saline

TIR Toll-interleukin-1 receptor

TNE Tumor necrosis factor

TRAF-6 Tumor necrosis factor receptor-associated factor 6
TRKA Tropomyosin receptor kinase A

U Uterus

UTF Uterine tissue fragment

WB Western Blotting
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Abstract: Genistein is a natural compound belonging to flavonoids, having antioxidant, anti-
inflammatory, and anti-neoplastic properties. Genistein is considered a phytoestrogen. As such,
genistein can bind estrogen receptors (ERx and ERp), although with a lower affinity than that of
estradiol. Despite considerable work, the effects of genistein are not well established yet. This review
aims to clarify the role of genistein on female and male reproductive functions in mammals. In fe-
males, at a high dose, genistein diminishes the ovarian activity regulating several pathway molecules,
such as topoisomerase isoform I and II, protein tyrosine kinases (v-src, Mek-4, ABL, PKC, Syk, EGFR,
FGFR), ABC, CFIR, Glutl, Glut4, 5a-reductase, PPAR-y, mitogen-activated protein kinase A, protein
histidine kinase, and recently circulating RNA-miRNA. The effect of genistein on pregnancy is still
controversial. In males, genistein exerts an estrogenic effect by inducing testosterone biosynthesis.
The interaction of genistein with both natural and synthetic endocrine disruptors has a negative
effect on testis function. The positive effect of genistein on sperm quality is still in debate. In con-
clusion, genistein has a potentially beneficial effect on the mechanisms regulating the reproduction
of females and males. However, this is dependent on the dose, the species, the route, and the time
of administration.

Keywords: polyphenols; flavonoids; isoflavones; genistein; phytoestrogens; ovary; testis; pregnancy

1. Characteristics and Beneficial Effects of Polyphenols

In the vegetable kingdom, polyphenols are found in abundance in the edible parts of
plants. Moreover, they are fundamental compounds in animal and plant physiology [1,2].
Polyphenols contribute to plant and flower pigmentation, and their aroma attracts pollina-
tor insects and confers the resistance of the plant to microorganisms and stress (i.e., UV
rays, etc.) [3]. Furthermore, it should be emphasized that the polyphenol contents of edible
parts of plants are of fundamental importance for the food and pharmaceutical industry
due to their health-enhancing and disease-preventing properties [4,5]. Polyphenols include
more than 8000 compounds characterized by the presence of multiple phenolic groups
associated with complex structures of high molecular weight [6].

Polyphenols are compounds with a similar chemical structure derived from benzene
and one or more ring-associated hydroxyl groups. Based on the number of aromatic rings
and the elements that bind these rings, polyphenols are classified into distinct groups and
subgroups correlated with their peculiarities in terms of function and benefits. Various
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beneficial properties are generally attributed to all polyphenols [7]: antioxidant [8], im-
munomodulatory, anti-inflammatory [9], cardioprotective [10], neuroprotective, antimicro-
bial, hepatoprotective, anti-platelet, anti-tumor, anti-diabetic, anti-obesity, anti-osteoporosis,
and anti-estrogenic as estrogen receptor agonists. In the veterinary field, polyphenols are
known as anti-parasitic [11] and anti-aging molecules [12]. Moreover, the anti-bacterial and
anti-mycotic activity of polyphenols has been widely demonstrated [13,14]; this is relevant
in livestock farming, as it helps reduce the use of antibiotic and antimycotic drugs.

Phenolic compounds mainly protect against systemic and/or local inflammation by
reducing oxidative stress and regulating cytokine-mediated inflammatory responses [15].
Critical mechanisms of reactive oxygen species (ROS) production usually include psycho-
physical stress, eating disorders, environmental pollution, and many pharmacological
substances. If homeostatic mechanisms are not regained, prolonged production of ROS
can trigger degenerative pathways leading to chronic pathogenic changes, including can-
cers and non-physiological aging. On the other hand, the reduction in excessive ROS
production improves the antioxidant barrier and helps prevent and fight multiple dis-
eases. Polyphenols can help protect against ROS damage by inhibiting the oxidation of
substrates such as phospholipids, proteins, and DNA [16]. However, evidence that ROS
are also physiologically essential cannot be ignored; ROS take part in different cellular
pathways [17,18]. The prevailing theory is that polyphenols neutralize free radicals by
forming stable chemical complexes. Polyphenols act through four main mechanisms to
maintain redox homeostasis: radical scavenging, transition metal chelation, antioxidant
enzyme upregulation, and signaling cascades (Figure 1).

Radical scavenging

Polyphenols preserve
redox homeostasis by
four antioxidant path

1
2. Transition metal chelation

3. Antioxidant Enzyme upregulation
4. Viasignaling cascade

Figure 1. Four main mechanisms underlying the antioxidant activity of polyphenols.

In addition to these four proposed mechanisms, polyphenols can prevent oxidative
stress by producing hydrogen peroxide, a strategy that helps regulate immunological
responses and cell growth. Following the theory of radical scavenging, the structure of
polyphenols yields hydrogen atoms to free radical species, thus reducing their concentra-
tion and the risk they pose [19,20]. ROS are the result of physiological chemical reactions
involving oxygen. ROS comprise superoxide (O?~), the hydroxyl radical (OH), and hy-
drogen peroxide (H>O;) [21]. ROS are highly reactive molecules that contain at least one
unpaired electron in their outermost orbital. ROS are highly unstable and try to return to
their equilibrium state by subtracting an electron needed to balance their electromagnetic
charge from other adjacent atoms [22].

This process produces further new unstable molecules, triggering a chain reaction
that can damage cellular structures if not kept within physiological values. Mitochondrial
cellular respiration, essential for ATP production, is the main producer of ROS. Therefore,
ROS production significantly increases during intense muscular activity.

The transition metal chelation theory argues that polyphenols bind free metals, partic-
ularly iron, inside cells, thereby preventing the Fenton reaction by which free iron reacts
with hydrogen peroxide to produce hydroxyl radicals [23]. However, under physiological
conditions, the iron concentration is perfectly regulated by intracellular enzymes. ‘Radical
scavenging’ and ‘transition metal chelation” are the most widely reported mechanisms of
action of polyphenols in vitro and in vivo [24].

Polyphenols activate genes involved in pathways inducing the upregulation of an-
tioxidant/detoxifying enzymes [25]. The Keap1/Nrf2/ARE pathway firstly induces the
dissociation of Keap1l (Kelch-like ECH-associating protein 1). After that, Nrf2 (nuclear
factor erythroid 2 related factor 2) translocates into the nucleus, where it binds the regu-
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latory region of the ARE (antioxidant response element) determining the transcription of
antioxidant/ detoxifying enzymes [26].

The redox homeostasis preserved via the signaling cascade is a mechanism involv-
ing mainly protein kinase C (PKC) [26]. PKC is implicated in the phosphorylation of
ubiquitinated proteins that directly or indirectly control the activation or inhibition of
numerous cellular pathways, such as apoptosis, cell proliferation, transcription regulation,
immune responses, and cell signaling [27]. After phosphorylation, PKCs switch to the
active conformational state and can be involved in cellular communication mechanisms by
phosphorylating target proteins that regulate apoptotic or anti-apoptotic pathways [28].
The phosphorylation of Nrf2 by PKC determines the subsequent regulation of antioxi-
dant enzymes; this is one of the mechanisms used by polyphenols to preserve the redox
homeostasis of the cell via PKC [26].

2. Biotransformation of Polyphenols and Physiological Responses

To evaluate the biological effect of a specific polyphenol, its absorption, bioavailabil-
ity, bioaccessibility, and bioactivity must all be considered. The absorption, metabolism,
and bioavailability of polyphenols are dependent on the type of polyphenol provided in
one’s diet.

Absorption is described as the path of the bioactive compound from the point of
administration to the site of action [29,30]. The absorption of polyphenol is influenced by
the physicochemical properties of the polyphenol. The transport of a polyphenol across the
cell membrane can be via passive diffusion, facilitated passive diffusion, active transport,
or pinocytosis. Polyphenol absorption is well described in the literature; however, several
doubts remain about polyphenol catabolism performed by gut microbiota [31]. In some
cases, the gut microbiome may produce a metabolite level of ingested polyphenols that
exceeds the quantity consumed. The metabolism of a polyphenol generally has the function
of inactivating and eliminating it, although some metabolites are sometimes pharmaco-
logically more active than the parent substance. The enzymes involved in metabolism are
present in many tissues but generally are more concentrated in the liver. The metabolism
is performed in two distinct phases. Phase I reactions, which are non-synthesis reactions,
involve the formation of a new or modified functional group or cleavage (oxidation, reduc-
tion, or hydrolysis). Phase II reactions, which are synthetic reactions, involve conjugation
with an endogenous substance (i.e., glucuronic acid, sulfate, or glycine) [1].

According to its nutritional definition, bioavailability is the fraction (%) of bioactive
compounds that are distributed in the bloodstream and available or stored by an organism.
Before becoming bioavailable, bioactive compounds must be released from the feed matrix
and modified in the gastrointestinal tract; they are believed to be bioavailable compounds
only after this point. Bioavailability includes absorption, intestinal and hepatic epithelia,
digestive biotransformation, tissue distribution, and bioactivity [32,33]. Bioavailability
is affected by the rapidity with which these nutrients are adsorbed and available at the
action site. The critical issue is that bioavailability may be reduced significantly by low
intestinal absorption, elevated metabolism, or both. Furthermore, in blood and target
organs, polyphenol metabolites after enzymatic digestion may differ from native sub-
stances in terms of biological activity [34]. To investigate polyphenol bioavailability, the
most widespread strategy involves the in vivo assumption of a feed containing the tested
polyphenol. Therefore, the transitory increased blood concentration will mainly reflect the
ability of a organism to absorb the polyphenols from the feed [33].

Bioaccessibility indicates the part of the compound that is released from the food
matrix and available for absorption; this happens, for example, when the compound enters
the bloodstream. Bioaccessibility includes the intestinal and hepatic epithelia’s digestive
biotransformations [35]. Bioaccessibility is extremely reliant on the molecular properties
of the polyphenol (chemical structure [36] and interaction with other compounds [37,38]),
food-related factors (food processing procedure [39], and food interacting with matrix effec-
tors of positive or negative absorption [40]), host-related factors (absorption, metabolism,
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and host gut microbiota [41]), and other factors (related to the cultivation or plant growth
environment [42,43]). Bioactivity is the specific effect induced by exposure to a bioactive
compound. Bioactivity includes information on how biocactive compounds are transported,
how they arrive at the target tissue, how they interact with biomolecules, their metabolism
characteristics, biotransformation, and consequent physiological responses (Figure 2).

Bioactivity is the specific effect induced by compound exposure.
Bioactivity includes information on compound transport,
metabolism, biotransformation, target tissue arrival, interaction,
and bioactive response.

refersto the part of the compound that is released
from the matrix and is available for absorption. Bioaccessibility
comprises the intestinal and hepatic digestive biotransformation.

Bioavailability is the fraction
of bioactive compounds that
are available for use or storage

Absorption is the transfer of bioactive compounds from the point
of administration to the site of action. Absorption isinfluenced by
molecular compound characteristics.

Metabolism is the procedure by which the biomolecule is
rendered inactive and eliminated. Metabolism occurs through two
distinct reactions (phase | and phase Il reactions).

Figure 2. The bioavailability of polyphenols in an organism is determined by bioactivity, bioaccessi-
bility, absorption, and metabolism.

Dietary phenolic biotransformation begins in the oral cavity through metabolic reac-
tions. Most polyphenols are present in foods in the form of esters, glycosides, or polymers,
which are compounds that the organism metabolizes as extraneous to its normal nutrition,
namely xenobiotic compounds (derived from a Greek expression meaning “foreign to bio”).
Therefore, polyphenols must be biotransformed [44]. As opposed to the corresponding
aglycones (the non-sugar part), the glycosides of polyphenols (the sugar part) must be
biotransformed because they cannot cross the membrane by passive diffusion. In contrast,
aglycones cross the epithelial cell membrane by passive diffusion. Biotransformation re-
actions occur to increase polyphenol hydrosolubility by preventing its accumulation and
facilitating its elimination [45]. Therefore, in the oral cavity, only the metabolism of glyco-
sylated phenolic compounds begins with oral microflora enzymes. In the gastrointestinal
tract, polyphenolics are subjected to phase I or functionalization reactions and phase II or
biotransformation reactions as they need some structural modifications for polyphenol
absorption. It is to be emphasized that the biotransformation phase of polyphenols varies
depending on the specific type of polyphenol [46]. Phase I concerns functionalization, i.e.,
the introduction or exposure of functional groups to the compound chemical structure.
Phase I includes oxidation, methylation, reduction, and hydrolysis reactions. In phase II,
the functional group of the metabolite derived from phase I is conjugated with endogenous
molecules such as glucuronic acid, sulfuric acid, and methyl group. The primary aim of
Phase II is to improve the polarity (hydrosolubility) of compounds from phase I, facili-
tating their elimination [46]. Phase I and II biotransformations can increase, decrease, or
counteract the biological activity of phenolic compounds (Figure 3).

Phase | Phase Il
FUNCTIONALIZATION CONJUGATION

Glucuronidation, sulfation,
methylation, acetylation

Oxidation, hydrolysis,
methylation, reduction,

Biotransformation
SABIBCIIR 00! Su rfa_ce exposure of the
functional group
Metabolic activation
Microbiota healthy interactions

Figure 3. Phase I and phase II biotransformation of dietary polyphenols.

Addition of a polar compound to
a functional group

kidneys, and feces excretions

Beneficial effect ‘
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Polyphenols derived from gastric and intestinal absorption and microbial metabolism
are transferred to the liver via enterohepatic circulation and in the liver, undergo phase I
and II biotransformation. Regarding the biotransformation reaction, the liver is the primary
organ where phenolic compounds are metabolized. Polyphenol metabolites, derived from
hepatic metabolism, transfer to the bloodstream to be released through peripheral tissues
to exert beneficial metabolic effects. Unabsorbed polyphenols and metabolites are excreted
in urine and feces [47].

An emerging interest in the polyphenol domain is their potential interactions with
gut microbiota, speculating that polyphenol metabolites may foster healthy gut bacteria
while inhibiting invading species (a prebiotic effect) [48,49]. Upon the completion of the
biotransformation process, the polyphenol is ready to be absorbed by organs and tissues to
exert its effect or to be excreted via the most common ways, that is, via the kidneys, bile,
or feces.

3. The Largest Group of Natural Polyphenols: Flavonoids

Depending on the number of phenolic rings contained in dietary polyphenols, they
can be classified into four subclasses as follows: phenolic acids which derivate from
hydroxybenzoic acids and hydroxycinnamic acid; stilbenes; lignans; and flavonoids [50].
Flavonoid compounds are subdivided into flavones, flavonols, flavanones, isoflavones,
anthocyanidins, flavan-3-ols, flavononols, and chalcones (Figure 4).

DIETARY POLYPHENOLS

Flavonoids |

Non - Flavonoids |

| I
| Flavones “ Anthocyanidins || Flavononols || Flavanones | | Phenolic acids |
| Flavan-3-ols ”_. Isoflavones Jl Chalcones || Flavonols | | Stilbene |

e
TEERRa ey H Lignans

Figure 4. General classification of dietary polyphenols. Polyphenols may be divided into two main
classes, flavonoids (comprising eight subclasses) and non-flavonoids (three subclasses).

Flavonoids constitute a category of polyfunctional substances with high bioactivity,
which includes more than 5000 compounds. The word flavonoid comes from ‘flavus’
(=blond) and refers to its role in the pigmentation of plants. The color that flavonoids give
a plant depends on the pH of the plant tissue. Blue pigments are formed by chelation with
some metal ions. Anthocyanins, a specific group of flavonoids, are responsible for the
aroma and color of flowers and fruit and therefore play an important role as mediators of
pollination. It is important to observe that flavonoids, flavones, and flavonols, while not
colorful to the human eye, highly absorb UV spectra and thus can be seen by insects [51].
While flavonoids are very visible in flower petals, in leaves, they are completely hidden
by the ubiquitous green of chlorophylls. However, there is increasing evidence that these
flavonoids, located on the upper surface of the leaf or in the epidermal cells, are crucial for
plant protection against UV-B rays [52]. The most striking evidence of the role of flavonoids
in UV-B protection is provided by Arabidopsis thaliana; mutants deprived of the epidermal
flavonoids of this wild plant are highly susceptible to UV-B radiation [53]. Flavonoids
constitute the group of natural phenols having flavan as their basic structure. The flavan
compound is formed of two benzene rings (the A and B ring) attached by a pyran ring, i.e.,
a compound with three carbon atoms and an oxygen atom (C ring), and closed with the
benzene ring A. The flavonoid structure is defined as C6-C3-C6. Generally, the B ring is
bound to the C ring at position 2, but it can also be bound at position 3 or 4. The multiple
possibilities for ring B’s binding mean that flavonoids constitute the most diversified group
of polyphenols present in nature. Flavonoids in which the B ring binds to the C ring at
position 3 are isoflavones [54]. In most cases, the B ring binds to position 2 of the C ring,
which is the case for the following six subgroups based on the structural characteristics of

104



Molecules 2023, 28, 7436

6 0f 23

the C ring: flavones, flavonols, flavonones, anthocyanins, flavononols, and flavan-3-ols
(Figure 5).
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Figure 5. The flavonoid structure. Flavan is the basic skeleton structure of flavonoids and their classes.

A high number of studies have demonstrated that flavonoids are metabolized and
bioactivated already in the oral phase of digestion through oral microbiome 3-glucosidase
activity, producing health effects in the oral cavity [55,56]. Flavonoid aglycones are more
bioavailable than in the glycosylated form because they are absorbed by passive diffusion
through the intestinal epithelium [57]. Flavonoid aglycones with flavonoid glucoside are
present in the oral cavity, stomach, and small and large intestine. The hydroxyl groups of
flavonoid aglycones or flavonoid metabolites of phase I metabolism are targets for phase II
enzymes in both the liver and small intestine (Figure 6).

In the intestine, flavonoids inhibit the activity of glucose-dependent insulinotropic
polypeptide (GIP), an incretin family hormone released after a meal to decrease blood
sugar [58,59]. In the small intestine, flavonoid glucuronidation mediated by intestinal
cells plays a relevant role in flavonoid bioavailability. In the liver and small intestine,
flavonoid aglycones undergo NADPH-dependent cytochrome P450 oxidative and reduc-
tive modifications [57]. Phase Il enzymes have an essential role in flavonoid distribution
and bioavailability as they are involved in various flavonoid recycling modes (enteric,
enterohepatic, and cell-specific) [60-62]. It is important to note that flavonoid bioavailabil-
ity is influenced by flavonoid molecule-related factors, such as the intake rate, chemical
characteristics, and dietary matrix, and host-related factors, such as sex, age, gut micro-
biome, nutritional condition, and physiological state. In the last decade, the prominent
role of the brain—gut axis in the microbiome’s interaction with flavonoid metabolism has
emerged, mainly in terms of the immune response [63-66]. The intestinal microbiome can
deglycosylate simple and complex flavonoid glycosides into their corresponding aglycones
and convert aglycones, by C ring bacterial disruption, into new phenolic metabolites [67].
It has been demonstrated that flavonoids influence gut microbiome composition and diver-
sity by inhibiting not only the growth of pathogenic bacteria but also the enhancement of
commensal bacterial [68].
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Figure 6. Schematic representation of dietary flavonoid metabolism. In the oral cavity, flavonoid
aglycones and glucosides are metabolized by the oral microbiome. In the liver, these compounds are
subjected to oxidative and reductive modifications that produce sulfites, methyls, and glucuronides.
Mainly aglycones and flavonoid glucosides are present in the stomach and small intestine. Phase IT
metabolites derived from the digestion of the intestinal microbiota are also found in the large intestine.

For structural and functional reasons, isoflavones have historically been regarded as a
separate category within flavonoids. Isoflavones have an aromatic substituent at carbon
C-3 due to the branching action of isoflavone synthase (Figure 7).

Figure 7. Chemical structure. Isoflavone ring connection and carbon numbering [69].

Isoflavones include genistein, which has many of the biological properties of the
flavonoid family; antioxidant properties have been demonstrated in genistein [69].

In contrast with other flavonoids, isoflavones have an estrogenic action. This property
was observed in 1940 when Australian ewes feeding on subterranean clover (Trifolium
subterraneum L.) showed fertility dysfunctions. Subsequent research on regional cattle
forage revealed the estrogenic action of isoflavones, such as formononetin, daidzein, and
its metabolite—equol—found in popular clover varieties (Trifolium pretense L. and Trifolium
repens L.), which were also linked to reproductive issues in other vertebrates [70,71].

On the subject of “polyphenols and reproduction”, there are exhaustive and interesting
reviews (e.g., polyphenols and ruminant reproduction [72], endometriosis [73], ovarian
failure [74], and pregnancy [75]). Several other reviews have studied the specifics of
isoflavones as phytoestrogens and their biological functions in depth [76-81]. However,
this is the first review describing the role of isoflavones in reproduction, paying special
attention to genistein in animals of veterinary interest. In this review, our current knowledge
on genistein’s effect on female and male reproduction will be summarized with a particular
emphasis on its mechanism of action.
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4. Genistein and Reproduction

The use of nutraceuticals such as polyphenols and especially flavonoids in the repro-
ductive field undoubtedly has utility in animals and humans [75,82].

The need to increase the reproductive efficiency of animals, avoiding the use of
synthetic compounds while increasing animal welfare, has placed these natural compounds
in the foreground as molecules to be added to animal feed thanks to their countless
beneficial effects [72]. Among the flavonoids, soy isoflavones, particularly genistein, are of
the greatest interest because of the widespread human and animal consumption of soy. In
fact, soy products are the most common dietary source of isoflavones [83].

In addition to being high in protein, soybeans provide therapeutic nutrition due to their
wide range of hormonal and non-hormonal properties. Possible health anticarcinogenic [84],
antiangiogenic [85], and antioxidative-preventing osteoporosis benefits [86] have raised
recent interest.

The actions of soy isoflavones are structurally related. They are nonsteroidal hetero-
cyclic phenols with structural similarities to estradiol 17 and selective estrogen receptor
modulators, and they exhibit significant estrogenic and anti-estrogenic activity. Among
the key phytochemicals in soybean, phytoestrogens, specifically the isoflavones genistein,
daidzein, and glycitein, have received the greatest attention.

According to a study on soy intake in various countries, the average daily soy intake
in Asian countries is nine times higher than in North American and European countries,
contributing to a better life expectancy on average [87].

In general, soy food has the highest quantities of genistein and daidzein and a wide
range of content. An interesting review by Jefferson (2010) [88] reports the content of
daidzen and genistein in some foods. Cereals containing soy, for example, contain 1040 mg
of daidzein and genistein/100 g. Meatless dishes have greater levels of phytoestrogens;
there is 64 mg of daidzein as well as 46 mg of genistein in meatless bacon pieces per 100 g.
Traditional Asian dishes such as miso have 16 mg daidzein and 23 mg genistein per 100 g.
Tofu milk contains 28 mg daidzein and 43 mg genistein per 100 g [88].

Although there is much evidence of the beneficial effect of flavonoids, there are also
studies stating that their use has controversial effects [89]. A recent review by Duda-Chodak
(2023) [90] highlights adverse health effects from the use of polyphenols and flavonoids
especially when used as supplements, also analyzing their potential mutagenic, genotoxic,
neoplastic effects and interference with hormonal, digestive, and drug interactions.

5. Genistein’s Effect on Females

Despite several studies, it remains unclear if genistein can be utilized alone or in
combination with other estrogenic compounds to modulate animal reproductive function
or in estrogen replacement treatment. In the following paragraphs, the main effects of
genistein as a phytoestrogen, in the ovary and during pregnancy, will be discussed.

5.1. Genistein as a Phytoestrogen

The term “phytoestrogenicity” refers to the estrogenic-like activity of some naturally
derived polyphenolic compounds, such as flavonoids, among which isoflavones and
particularly genistein are the most treated and known [91].

It remains unclear if genistein can be utilized alone or in combination with other estrogenic
compounds to modulate animal reproductive function or in estrogen replacement treatment.

Genistein (7,40-dihydroxy-6-methoxyisoflavone) is commonly found in cabbage, spinach,
apple, red wine, grapes, onions, tea, broccoli, strawberries, beans, and tomato [77]. In
animal feed, alfalfa (Medicago sativa), red clover (Trifolium pratense), white clover (Trifolium
repens), and soybean (Glycine max) are the most important plants rich in genistein and
isoflavones [92]. Moreover, genistein is the most abundant isoflavone in soybeans, account-
ing for 60% of their total isoflavones.

The effects of flavonoids as phytoestrogens are well known in animals and women. In
the latter, isoflavones and in particular genistein are used as a food supplement to relieve

107



Molecules 2023, 28, 7436

9 of 23

menopause symptoms [93]; in the latter cases, to avoid the undesirable effects of hormonal
therapies (the alteration of blood coagulation with thromboembolism, coronary alterations,
neoplasms (uterine, ovarian, and breast), and osteoporosis), soy-derived isoflavones are
commonly used as a hormone replacement therapy [94].

In some cases, the role of genistein has also been postulated to counteract hormone-
dependent cancer [84,95].

Genistein is generally perceived as a safe compound [96], but some authors recom-
mend caution when administering high doses of genistein to menopausal women not
exposed in their youth to this compound, due to the possible unknown and unpredictable
risk that phytoestrogen poses on the endometrium and mammary glands [97].

Genistein activates several molecular pathways to perform these estrogenic effects.
Pintova et al. [98] declare no adverse effects with genistein use. Despite this, experimental
research has raised concerns about possibly harmful polyphenol overconsumption, espe-
cially for pregnant animals and their embryos, infants, and newborns, which are the most
vulnerable populations in animal husbandry in this regard [99,100].

The potential of genistein as a phytoestrogen remains fairly unexplored. Several
studies have reported the biochemical pathways activated by genistein and the mode of
action of genistein in cell lines and animal models as well as its estrogen-like activity [77].

The molecules of genistein and its analogue daidzein resemble the structure of estra-
diol and many of the biological effects of isoflavonoids were initially attributed to their
interactions with estrogen receptors.

Similarly to other polyphenols [101], genistein is chemically similar to 17(3-estradiol,
and mimics the binding of estrogens to its receptors, exerting estrogenic effects on target
organs [102]. The aromatic structure of genistein contains aromatic structures able to act as
estradiol A and D rings (Figure 5) [103].

In 1998, Stahl [104] evidenced the estrogenic effect of genistein, zearalenone, and
coumestrol on estrogen-dependent pituitary tumor cells (Figure 8).

HO 0]

0]
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Figure 8. Genistein chemical structure. Genistein is characterized by aromatic structures that mimic
the A and D rings of estradiol.

Interestingly, genistein has a 20-fold greater affinity for ER} than ER«; this is of
particular relevance considering that the adverse effects of estrogen are due to its binding
to ERx and beneficial effect on ERB [98]. For this reason, it has been considered to be a
beneficial phytoestrogen [98].

It should be noted that genistein acts on various molecular pathways to emulate the
effects of estrogens.

Later, other molecular targets of isoflavonoids were discovered, including the follow-
ing: topoisomerase isoform I and II, protein tyrosine kinases (v-src, Mek-4, ABL, PKC, Syk,
EGFR, FGFR) directly affecting Syk kinase and anti-thrombin activity [105], ATP-binding
cassette (ABC) transporters [106], ion channels (CFTR) [107], glucose transporters (Glutl,
Glut4) [108,109], 5x-reductase, peroxisome proliferator-activated receptor-gamma (PPAR-
Y), mitogen-activated protein kinase A, protein histidine kinase [94], and most recently,
circRNA-miRNA [110]. In mouse hypothalamic GT1-7 neurons, the effect of a high dose of
genistein (20 uM) on GnRH release was investigated, and it showed a significant enhance-
ment in GnRH secretion by 122.4% in comparison to that of the control. According to the
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mechanistic investigation, genistein therapy may have an impact on GnRH secretion by
altering the function of kisspeptin receptors, SIRT1, PKCy, and MKRN3 in GT1-7 cells [111].

The authors confirm the role of genistein as a phytoestrogen and the aforementioned
studies recommend paying attention when administering it, especially in subjects treated
for the first time.

The epigenetic influence of genistein on gene expression should also be examined
as emerging evidence has shown that genistein has chemopreventive action against the
development of prostate and breast cancer [112].

More in detail, genistein exerts its effect using a regulatory-mediated mechanism of a
nuclear receptor that can affect both estrogen [113] and androgen receptors [114]. The oral
administration of genistein and estradiol affected the expression profiles of C-X-C motif
chemokine ligand 12 (CXCL-12) and early growth response factor-1 (EGR-1) at both the
gene and protein levels in rat ovarian cells [115].

Interestingly, higher doses of genistein (60 mg/kg) may improve ovarian function and
decrease aging by altering the expression levels of CXCL-12 and EGR-1 genes and proteins
in the ovary, with a synergistic impact between CXCL-12 and EGR-1 [115]. Analyzing
the role of genistein as a phytoestrogen during prenatal life and its potential epigenetic
effects, it is noteworthy that a differentiating tissue is more vulnerable to reprogramming
than a fully differentiated tissue [116]. The effect of neonatal genistein exposure on mouse
external genitalia development is a piece of evidence supporting this notion. Female mice
complete urethral formation during their first few days after birth, when urethral folds
emerging from urogenital sinus mesenchymal cells fuse. Female mice exposed to genistein
during their first five days of life fail to complete this urethral fold union, resulting in
hypospadias [117]. However, in male mice, genistein exposure during the same lifespan
did not affect urethral development [117].

Several studies have shown that genistein exposure during fetal development affects
DNA methylation patterns in female reproductive organs. Following neonatal diethyl-
stilbestrol (DES) or genistein exposure, several gene promoter areas were identified to have
variable methylation; one of these was Nsbpl (now termed Hmgn5), a protein that plays a
role in chromatin compaction. Following embryonic exposure to either DES or genistein,
the promoter region of this gene was hypomethylated later in life (6 months of age) de-
termining the abnormal over-expression of uterine Nsbp1 [118]. Moreover, other studies
published almost two decades ago showed that neonatal exposure to DES was correlated
with the hypomethylation of specific CpGs in the promoter region of the lactoferrin (Ltf)
gene. Ltf is ordinarily an estrogen-responsive gene in the uterus, but genistein-induced
hypomethylation has been associated with the abnormal expression of Ltf in the absence
of estrogen throughout one’s life, implying that the gene’s hormone responsiveness was
permanently altered [116].

Early-life xenoestrogen DES or phytoestrogen GEN exposure cause life-long repro-
gramming of the mouse uterine epigenome. An unbiased methylation profiling methodol-
ogy was used to identify certain genes that have not been previously recognized to have
relationships with the uterus [119]. These genes encode for proteins that perform a variety
of biological functions.

Nucleosomal binding protein 1 (Nsbp1), a nucleosome binding and transcriptional
activation element with a pivotal role in chromatin remodeling, was studied in depth as a
reprogrammable gene. The findings support the hypothesis that the expression of early-life
epigenetic reprogramming gene expression in the mouse uterus is dependent on adult
ovarian hormones and changes during an animal’s natural aging process [119].

H3 lysine 4 trimethylation (H3K27) methylation can also be influenced by genistein
exposure. The phytoestrogen genistein elevated the phosphorylation of the histone methyl-
transferase enhancer of zeste homolog 2 (EZH2) in neonatal rats and may have slightly
reduced global H3K27me3 in the uterine myometrium [120].
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Despite these promising results, further studies are necessary for a better under-
standing of the pathways correlated with both the phytoestrogen effect and epigenetic
modulatory activity of genistein.

5.2. Genistein and Ouvaries

Ovarian function is controlled by circulating hormones. At the hypothalamic level,
estrogens, especially in the case of spontaneous ovulation, stimulate the hypothalamus
to produce GnRH, which, in turn, is responsible for the release of luteinizing and follicle-
stimulating hormones by adenohypophysis, causing ovulation. Phytoestrogens can inter-
fere with this process, mimicking the action of endogenous estrogens.

Two strong pieces of evidence support the idea that an excess of phytoestrogens found
in a natural diet induces decreased ovarian activity. The first is a 1940s discovery that ewes
grazing in clover-rich areas in Australia had significant rates of infertility, spontaneous
abortions, and reproductive abnormalities [121]. It was later discovered that the clover had
large quantities of phytoestrogens [122]. A second example is a zoological population of
cheetahs. These animals were infertile while being fed a soy-based diet. This diet contained
high quantities of phytoestrogens and replacing it with a non-soy-based diet restored their
fertility [123]. These studies show that at high enough concentrations, phytoestrogens can
override natural estrogen levels. These phytoestrogens, including genistein, probably act
at the hypothalamic level, suppressing ovarian activity, as drugs such as the birth control
pill would.

Research published in 1998 about laboratory rodents shows the phytoestrogen-disrupting
activity of genistein. This investigation found that a specific lot of unpurified soy food
contained higher quantities of genistein and daidzein than ordinary batches, resulting in the
estrogenic stimulation of the uterus of ovariectomized rats [124]. This yet again illustrates
that phytoestrogen levels in the diet can be high enough to cause an estrogenic reaction.

A study on mice has shown that genistein has a negative impact on the developing fe-
male reproductive system. Mice who received genistein (0.5-50 mg/kg) subcutaneously on
days 1-5 of their lives had altered ovarian differentiation, resulting in follicles at 2 months
of age. Ovarian function and estrous cyclicity were likewise disturbed by neonatal genis-
tein exposure, with the severity increasing over time. In mice treated with genistein (0.5,
5, or 25 mg/kg), their fertility was reduced, and infertility was found at higher doses
(50 mg/kg). Neonatal genistein therapy also affected their mammary glands and behav-
ioral outcomes. Transgenerational effects were also seen; female offspring produced by
breeding genistein-treated females (25 mg/kg) to control males had higher multi-oocyte
follicles [125].

Endocrine disruptor exposure definitely affects ovarian differentiation, with the out-
come depending on the stage of ovarian development and exposure time. The number of
female germ cells that compose the “ovarian reserve” peaks during gestation and continues
to drop throughout the reproductive lifespan of female animals ([116]). The ovarian reserve
is now known to be generated during gestation through a complex interplay of homeobox
transcriptional factors, hormones, and genetic determinants; this process can be disturbed
by environmental influences via many processes.

After birth, a variety of compounds, such as diethylstilbestrol, bisphenol A, and
genistein can cause the depletion of ovarian follicle reserves because of a phytoestrogen
exposure effect [126].

Genistein not only has adverse effects on the ovary and its disorders. A recent review
by Nasimi Doost Azgomi (2022) summarized genistein’s effect on polycystic ovarian
syndrome (PCOS) [127]. According to the findings of the different studies reported in that
review [127], genistein supplementation may effectively reduce PCOS-related symptoms by
lowering insulin resistance and anthropometric indicators, improving ovarian morphology
and regulating reproductive hormones, and lowering oxidative stress and inflammation
by influencing biological pathways. Similar results were also found by Amanat et al.,
2021 [128].
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Luo et al., 2020 [129] analyzed the effect of genistein on oxidative stress-mediated
granulosa cell injury. They discovered that after being exposed to H2O;, genistein reduced
the elevated levels of intracellular reactive oxygen species (ROS) and malondialdehyde
(markers for oxidative stress) and restored the glutathione content, along with a simultane-
ous increase in cyclic adenosine monophosphate, whereas the addition of a protein kinase
A (PKA) inhibitor stopped these effects. In this study, the oxidative stress in granulosa cells
was protected by genistein via cCAMP-PKA signaling.

The effect of different concentrations of genistein on LH-stimulated progesterone
synthesis was tested in bovine granulosa cells. The higher genistein dosages (3700 and
3671 nmol/1) inhibited the LH-induced rise in progesterone production [130]. Similar re-
sults were obtained by Legault et al., 1999 [131] on the inhibition of progesterone production
in genistein-stimulated bovine granulosa cells.

In some in vitro studies, genistein was used as a protein tyrosine kinase inhibitor.

In bovine luteal cells, genistein inhibited the stimulatory effects of insulin and IGF-I on
thymidine incorporation [132]. Other findings in porcine oocytes show that IGF-I is at least
one of the follicular stimulators of oocyte nuclear maturation, and its action is most likely
not mediated by genistein-blocked tyrosine kinase-dependent intracellular pathways [133].

At 45 uM, genistein reduced the production of prolactin-stimulated progesterone
below the control level in theca cells and down to the control level in luteal cells [134].
Genistein blocked the resumption of PRL-inhibited meiosis in bovine denude oocytes [135].

Genistein has different dose- and species-dependent effects in different in vitro cell
systems [134].

As regards to IGF-I, genistein (0.001-1 ug/mL) was observed to boost IGF-I release in
cultured bovine and swine granulosa cells while decreasing its secretion in rabbit granulosa
cells (0.01-10 ug/mL) [136]. Regarding steroidogenesis, genistein increased progesterone
secretion in rabbit and bovine granulosa cells (0.01-10 pg/mL), estradiol production in
rabbit granulosa cells (1 microg/mL), and porcine ovarian follicles (10 pug/mL) [136].
Genistein (at 10 ug/mL) did not affect progesterone and PGF-2ax secretion in porcine
ovarian follicles. Genistein improves the cAMP production in bovine (0.001-1 pug/mL) and
rabbit (at 1 ug/mL) granulosa cells [136].

In cattle, oxytocin secretion from granulosa cells is dependent on estrogens, but the
nature of this process is unknown [137]. Phytoestrogens which have an affinity for the
estrogen receptor may promote oxytocin secretion from bovine ovarian cells. Genistein
stimulated oxytocin secretion from bovine granulosa and luteal cells in all stages of the
oestrous cycle and the expression of neurophysin-I/oxytocin mRNA (this neurophysin is
the precursor of oxytocin) in both types of cells [138]. As oxytocin is involved in many
regulatory systems within the ovary, an increase in ovarian oxytocin production evoked
by phytoestrogens throughout the estrous cycle may substantially impede reproductive
functions in cows [139]. As a result, excessive oxytocin secretion may affect both premature
luteolysis and the establishment of prolonged corpus lutea.

Ultimately, genistein exerts contrasting effects on ovarian function; at high doses,
genistein exerts an estrogenic and antisteroidogenic effect that often suppresses ovarian
activity. Beneficial effects of this isoflavone have been found in the treatment of PCOS.

5.3. Genistein and Pregnancy

Several scientists have described the beneficial effects of dietary/injection isoflavone
genistein [140-142].

However, it has to be mentioned that data on its positive effect have been controversial
and studies showing a completely negative effect can also be found.

Genistein (at 5 ug/mL) significantly accelerated the re-initiation and completion of
nuclear maturation in pig oocytes, as well as the preimplantation development of rabbit
zygotes [136].

The results of many studies show that polyphenols can affect the reproductive health of
females and males and the development of embryos [75]. Also, in mouse oocytes, genistein

111



Molecules 2023, 28, 7436

13 0f 23

led to a significant decrease in the rate of the following physiological processes: the rate
of oocyte maturation, in vitro fertilization, and embryonic development. Like other food
polyphenolic compounds that are part of the routine components of our diet, genistein can
affect the fetal epigenome, changing it. These processes may have delayed consequences as
they can be passed onto offspring through transgenerational epigenetic inheritance.

Amir et al. (2018) [143] investigated how the medium inclusion of isoflavones (genis-
tein, formononetin, and biochanin A) can affect the outcomes of sheep oocytes. At doses of
25 pg mL~!, genistein decreased the cleavage rate, blastocyst rate, and blastocyst efficiency
(blastocysts produced per 100 oocytes) [143]. The authors concluded that the presence of
isoflavones at a concentration of 25 g mL~! during IVM reduces cleavage and impairs
blastocyst hatching.

Padmini and co-authors (2016) [144] studied the ability of genistein to correct oxidative
stress and its effect on the placental trophoblast in the state of preeclampsia. In preeclampsia
of the placental trophoblast, a significant increase in stress was observed with a decrease in
the antioxidant status. At the same time, incubation with genistein significantly reduced
the level of oxidative stress. Padmini reports that supplements containing genistein can be
used as a mean for the prevention and treatment of preeclampsia [144].

A study in 1999 [145] shows that a background increase in estrogen levels may influ-
ence the subsequent risk of breast cancer in offspring. It was established that the exposure
of the mother to the subcutaneous administration of genistein can enhance mammary
tumorigenesis in her offspring, mimicking the effects of intrauterine exposure to estrogens.
In addition, there may be an increase in susceptibility to carcinogen-induced mammary
oncogenesis in rats exposed to genistein in the intrauterine period [145].

In 2016, Farmer [146] determined the impact of genistein when provided during late
pregnancy on sows and their piglets. Injecting sows with 440 mg/day of genistein in their
late gestation period increased insulin-like growth factor 1 (IGF1) concentrations in gilts
and carcass fat in neonatal piglets but had a minimal effect on the muscle development of
piglets at birth and on the performance of lactating sows and their litters.

To understand whether intrauterine exposure to genistein modulates postnatal respira-
tory allergies in middle age, a study was conducted. The use of genistein in the intrauterine
period (by gavage; 20 mg/kg body weight) had a protective effect on respiratory allergies
in male offspring [147].

The aim of Michikawa’s study (2019) [148] was to investigate the association between
isoflavone intake during early pregnancy and hypospadias. Considering that estrogen
promotes the differentiation of male external genitalia, the dietary intake of isoflavones may
be associated with hypospadias, as isoflavones have a similar structure to human estrogen.

Data were used from a nationwide cohort study that included women in early preg-
nancy. The odds ratio of hypospadias was assessed using a logistic regression model.
Michikawa and co-authors found that an increased risk of hypospadias in offspring was
associated with a low maternal intake of isoflavones (genistein) in early pregnancy [148].

Based on the data obtained by Balakrishnan et al. (2010) [149], genistein can cross
the placental barrier at ecologically significant levels. Placental metabolizing enzymes
conjugate a small fraction of genistein into the glucuronide/sulfate form. In this form,
according to the authors, genistein does not have an estrogenic effect.

Jarrell (2012) [150] remarks that women who consumed soy products had higher
amniotic fluid concentrations of daidzein and genistein in pregnancies with a female fetus.

In an article by Huang (2011) [151], the effect of genistein on Lipopolysaccharide
(LPS)-induced preterm birth was investigated. Their results showed that genistein can
enhance the negative effect of LPS on pregnant mice by altering hormonal regulation and
promoting preterm birth.

The aim of Zhang’s study (2015) [152] was to investigate the relationship between
early exposure to genistein and pup body weight and to evaluate the changes in female
reproductive health during puberty and adulthood after intrauterine exposure to genistein.
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Their high-performance liquid chromatography results showed a correlation between
maternal genistein intake and its concentration in the pups’ blood plasma.

Maternal dietary supplementation with genistein has been found to reduce body
weight in males and alter uterine histopathology in females [152].

In her studies (2007, 2010), Jefferson repeatedly described the negative effect of genis-
tein on fertility. For example, mice treated neonatally with a subcutaneous injection of
genistein (0.5-50 mg/kg) develop multiple oocyte follicles (MOFs). Females derived from
mothers treated with genistein at 25 mg/kg crossed with normal males have elevated
MOFs. The data obtained allowed scientists to assume that these negative effects can be
passed onto subsequent generations [125].

The opinion of Awobajo (2022) [153] is that the mechanism of impaired fetoplacental
growth, when genistein is included in the diet, can be partly explained by its interference
with placental growth factor signaling.

Patel (2017) [154] states that genistein, when administered in feed, significantly re-
duced the duration of pregnancy in mice compared to controls. In addition, genistein
reduced the litter size and increased the average pup weight.

Ultimately, the effects of genistein in pregnancy are controversial, as they depend on
the species examined, the method of administration, and the doses administered.

6. Genistein and Male Reproductive Function

Several studies have been performed to establish the role of genistein on the male
reproductive system. However, the results obtained are controversial and there is no
consensus among scientists about the beneficial effect of genistein on testicular function
and sperm quality [134-142]. This is likely due to its estrogenic effect, which actively affects
testosterone synthesis.

6.1. Genistein in Soy Formula and Testis Function

Soy derivatives represent an important food resource for animals and humans [137].
The effects on steroidogenesis and testicular function are still being studied [133,141].

In rats, Napier and colleagues studied the effects of high doses of genistein contained in
soy infant formulas on their testis function. The results obtained showed a reduction in the
production of anti-Miillerian hormone by Sertoli cells. It was also shown that the soy diet
stimulated the proliferation of Leydig cells during their development, while simultaneously
suppressing their steroidogenic ability in adulthood [155]. However, following this study,
in 2018, Applegate and colleagues published a meta-analysis based on a comprehensive
updated analysis of the results obtained using genistein on male reproductive function. In
this work, the authors evidenced that the consumption of soy products and their isoflavones
(genistein and daidzein) is associated with a lower risk of prostate carcinogenesis. These
data support the observations derived from in vitro and in vivo studies indicating that soy
isoflavones deeply inhibit the development and growth of this type of male cancer [156].

Following this study, Ronis et al. (2022) stated that neither soy formula nor genistein
had an estrogenic effect on neonatal pig testes. In particular, they showed that the use
of soy formula during neonatal development did not have a significant effect on testis
development. Moreover, other correlated studies did not determine any negative effect on
the testis function following the consumption of genistein or other phytoestrogens through
soy formulas during the postnatal period [157,158]. These findings were shared by several
experts in the United States who further confirmed that the consumption of soy formula
was a safe and cost-effective alternative to cow’s milk formula [159,160].

Further work is needed to clarify how soy-based genistein affects male reproductive
function and whether this is in a dose-dependent manner.

6.2. Genistein and Endocrine Disruptors in Testis Function

Isoflavones, such as Genistein, exert estrogenic activity in testicular cells by direct
activity on estrogen receptors (ERx and ER(3), although they have a lower affinity than estra-
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diol [161]. The assumption that these phytoestrogens regulate the synthesis of testosterone
is demonstrated by the high amount of testosterone in the serum of male mice deficient in
the ERx gene [162]. Leydig cells synthetize testosterone, which is the primary form of male
steroid hormones. In particular, the enzyme Cytochrome P45017A1 (CYP17A1) present in
Leydig cells catalyzes testosterone synthesis [163]. Benson and colleagues showed that the
deficiency of the ERa receptor, due to the deletion of the ERx gene (xERKO), was correlated
with increased testosterone biosynthesis. In the same study, the authors determined that the
amount of serum testosterone and the transcript levels of several steroidogenic enzymes,
such as CYP17A1, were significantly higher in adult xERKO mice compared with those
of wild-type mice [164]. These findings show that isoflavones can disrupt ERo receptors
determining testosterone synthesis disorder.

Several studies have demonstrated that genistein has an antioxidant effect [165-167].
In particular, Zhao and colleagues demonstrated that this phytoestrogen mitigates the
negative effects of phthalates, which are well-known endocrine disruptors. In this study,
the authors showed that low doses of mono-(2-ethylhexyl) phthalate (MEHP) caused
oxidative stress damage, inhibiting the development of the testis and the development of
Sertoli and Leydig cells during pregnancy. The administration of genistein to pregnant
females exposed to MEHP attenuated the negative impact of these endocrine disruptors
on fetal testicular development. This seemed to be exerted through genistein antioxidant
effects as indicated by assessments of testicular cell markers, the testosterone concentration,
the redox state of tissues, and a morphological analysis of the testicular parenchyma.
The authors postulated that the consumption of isoflavones diminished the fetal testes’
susceptibility to damage following exposure to phthalates [166].

In agreement with these results, Zhang and colleagues parallelly administrated di-
(2-ethylhexyl) phthalate (DEHP) and genistein at different doses to male prepubertal rats.
The results obtained showed that genistein partially mitigated the damage to the testicular
tissue caused by DEHP and increased the activity of testicular antioxidant enzymes as
shown by the testis weight, anogenital distance, and organ ratio. Once again, it was
demonstrated that genistein reduced the disruptive effects of endocrine factors correlated
with reproductive disorders [168].

In 2020, in rats, Walker and colleagues evaluated the exposure effects of 0.1 and
10 mg/kg/day of GEN and DEHP on testicular function during pregnancy and at birth.
Their results indicate that the combination of GEN and di(2-ethylhexyl) phthalate (DEHP),
at doses to which humans can be physiologically exposed, induced alterations in the
morphology of the testis. Moreover, a transcriptome analysis revealed that the expression
of several transcripts was altered exclusively by the mixtures than by the individual
compounds, suggesting simultaneous age-dependent and non-monotomic changes. In the
same study, the combination of GEN and DEHP increased the number of innate immune
cells, such as macrophages, indicating inflammatory responses that may contribute to
gonadal dysfunction [169]. Recently, the same authors examined the effect of genistein on
the germ cells of adult rats after prenatal exposure using doses typical of human diets. The
results of this study indicated that, in utero, low doses of genistein together with DEHP
exposure may disrupt the development of testicular cells, including Leydig cells [170].
Recently, in another study, acetaminophen (APAP) and genistein were used individually
or in combination to evaluate their effect on two in vitro models of immature Sertoli cells:
mouse Sertoli TM4 cells and postnatal day 8 (PNDS8) rat Sertoli cells.

The results obtained indicated that the exposure of both cell lines to APAP and GEN
alone and as mixtures dysregulated cell function and development. Moreover, a gene
expression analysis evidenced similar effects of APAP and GEN on critical genes and
biological functions, including on Cox-related genes.

In conclusion, these findings indicate a possible interaction between genistein and
endocrine disruptors. Therefore, in future studies, it is necessary to better understand the
reason underlying this phenomenon.
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6.3. Genistein and Sperm Quality

The beneficial effect of genistein on sperm quality is still being debated among scien-
tists, although several studies have been performed [171,172]. In a recent work by Yao et al.,
it was established that sperm treatment with genistein for 1 h at 27 °C reduced the sperm
DNA fragmentation of bull sperm, although the pronuclear formation rate after in vitro
fertilization (IVF) and sperm motility were reduced. This result could be interesting when
using sperm samples with greater sperm DNA fragmentation and when motility variables
are not as important as those for ICSI [173]. However, several studies have indicated a
clear negative effect of genistein on sperm quality due to, among others, alterations in the
ultrastructure of the testes with consequences on male fertility [174-177].

In another study on rabbits, the beneficial effect of genistein was observed only for
a brief period, whereas prolonged exposure to this phytoestrogen led to the alteration of
sperm quality. In this study, diets containing high concentrations of isoflavones or lignans
did not influence the reproductive performance of bucks. However, in the first period of
the feeding, the sperm number, motility, and functionality increased in the bucks fed a
diet containing phytoestrogen. However, after prolonged exposure, a reduction in sperm
concentration and increased sperm morphology were observed [178].

Recently, Caceres and colleagues examined the effects of prolonged exposure to
isoflavones on testicular function in adult male rats administrated mixtures with varying
levels of isoflavones (genistein and daidzein) for 5 months. The results obtained showed
that isoflavones induced alterations in the synthesis of androgens and estrogens, resulting
in decreased levels of circulating testicular androgens and increased levels of estrogen.
This, in turn, determined a decrease in the sperm quality, testicular weight, diameter of the
seminiferous tubules, and height of the germinal epithelium [174].

Overall, these findings clearly show that the beneficial effect of genistein is dependent
on the dose, the species, and the time of administration.

7. Conclusions

Genistein is a flavonoid with antioxidant, anti-inflammatory, and anti-neoplastic
properties. Different studies have found that genistein influences both female and male
reproduction.

Genistein is classified as a phytoestrogen in females, with a chemical structure compa-
rable to that of certain estrogens. As a result, it can bind to Erx and Erf receptors, with
a preference for the latter, regulating several pathway molecules such as the following:
topoisomerase isoform I and II, protein tyrosine kinases (v-src, Mek-4, ABL, PKC, Syk,
EGFR, FGFR), ABC, CFTR, Glutl, Glut4, 5x-reductase, PPAR-y, mitogen-activated protein
kinase A, protein histidine kinase, and most recently, circRNA-miRNA. Genistein may be
useful alone or in conjunction with other hormones due to its modest estrogenic activity. In
females, genistein has opposing effects on ovarian function; at high doses, genistein has
estrogenic and anti-steroidogenic activity, which frequently lowers ovarian activity. This
isoflavone has been reported to have beneficial effects on the treatment of PCOS. Finally,
the effects of genistein on pregnancy are debatable because they are dependent on the
species studied, the route of administration, and the amounts used.

In males, genistein appears to have an estrogenic stimulating action and interferes
with testis function by interacting with both natural and synthetic endocrine disruptors.
The effect of genistein on sperm quality varies based on the dose, the species, and the time
of administration.

Genistein has potentially adverse epigenetic effects in the female and male reproduc-
tive tract. However, further investigations are needed on this subject.

In conclusion, despite evidence indicating an impact of genistein on human and
animal reproduction, further studies are needed to consolidate our knowledge on the
characteristics of genistein and its role in mammalian reproductive function.
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ARTICLEINFO ABSTRACT

Keywords: Carotenoids are among the best-known pigments in nature, confer color to plants and animals, and are m1mly
Carotenoids derived from photosynthetic bacteria, fungi, algae, plants. M Is cannot synthesize car ids. C: id
Re‘f’m{ . source is only alimentary and after their assumption, they are mainly converted in retinal, retinol and retinoic
Re"fmfc G acid, collectively known also as pro-vitamins and vitamin A, which play an essential role in tissue growth and
Antioxidants 5 . 2 3 ; 3 2
M. regulate different aspects of the reproductive functions. However, their mechanisms of action and potential
Veterinary species therapeutic effects are still unclear. This review aims to clarify the role of carotenoids in the male and female
Folliculogenesis reproductive funcuons in species of veterinary interest. In female, carotenoids and their derivatives regulate not
Oogenesis only follicul and is but also id , they improve fertility by decreasing the
Steroidogenesis risk of embryonic mortality. In male, retinol and retinoic acids activate molecular pathways related to sper-
Fertility matogenesis. Deficiencies of these vitamins have been correlated with degeneration of testis parenchyma with
Embryo development consequent absence of the mature sperm. Carotenoids have also been considered anti-antioxidants as they
Spermatogenesis

ameliorate the effect of free radicals. The mechanisms of action seem to be exerted by activating Kit and Stra8
pathways in both female and male. In conclusion, carotenoids have potentially beneficial effects for ameliorating
ovarian and testes function.

1. Introduction

Carotenoids are fat-soluble substances (Maurya et al., 2021) and are
among the best-known pigments in nature, confer color to plants and
animals (Miyashita and Hosokawa, 2019). About 750 natural pigments
are known in this class; they are derived from photosynthetic bacteria,
fungi, algae, and plants (Wang, 2014).

1.1. Biochemical characteristics

The majority of carotenoids are characterized by a polyene structure

Abbreviations: all trans RA, T-RA,; cyclic ad ine-3',5'- hosph.

with eight isoprene units and a carbonaceous skeleton of 40 atoms
(Namitha and Negi, 2010) as shown in Fig. | (B-carotene as an example).
This skeleton may be characterized by cyclic end-groups and may be
complemented with oxygen-containing functional groups.

Carotenoids are hydrophobic molecules with very low water solu-
bility. Polar functional groups attached to the polyene chain can change
the polarity of carotenoids, which affects their localization in biological
membranes and their interactions with various molecules (Jomova and
Valko, 2013). Their chemical structure divides carotenoids into hydro-
carbons termed carotenes and oxygen derivatives of the hydrocarbons,
called xanthophyll (Maoka, 2020). Among the 50 kinds of carotenes

cAMP; cytochrome P450 Family 26 Subfamily B Member 1, CYP26B1; inducible nitric

oxide synthase, iNOS; KIT proto-oncogene, receptor tyrosine kinase, KIT; meiotic recombination protein, REC8; Nitrous Oxide, NO/NOS; phosphoinositide 3-kinase,
PI3K; mechanistic target of rapamycin, mTOR,; cellular retinoic acid-binding proteins, CRABPs, CRABPI; retinoic acid induced 14, RAI1 4; retinoic acid receptors, RAR
/ RARs / RARalpha / RARbeh / RARgamma / RXRbeta / RXR / RARg2; retinoic acid-stimulated receptor 6 and 8, STRA6, STRAS; retinol-binding protein, RBP;

per and specific basic helix-loop-helix 1, Sohlh1; synaptonemal Complex Protein 3, Scp3; glutathione peroxidase, GSH-Px; inhibitor of DNA
binding 4, Id4; nanos C2HC-type zinc finger 2 and 3, Nanos2, Nanos3; neurogenin-3, Ngn3; neurotrophic factor receptor, Gfral; peroxisome proliferator-activated

receptor alpha, PPARa; POU Class 5 Homeobox 1, Pou5f1; recombination protein, Rec8; zinc finger and BTB domain containing 16, Zbtb16.
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present in nature (Britton et al., 2004) the best known are a-carotene,
p-carotene, y-carotene (y-carotene), and lycopene (Figs. 1 and 2); these
latter contain only the original hydrocarbon chain with any functional
group (Saini et al., 2015).

1.2. Source, absorption, and metabolism

p-carotene (trans-1,18-bio-[2,6,6-trimethyl-cyclohex1-en-1-yl]-
3,7,12,16-  tetramethyloctadeca-1,3,5,7,9,11,13,15,17-nonaen) ~ is
considered as a precursor of vitamin A, belonging to the group of pro-
vitamins A, like a-carotene and p-cryptoxanthin (Stahl and Sies, 2005).

Mammals cannot synthesize carotenoids and obtain them from their
diet (Walter et al., 2010), for this reason, the main route of carotenoids
intake for humans and animals is alimentary. Carotenoids are present in
plant foods but various feed additives and dietary supplements con-
taining synthesized carotenoids are also widely used (Hodge and Taylor,
2022).

Currently, methods are known for the synthesis of carotenoids from
bacteria (Escherichia coli) (Dong et al., 2017), algae (Spirulina or
Arthrospira platensis) (Gutiérrez-Salmean et al., 2015), fungi (Blakeslea
trispora) (Bindea et al., 2018), plants (Daucus carota, Cucurbita spp.)
(Marcelino et al., 2020), as well as with the use of genetic engineering
techniques (Walter and Strack, 2011).

B-carotene is one of the most important sources of vitamin A, ac-
counting for at least 30% of the dietary vitamin A human intake, for
some populations it may represent the only provitamin resource (Weber
and Grune, 2012). B-carotene is abundant in fresh and quality forages;
however, it is lacking in hay and corn silage (Kamimura et al., 1991).

HiC_  ,CH,

CH,

(B - carotene)

CH,

. v

CHs
(- carotene)
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Cattle introduce vitamin A mainly as p-carotene from forages and as
supplemented retinol ester in formula feed.

Appreciable amounts of these molecules are destroyed in the rumen
(Weiss, 1998), therefore the prevalent amount of p-carotene and retinol
taken from the diet in this species comes from the intestine (Ikeda et al.,
2005).

Intestinal absorption and bioavailability of carotenoids is influenced
by different types of matrix such as lipids and fibers (Borel, 2003;
Mamatha and Baskaran, 2011; Pasquier et al., 1996; Tyssandier et al.,
2001). The active ingredients contained in spices also influence the
absorption and bioavailability of carotenoids. Recent findings showed
the influence of spices active principles on intestinal uptake, biocon-
version of retinol, and basolateral secretion of carotenoids at enterocyte
level using Caco-2 cells (Shilpa et al., 2021). Eicosapentanoic acid in-
hibits intestinal p-carotene absorption by down-regulation of scavenger
receptor class B, type I expression via peroxisome proliferator-activated
receptor alpha (PPARa) dependent mechanism (Mashurabad et al.,
2016).

Yuan etal. (2020) reported that more than 40% migrates through the
circulatory system into parenchymal organs, particularly liver and
ovaries.

The molecular structure of p-carotene determines its biological role:
it protects cell structures from the transformation caused by aggressive
factors such as toxins and oxidants (Gutiérrez-Salmean et al., 2015) and
from the altering effects of reactive oxygen species, contributing to
membranes’ integrity and functional stability (Aragona et al., 2021).

p-carotene in mammals is transformed into retinal and other forms,
such as retinol and retinoic acid (RA) (Fig. 3).

The retinol is esterified and transported to the liver where it is stored
(Chew et al., 1984). The biosynthetic steps leading to the biological
transformation of p-carotene consist in the retinol being oxidized to
retinaldehyde (constitutes the visual pigment rhodopsin) and subse-
quently in the synthesis of RA (Gottesman et al., 2001). RA is considered
the active form of retinol (Jiang et al., 2018).

Retinal is necessary for the functioning of the organs of vision while
retinol and RA provide tissue growth and regulate the reproductive
function (Sergeev et al., 2017).

As a result of a complex biochemical synthesis, retinol is transported

HiC_ ,CHs

CH,

(3,4-dihydro v, y carotene)

CH,
XN

CH,

HyC CH,

(lycopene)

Fig. 2. Characteristic end groups of carotenoids (names of carotenoids written in bracket are examples of carotenoids). From Namitha and Negi (2010).
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to the liver in the form of chylomicrons, binding with transthyretin and
retinol-binding protein (RBP) and constituting a three elements com-
plex. This complex is the main source of vitamin A that tissues need for
their functions (Gottesman et al., 2001). The main distinguishing feature
of p-carotene is its ability to accumulate into tissue depots. Further,
under the influence of enzymes in the liver and intestines, it turns into
vitamin A. This occurs only in the quantities necessary for the body at
each physiological stage. It is important to note that p-carotene does not
have the toxic effect characteristic of excess or overdose of vitamin A
(Klyuchnikov, 2007).

RA is a hormone-like compound. It regulates gene expression by
activating specific nuclear receptors (RARs), which are ligand-
controlled transcription factors. RA and its isoforms are believed to
interact with two separate subgroups of nuclear receptors, retinoic acid
receptors (RARalpha, RARbeta, RARgamma) and retinoid X receptors
(RXRalpha, RXRbeta, RXRgamma). They act as heterodimers with the
retinoid X receptor (RXR), constituting RAR-RXR heterodimers. The
formation of ligand-receptor complexes will either activate or repress
specific target genes by binding to specific response elements present in
the proximity of the promoter region (Mohan et al., 2002).

There are also non-classical receptors that mediate RA function,
namely the peroxisome proliferator-activated receptor beta/delta (Jiang
etal,, 2018).

In particular, RA regulates the expression of genes for several growth
factor receptors, including retinoic acid-stimulated receptor 6 (Stra6).
Stra6 is a high-affinity membrane receptor for RBP and mediates the
transport of vitamin A from the blood into cells (Eroglu and Harrison,
2013).

1.3. Effect on the reproductive system

Recently, several reviews described the biotransformation of carot-
enoids in animals (Abdelnour et al., 2019; Meza-Herrera et al., 2013)
and humans (Janwo et al., 2019; Li et al., 2019; Palini et al., 2014).
Hembken and Bremel (1981) highlighted the possible difference in the
carotenoid’s metabolism between ruminants and monogastric animals.
Another review (Damdimopoulou et al., 2019) summarized the current
knowledge about retinoids in folliculogenesis and steroidogenesis in

post-pubertal mammalian ovaries. D’Ambrosio et al. (2011) thoroughly
described the interaction of retinoids with enzymes and carrier proteins,
that determines the metabolism of retinoids. Bhardwaj et al. (2021)
described the role of natural antioxidant compounds in infertility
problems, with a chapter dedicated to carotenoids and vitamin A, as well
as how to use them safely. The role of retinoids in the endometrium are
described by Jiang et al. (2018).

Contrasting results exist on the p-carotene role on reproduction.
Some authors (Akordor et al., 1986; Hye et al., 2020; Oliveira et al.,
2015) reported the absence of effect on reproduction. Others, described
an increase of 13-cis retinoic acid, a teratogenic metabolite for the fetus,
following the administration in the mother of a 13-trans retinoic acid
excess, a f-carotene derivative (Goldberg, 2011). These results sug-
gested that the administration of these carotenoids, as a dietary sup-
plement, should be monitored, especially in the first trimester of
pregnancy (Goldberg, 2011). In contrast, many studies reported that
p-carotenes improve reproduction rates (De Bie et al., 2016). Other
studies demonstrated that the additional use of f-carotene decrease the
number of abortions in sows (Spiegler et al., 2012) and cows (Ascarelli
et al., 1985). In addition, there is evidence that the dietary adminis-
tration of p-carotene was able to reduce embryonic mortality in the
presence of vitamin A in gilts (Schweigert et al., 2002). p-carotene
improved fertility (Chen et al, 2021), stimulated estrus behavior
(Meza-Herrera et al., 2013) and decreased the service period (Gossen
and Hoedemaker, 2005), preserving the reserves of luteal retinol
necessary to carry out the luteal steroidogenic activity (Schweigert,
2003).

In the following sections we will summarize the information about
the effect of carotenoids, on mammals’ reproductive function. The role
of carotenoids in male and female reproductive processes in species of
veterinary interest will be discussed. In particular, the role of the most
relevant carotenoids will be discussed with respect to folliculogenesis,
follicular and luteal steroidogenesis, oocyte maturation, corpus luteum,
embryo and pregnancy for the female. Whereas, for the male, the impact
of carotenoids on spermatogenesis and their antioxidant role on sperm

quality and parameters will be discussed.
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1.4. Females

1.4.1. Folliculogenesis

Folliculogenesis is the development of follicles in the ovaries of the
female, from primordial to preovulatory. The early stages of folliculo-
genesis involve molecular mechanisms that target molecules such as the
mechanistic target of rapamycin (mTOR), phosphoinositide 3-kinase
(PI3K), and those of the mammalian Hippo signaling pathway (Ger-
shon and Dekel, 2020; Shah et al., 2018). The initial stages of folli-
culogenesis do not depend on gonadotropins. After the initial activation,
the synthesis of growth factors, activins and anti-Miillerian hormone
(AMH) begins in the follicles and can already act on them both locally
and through the hypothalamic-pituitary system. These components are
secreted by the ovarian granulosa cells. As the antral cavity forms,
follicular growth becomes increasingly dependent on gonadotropins.

Various studies proved that RA is involved in the processes of neuro-
humoral regulation of the human reproductive cycle (IKawai et al., 2016)
and that p-carotene supplementation reduced ovulation failure in bovine
repeat breeders (Khemarach et al., 2021). Ikeda et al. (2005) reported
that both p-carotene and retinol are present in bovine follicular fluid,
with a ratio directly correlated to blood concentration.

In contrast to vitamin A, p-carotene concentrations in plasma, corpus
luteum and follicular fluid were significantly correlated with each other
(Haliloglu et al., 2002) (Table 1).

Furthermore, these two forms of carotenoids would be trapped in the
follicle by their carrier proteins, thereby explaining the different con-
centrations found in the follicle (Brown et al., 2003; Schweigert and
Zucker, 1988). Moreover, retinol concentrations were higher in larger
follicles than in small ones, with an intense immunoreaction in
pre-antral follicles (Brown et al., 2003). In contrast, the intrafollicular
p-carotene concentration was negatively correlated with the follicle
diameter (Haliloglu et al., 2002).

In a study of Hidalgo et al. (2005), cows, receiving vitamin A in-
jections and showing normal vitamin A blood concentrations, developed
follicles containing high follicular fluid. This study suggested that the
follicle is able to incorporate vitamin A, 4 days after its administration.
The same authors stated that the volume of fluid collected is not influ-
enced by retinoid treatment (Hidalgo et al., 2005), as reported in pigs
(Whaley et al., 2000). In addition, p-carotene accumulated in the corpus
luteum (Haliloglu et al., 2002) can be considered as a retinol source in
the follicles (Bondi and Sclan, 1984).

Kawashima et al. (2012) stated that B-carotene is one of the

Table 1
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important nutritional factors for the resumption of reproductive fune-
tion after parturition in dairy cows.

In dairy cows, p-carotene has an immunomodulatory function and
decreases the incidence of mastitis (Chew et al., 1982) and placental
retention (Michal et al., 1994).

Moreover, the conversion rate of p-carotene to vitamin A in gran-
ulosa cells is enhanced by follicular growth, and intrafollicular con-
centration of vitamin A cormrelated positively with estradiol
concentration and follicle diameter (Schweigert and Zucker, 1988).

Lower energy supply and plasma levels of p-carotene in the peri-
partum influence the resumption of ovarian follicular activity after de-
livery in dairy cows, leading to the ovulatory activity block (Kawashima
et al., 2012).

In dairy cows, an increased administration of f-carotene in the close-
up dry state led to follicles ovulation in the first follicular wave
(Kawashima et al., 2012).

In contrast, despite p-carotene supplementation (p-carotene 1 g/d)
and its increased plasma concentrations in the pre-partum period, other
authors found no effects on the resumption of ovulatory activity in dairy
cows (Kaewlamun et al., 2011).

Fujihara et al. (2018) found that RA activated the growth of pri-
mordial follicles in cats during co-incubation with ovarian cell culture.
However, it did not affect ovarian viability. RA regulates the develop-
ment of the ovarian follicle, stimulates the proliferation of granulosa
cells (Demczuk et al., 2016).

The p-carotene addition to the diet of goats outside the reproductive
season (50 mg/goat/day, from April to May) promoted the active
development of follicles (Lopez-Flores et al., 2020).

Overall, the general consensus is that the role of f-carotene and its
derivatives appears to be positive with respect to follicular growth and
maturation.

1.5. Steroidogenesis

Pituitary gonadotropic hormones interact with follicular compo-
nents to stimulate follicle development and oogenesis. These hormones
act both in an autocrine and paracrine manner (ie., IGF-1 and 2)
(Lopez-Flores et al., 2020).

RA (10 '° M) and retinol (10 °M) synergistically enhanced the
function of follicle-stimulating hormone (FSH) in inducing luteinizing
hormone (LH) receptors (Bagavandoss and Midgley, 1988). In addition,
the combination of these molecules stimulated the formation of cyclic

Retinol and p-carotene concentration in plasma/serum, follicular fluid and corpus luteum of mammalian.N.D.: not determined.

Species  Plasma/Serum Follicular fluid Corpus luteum
Retinol beta-carotene Retinol beta-carotene Retinol beta-carotene
Cow 1.1t0 0.6 pg/ml 1to 16 pg/ml (Noziere etal,  0.25 pg/ml (De Bie 0.21 pg/ml (De Bie et al., 2016); 0.37 0.7 pg/g wet- 14.2 pg/g wet-
(Noziere et al., 2006, 2006, plasma) etal, 2016); 0.1 pg/ml  pg/ml (Chew etal., 1984); 0.41 pg/ml  weight (Chew weight (Chew
plasma) (Chew et al., 1984) (Haliloglu et al,, 2002) etal., 1984) et al., 1984)
Ewe 0.21 pg/ml (Aytekin 0.20 pg/ml (Aytekin and --- --- --- ---
and Aypak, 2011, Aypal, 2011, serum)
serum)
Goat 0.35 pg/ml (Yang ND. (Yang et al, 1992, . e e =
etal, 1992, plasma)  plasma; Mora et al., 2000,
30.84 pmol/l (Mora  plasma)
et al., 2000, plasma)
Mare  6.58 pg/ml (Alvarez  0.67 pg/ml (Alvarez et al., - _— . .
etal, 2015, plasma) 2015, plasma)
Gilt 0.34pg/ml (Anderson  N.D. (Brief and Chew, 1985,  0.18 pg/ml (Chew etal,  N.D. (Chew et al, 1984) 0.7 pg/g wet- 0.1 pg/g wet-
ctal., 1995, serum) serum); 0.03 j g/ml (Chew 1984) weight (Chew weight (Chew
et al., 1984, plasma) etal., 1984) et al., 1984)
Bitch 6-209 pg/dl (Pérez N.D. (Chew et al., 2000, S S - o
Alenza et al., 1998, serum)
serum)
Cat 0.21-0.96 pg/ml 0.011 pg/ml (Crissey et al., - - . -

(Crissey et al., 2003,

serum)

2003, serum)
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adenosine-3',5-monophosphate  (cAMP) and progesterone (Bag-
avandoss and Midgley, 1988).

However, at higher concentrations, both retinoids suppressed these
effects of FSH (Bagavandoss and Midgley, 1988). The endometrium se-
cretes the retinol binding protein (RBP) under the action of progesterone
(Trout et al., 1992). Moreover, in human ovarian surface epithelium-C2
cells, RA greatly increased 3f-hydroxysteroid dehydrogenase mRNA
levels (Papacleovoulou et al., 2008).

Vitamin A deficiency negatively affects steroidogenesis. The use of
retinoids increases the synthesis of progesterone in vitro by luteal cells in
cattle. A study on cattle luteal cells described that retinoids protect the
cytochrome P450, the enzyme involved in the transformation of
cholesterol, from free oxygen radicals damage (Brown et al., 2003).

p-carotene improved bovine luteal cells steroidogenesis when pre-
sent at low doses (0.1 pmol/l), whereas it was inhibitory at higher
concentrations (1 or 2 pmol/1) (Arikan and Rodway, 2000). Moreover, in
the same experiment, the encapsulation of p-carotene in cyclodextrin
was an efficacious method to provide this molecule to the cells (Arikan
and Rodway, 2000).

Cumulus cells contained endogenously active retinoid receptors and
participated to the RA synthesis using the precursor retinol. According
to Mohan et al. (2003), retinoids previously administered in vivo or in
vitro can have a receptor-mediated effect on cumulus-granulosa cells.

Carotene can inhibit the activation of the estrogen receptors, so
confirming its role in the neurohumoral regulation of the reproductive
cycle. In cattle orally supplemented with carotene, it was found that this
molecule increased the expression of genes involved both in the activity
of cellular gonadotropes and in the regulation of gonadotropin-releasing
hormone (GnRH) (Haliloglu et al., 2002).

Supplementation with different p-carotene doses (0.4, 2, or 10 mg) in
cats, during the 8 weeks prior to estrus, increased plasma progesterone
concentrations between day 6 and 10 after ovulation increasing until
day 14 in cats fed a diet with the maximum p-carotene dose (10 mg)
(Chew et al., 2001).
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In mares, synthetic p-carotene supplementation (1 g/d) for 15 days,
starting from parturition, enhanced steroidogenesis, leading to a better
resumption of cyclicity (Trombetta et al., 2010). In contrast, Watson
et al. (1996) showed that ponies did not absorb synthetic p-carotene,
with a consequent deficit of ovarian response.

The data summarized above indicate the p-carotene and its de-
rivatives exert a positive but dose-dependent role with respect to ovarian
steroidogenesis (Fig. 4).

1.6. Oocyte maturation

Various studies reported that vitamin A improved developmental
competence of oocytes in cow (Shaw et al., 1995), gilt (Whaley et al.,
2000), ewe (Eberhardt et al., 1999) and rabbit (Besenfelder et al., 1993,
1996), even if the latter is a species with physiologically high blood
levels of this carotenoid.

The oocyte is rich in vitamin A, through its cellular derivative RA
(Mohan etal., 2001). Indeed, transcripts of retinoid binding proteins and
other RA receptors have been described in bovine oocytes and embryos
from the early stages of their development (Mohan et al., 2002, 2003).
The presence of retinoid nuclear receptor mRNA indicates the existence
of a retinoid signaling mechanism in the oocyte (Fig. 5). The RA re-
ceptors alpha (RARa), beta (RARf), and g2 (RARg2) were
immune-evidenced in bovine blastocysts (Mohan et al., 2001, 2002),
demonstrating that transcripts are translated into proteins.

An active RA signaling pathway is fundamental for the onset of
oogenesis (Spiller et al., 2012; Teletin et al., 2017). RA is an essential
chemical involved in germ cell division, which can initiate meiosis in
two ways: the first is RA stimulation of the retinoic acid 8 (Stra8) factor
transeription (Damdimopoulou et al., 2019) (Fig. 5). Another possible
route of meiosis initiation is the activation by RA of the meiotic
recombination protein (Rec8) transeription, necessary for the replica-
tion of meiotic DNA and, thus, to the successful course of meiotic pro-
phase, (Damdimopoulou et al., 2019).
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A study (Nasiri et al., 2011) reported that RA increased the rate of
oocytes maturation in mice. A 2-4 uM of physiological RA form (all trans
RA) improved in vitro maturation and development rates of mouse
immature oocytes. However, despite these positive effect, the use of
higher doses (6-8 yM) significantly reduced the rate of development and
the quality of oocytes (Tahaei et al., 2011).

Saadeldin et al. (2019) studied the effect of trans-RA in dromedary
cumulus-oocyte complex on in vitro maturation. The dose of 20 pM
trans-RA significantly reduced the proportion of degenerated oocytes.
There was a significant improvement in the process of oocyte meiosis
and extrusion of the first polar body in comparison with both control and
experimental groups.

Vitamin A plays a unique role in the maturation of the oocyte cyto-
plasm, in fact, p-carotene can enhance cytoplasmic maturation due toits
antioxidant properties (Ikeda et al, 2005). RA also promoted the
maturation of the bovine oocytes cytoplasm due to its modulating effect
on genes expression for gonadotropin receptors, midkine,
cyclooxygenase-2, and nitric oxide synthase in cumulus-granulosa cells
(Ikeda et al., 2005). RA via the inhibition of RARa and inducible nitric
oxide synthase (iNOS) expression, activated the nitrous oxide system
(NO/NOS) in cumulus-granulosa cells affecting the cytoplasmic matu-
ration of bovine oocytes (Sirsjo et al., 2000) (Fig. 5). Moreover, RA
massively inhibited the expression of iNOS mRNA and NO production in
porcine immature oocytes (Hattori et al., 2002).

Dugque et al. (2002) evaluated the effect of 5 nmol/L RA on in vitro
pre-maturation and maturation of bovine oocyte-cumulus complexes.
Pre-maturation in the presence of RA improved the cytoplasmic
competence of in vitro matured bovine oocytes.

After in vitro fertilization and culture, the rate of bovine blastocyst
development and hatching was increased in samples matured in the
presence of 9-cis-RA (Deb et al., 2011). RA increased the developmental
capacity of the oocyte and positively influenced the development and
differentiation of the trophectoderm and the maturation of embryos in
vitro (Hidalgo et al., 2003).

In conclusion, the carotenoids exert a positive effect on oocyte
maturation, but this effect appears to be dose dependent.

1.7. Corpus luteum

The yellowish color of the corpus luteum has always been associated
with the high presence of p-carotene (Bruggemann and Niesar, 1957;
Kirsche et al., 1987) and represents a target of this molecule and its
derivatives (Schweigert and Zucker, 1988).

pathways involved in oogenesis.

In a study conducted in bovine corpora lutea at different stages of the
ovarian cycle the authors demonstrated that of p-carotene concentra-
tion, but not of retinol, increased with luteal development (Schweigert,
2003). This would be explained by the high metabolic activity of this
endocrine gland, in particular, of lipoproteins (lipoprotein
bound-cholesterol) involved in steroidogenesis which retain p-carotene
(Crociati et al., 2017).

Moreover, in cattle, the low concentrations of retinol observed dur-
ing active steroidogenesis of the corpus luteum suggested a significant
role for this molecule in the steroidogenic process. Schweigert et al.
(2003) asserted that the dietary p-carotene supplementation in cows
helps the corpus luteum to have sufficient retinol reserves to perform
steroidogenic activity.

High p-carotene concentration is found in the luteal tissue and
follicular fluid in cattle (Schweigert, 2003), therefore, p-carotene defi-
ciency negatively affected the sexual cycle: the follicular phase
(nymphomania) increased and the luteolysis processes was disrupted
(Yuan et al., 2020).

The intracellular luteal RA concentrations are mostly controlled by
cellular retinoic acid-binding proteins (CRABPs). Within the corpus
luteum, RBP and CRABPs were observed in large luteal cells, but only
RBP was observed in small luteal cells (Brown et al., 2003). In the pig,
the CRABPs presence was cycle stage-dependent, the luteal cells in
dioestrus expressed CRABP I (Schweigert and Siegling, 2001).

Carotenoid metabolites are found in the microsomal membrane and
in different subcellular fractions including nuclear, mitochondrial,
cytosolic, and floating lipid of the corpus luteum; in particular, retinal
and retinol were found in the corpus luteum of cows (O fallon and Chew,
1984). It is assumed that p-carotene in the corpus luteum tissues may be
in the form of a retinol depot (O fallon and Chew, 1984). Therefore, it is
metabolized during periods when the retinol necessary for the corpus
luteum activities is insufficient. In this context, it is interesting to
observe that progesterone synthesis was reduced in rats with vitamin A
deficiency (Hurley and Doane, 1989).

The levels of retinol, retinyl esters and p-carotene in bovine follicular
fluid and blood plasma were reported to be closely correlated (Hidalgo
et al., 2005); however, the correlation between bovine plasma and
corpus luteum was negligible, with the exception of retinol. This mole-
cule was closely correlated with plasma and follicular fluid in pigs, while
the correlation between plasma and corpus luteum retinol, retinyl esters
and p-carotene was negligible (Chew et al., 19384).

Arellano-Rodriguez et al. (2009) evaluated the effect of p-carotene
supplementation on luteal activity, in particular on goat progesterone
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synthesis. Feeding animals with 50 mg/d of p-carotene for 35 days
before and 17 days after ovulation, increased the synthesis and secretion
of progesterone by the luteal tissue.

Ultimately, carotenoids are important in luteal steroidogenesis and
in the correct succession of ovarian phases, including the luteal one. All
this is also evidenced by the typical yellowish color of the corpus luteum,
determined by the presence of carotenoids in this endocrine gland.

1.8. Embryos and pregnancy: beneficial effect and overdose

For several years, vitamin A has been associated to reproductive
organs function (Eskild and Hansson, 1994), embryos development and
pregnancy (De Souza Mesquita et al., 2021; Quadro et al., 2020; Quadro
and Spiegler, 2020; Trainor, 2022). The importance of this vitamin in
embryonic development is demonstrated by specific offspring malfor-
mations induced by the vitamin A deficiencies during gestation (Dra-
ghici et al., 2021; Gutierrez-Mazariegos et al., 2011).

Various studies showed the efficacy of p-carotene in increasing
pregnancy rates in dairy cow (Arechiga et al., 1998) and in reducing
retained placenta (Michal et al., 1994; Oliveira et al., 2015). Chew et al.
(1982) reported that f-carotene, has antioxidant effects, especially in the
ovaries and uterus of cows, enhances host defense mechanisms by
lymphocyte and phagocyte, and decreases mastitis. Some studies (Ozaki
etal., 2017; Vermot et al., 2000; Zheng et al., 2000) evidenced that RA is
involved in endometrial development and renewal, being important in
the cyclic change during the ovarian phases and also at the time of
blastocyst implantation.

As pregnancy progresses, uterine vitamin A concentrations decrease
and this was related to a supply of this vitamin by the placenta (Groo-
thuis et al., 2002; Schweigert et al., 1999) or to an increasing demand of
the vitamin A by the uterus and embryo (Maden, 1994).

In dairy cows, deficiency of vitamin A or its natural precursor,
p-carotene, resulted in reduced conception rates (Hurley and Doane,
1989). The major reproductive problems in dairy cows take place during
late gestation, as indicated by increased rates of abortion and retained
placenta and the birth of dead, weak, or blind calves (Hurley and Doane,
1989). Continuous feeding of p-carotene low rations reduced repro-
ductive efficiency and had deleterious effects on pituitary and ovarian
function (Hurley and Doane, 1989).

p-carotene injections in combination with tocopherol improved the
quality of embryos in Holstein cows with induced superovulation (Sales
et al., 2008). The addition of B-carotene to the diet increased the con-
centration of this molecule in plasma, colostrum, and milk of mares and
also in the plasma of their foals (IKuhl et al., 201 2). However, no positive
effect on female fertility was noted (Kuhl et al., 2012).

Pharmacological concentrations of RA lead to embryo toxicity, when
administered shortly after implantation (Huang et al., 2001; Piersma
etal., 2017).

In pigs, retinol and RBP, were abundantly produced by the uterus, so
there was a high presence of these molecules in the uterine fluid
(Schweigert et al., 1999). These studies evidenced a noteworthy role of
retinol and RBP on the early embryo trophism, as confirmed in the ewe
(Doré et al., 1994), and gilt (Schweigert et al., 1999).

In particular, the RBP synthesis was active in uterine glands and
uterine surface epithelium as demonstrated in different species: sows
(Adams et al., 1981; Hamey et al, 1994; Wang et al., 2012), baboon
(Fazleabas and Verhage, 1994), mares (McDowell et al., 1995), goat (Liu
et al., 1995), mouse (Ma et al., 2012), rat (Itoh et al., 2009), cow
(Costello et al., 2010; Mullen et al., 2012). The expression of the RBP is
hormonally regulated and ovarian cycle dependent. In fact, Schweigert
and Siegling (2001) described the localization of RBP, CRABPI, and
RXRP in the sow genital organs, during different stages of the estrous
cycle. In particular, the highest concentration of RBP and RXRp were
observed during estrus. In the endometrium and myometrium, RXRp
was present throughout the entire cycle. Its highest concentration was
recorded during diestrus, whereas RBP and CRABPI were found in
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endometrial cells only during diestrus. Moreover, CRABPI expression in
oviductal tissues appeared to depend on estrogen. In contrast, in the
uterus, RBP and CRABPI expression was influenced by progesterone
(Schweigert et al., 1999).

In the endometrium, gene expression for RBP was sensitive to small
fluctuations in progesterone concentration on the 7th day of the sexual
cycle. However, the authors did not find a significant correlation be-
tween progesterone concentration in the blood plasma and uterine fluid
and that of RBP on day 7 of the cycle (Costello et al., 2010).

Vitamin A deficiencies found in developing countries during preg-
nancy lead to alterations in embryogenesis (Hovdenak and Haram,
2012), however, overdose is often found in developed countries, causing
a teratogenic effect. Since 1954, Cohlan described the teratogenic effects
of an overdose of vitamin A during pregnancy in the rat (Cohlan, 1954).
The teratogenic effects of carotenoid intake were subsequently
confimmed in other animals and in humans (Geelen and Peters, 1979;
Rosa, 1987). Moreover, pharmacological concentrations of RA lead to
embryo toxicity, when administered shortly after implantation (Huang
et al., 2001; Piersma et al., 2017).

During pregnancy, it must not be exceeded the 5000 IU/day of
retinol supplementation to avoid the overdose effect (Duerbeck and
Dowling, 2012).

2. Male

2.1. Impact of carotenoids on male reproductive function and
spermatogenesis

Several studies reported that deficiencies of vitamins A, RA and
retinol have been correlated with degeneration of testis parenchyma and
spermatogonia with consequent loss of the reproductive function. In
bulls, p-carotene deficiency negatively affected sperm motility and
induced morphological alterations of the head and cytoplasmatic
droplet in middle piece, suggesting that these alterations were likely due
to retarded spermatogenesis and spermatic maturation disturbances in
the epididymis (Weiss et al., 1979). In another study on dairy bulls, low
vitamin A diet determined not only weight loss and vision alteration, but
also decreased the number of mature spermatozoa in the ejaculate as
well as testicular atrophy (Erb et al., 1947). Vitamin A deficiency caused
bad semen quality and consequent low fertility. However, as observed in
many studies, the loss of functional germ cells is reversible, suggesting
that vitamin A actively participates in molecular pathways controlling
spermatogenesis. The mechanism underlying this phenomenon has been
clarified in mouse. When male mice are knock-out to be deficient of
vitamin A, terminally differentiated germ cells are not present in the
seminiferous epithelium, where only type A spermatogonia and Sertoli
cells can be found (Hogarth and Griswold, 2010). Many studies have
shown that administration of RA into these knock-out male mouse
activate the molecular pathways controlling spermatogonial differenti-
ation to mature spermatozoa (Agrimson and Hogarth, 2016; Griswold
et al., 1989; Hogarth et al., 2015; Hogarth and Griswold, 2010; Van Pelt
and De Rooij, 1990).

2.1.1. Mechanism of action of Stra8 and Kit

The supplementation of RA to the culture of neonatal testes and
undifferentiated spermatogonia was correlated with higher expression
of Stra8 and receptor tyrosine kinase (Kit) transcripts (Pellegrini et al.,
2008; Zhou et al., 2008). These genes are established markers of
differentiating spermatogonia and are important in increasing the
number of cells containing nuclei reminiscent of leptotene and zygotene
spermatocytes (Pellegrini et al., 2008). Consistent with these results, in
another study, the injection of RA in newborn and adult mice induced
higher expression of Stra8 transcript (Snyder et al., 2010; Zhou et al.,
2008), once again demonstrating the activity of RA to control genes
related to spermatogenesis. Overall, these results support the theory that
RA is synthesized from retinol in situ and degraded or stored with
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specific enzymes in testes (Hogarth et al., 2015). In particular, the
concentration of RA seems to continuously change in the seminiferous
epithelium resulting in a cyclic content variation of these enzymes
(Sugimoto et al., 2012). RA level is relatively low in stages II-VI and
high from stage VII spermatogonia (Hogarth et al., 2015). Whereas, in
stages VII-VIII spermatogonia, RA level is high (Endo et al., 2015). The
high concentration seems to drive the progenitor-to-Al transition and
meiosis entry, simultaneously. In conclusion, it clearly appears that RA
regulates different stages of spermatogenesis and is involved not only in
spermatogonia differentiation but also in the regulation of progenitor
self-renewal of spermatogonia. Among the regulated genes, Kit (Koli
etal., 2017) and Stra8 (Raverdeau et al., 2012) (Fig. 6) are direct targets
of RA. To further support these findings, it has also been observed that
RA can inhibit Pou5fl (Okazawa et al,, 1991) and Ngn3 (Hao et al.,
2016) (Fig. 6) which are markers of spermatogonia progenitors. More-
over, RA administration in spermatogonia inhibited the expression of
Gfral, 1d4, Zbtb16, Nanos2, and Nanos3 (Hao et al., 2016; Koli et al.,
2017) (Fig. 6). Therefore, RA has the ability to simultaneously
down-regulate certain self-renewal and progenitor genes and
up-regulate several differentiating actors. However, further studies are
necessary to clarify the mechanisms of action.

2.1.2. Regulation of Retinoic Acid Induced 14 on spermatogenesis

The use of WIN 18,446 has helped explaining the mechanisms of RA
signaling in spermatogenesis. This molecule inhibits the conversion of
retinol to RA in the postnatal testis and in the embryonic gonad. This
makes WIN 18,446 an excellent factor to use to continue the research
into how RA regulates germ cell development in testes. Until now, RA
signaling has been controlled by inhibiting the receptors, using gene
knockout studies or receptor antagonists. However, these methods can
be only applied to a particular receptor expressed in a specific cell type
making difficult the elimination of functional redundancy that may
occur between receptors. Following the research on WIN 18,446,
another gene developmentally regulated by RA is Retinoic Acid Induced
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14 (RAI14). RAI14 was originally identified in human retinal pigment
epithelial cells (Kutty et al., 2001). However, in humans, RAI14 is also
expressed in placenta and testes (IKutty et al., 2006). RAI14 protein is
composed by six ankyrin repeats and a long coiled-coil domain which is
at the N-terminal region and at the C-terminus, respectively, which are
domains involved in protein-protein interactions ([{utty et al., 2006). In
rat testes, RAI14 is expressed in germinative epithelium, in both the
Sertoli and germ cells (Qian et al., 2013a). In the same study, it was also
demonstrated that RAI14 localizes at both the basal and the apical
ectoplasmic specialization, demonstrating that RAI1 regulates F-actin
organization at this level. These results were consistent with those of
another study, where the knock down of RAI14 in Sertoli cells in vitro
mediated by small interfering RNA in Sertoli altered cell junction
functionality as well as F-actin distribution (Qian et al, 2013a).
Furthermore, in the same study, it was demonstrated, that the inacti-
vation of Rail4 affected spermatid polarity, adhesion and spermatid
movement (Fig. 6), because of the disruption of the apical ectoplasmic
specialization (Qian et al., 2013b). Finally, RAI14 has also been found to
be predominantly expressed in mouse testis (Kutty et al., 2006). How-
ever, further work will be necessary to elucidate these findings as little is
still known about its RAI14 function during mouse spermatogenesis.

2.1.3. Involvement of Dmrt1 into the regulation of RA signaling pathway

Recently, the mechanisms underlying the role of RA signaling
pathway have been clarified in goat. In particular, the researchers dis-
cussed a possible role of Doublesex and mab-3 related transeription
factor 1 (Dmurtl) in the RA signaling pathway (Fig. 6). As discussed
earlier, Stra8 and RA are regulators of meiosis, which one of the prin-
cipal mechanisms characterizing spermatogenesis (Matson et al., 2010;
Raverdeau et al., 2012). While, in female fetal gonads, RA activates
transcription of Stra8 which allows the beginning of meiosis. In the fetal
male gonad, these mechanisms are inhibited by Cytochrome P450
Family 26 Subfamily B Member 1 (CYP26B1) (Feng et al., 2014).

Dnut] has two main functions: 1) it activates spermatogonia pro-
liferation and differentiation before meiosis initiation and promotes
expression of spermatogenesis and oogenesis-specific basic helix-
—loop-helix 1 (Sohlh1) (Matson and Zarkower, 2012); 2) it coordinates
mitosis and meiosis by repressing RA signaling and inhibiting Stra8
transeription (Matson et al., 2010). In male gonad of dairy goat, Dmrt]
expression was significantly higher than in other tissues (Wei et al.,
2018). Recent evidences have shown that RA inhibits Dmrt] expression
with negative impact on spermatogonia differentiation (Wang et al.,
2016). On the contrary, overexpression of Dmrt] in vitro was associated
with down-regulation of Stra8 and Synaptonemal Complex Protein 3
(Scp3) and enhancement of differentiation and proliferation of male
goat germ cells. Therefore, these results indicate that Dmurtl exhibits a
significant effect in spermatogenesis and maintenance of mammalian
spermatogonia (Wei et al., 2018).

2.1.4. Correlation of retinoic acid with gut-testis axis

Deficiency of RA could be also caused by altered diet and in partic-
ular there is a correlation between RA absorption and gut health. In
sheep, it has been proposed that the mechanisms of vitamin deficiency
could be due to a gut-testis axis alternations. Zhang et al. (2022) showed
that the use of induced excessive energy diet model altered spermato-
genesis. This seems to be dependent on reduced bile acid levels, which
further influenced RA absorption. Overall, these findings demonstrated
that modification of gut microbiota and alteration of RA metabolism
have potential as treatments for male infertility induced by
excessive-energy diet-induced metabolic syndrome (Zhang et al., 2022).

2.2. Antioxidant effect of carotenoids
Carotenoids are known to exert an antioxidant effect on testicular

cells thus ameliorating the impact of free radicals. In rat, p-carotene
decreased the negative effect of methotrexate induced testicular injury
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thanks to the anti-oxidant and anti-apoptotic effects (Vardi et al., 2009).
In another study, p-carotene ameliorated the effect of ethanol on hepatic
cells (Peng et al., 2010). This seemed to occur through the inhibition of
caspase-9 and caspase-3 expression which determined an apoptotic ef-
fect on the treated animals (Peng et al., 2010), once again showing a
potential role of p-carotene as anti-oxidant.

Amongst the beneficial effects, it has been observed that carotenoids
administration improves critical semen parameters including sperm
motility, membrane and DNA integrity since, in vivo, they protect
spermatozoa from reactive oxygen species (ROS) produced by leuko-
cytes, reduce cryodamage to spermatozoa, block premature sperm
maturation and provide an overall stimulation to the male gamete
(Bansal and Bilaspuri, 2011; Sheweita et al., 2005; Twigg et al., 1998).
Moreover, an increasing number of reports are emphasizing on the
beneficial antioxidant role of carotenoid on frozen semen (Bucalk et al.,
2015). This effect increases when carotenoids are used in combination
with other antioxidant compounds such as curcumin (Reddy and
Lokesh, 1994). Curcumin acts as antioxidant thanks to the phenolic
groups which eliminate oxygen-derived free radicals and superoxide
anions (Piper et al.,, 1998; Reddy and Lokesh, 1994). The action of
curcumin on markers of oxidative stress is correlated with its properties
able to determine the removal of reactive oxygen and nitrogen, metal
chelation, and regulation of numerous enzymes. In particular, curcumin
increases the activity of glutathione peroxidase (GSH-Px), catalase and
superoxide dismutase (SOD) enzymes that neutralize free radicals, it
inhibits enzymes (lipoxygenase, cyclooxygenase, xanthine oxidase) that
produce ROS (Lin et al., 2000; Piper et al., 1998) The use of curcumin
improved spermatogenic disorders induced by scrotal heat stress in mice
(Lin et al, 2015). In this study, co-treatment with p-carotene or curcu-
min led to repair activity, as indicated by the presence of many sper-
matogenic cells. In particular, the combined treatment with p-carotene
and curcumin resulted in recovery to almost normal testicular
morphology. Therefore, p-carotene and curcumin could be natural
protective candidates to protect against male infertility induced by
various environmental stressors.

However, although many studies have demonstrated the possible use
of carotenoids as antioxidants, further work is necessary to clarify their
mechanisms of action.

3. Conclusions

Carotenoids are a class of natural pigments synthetized by plants,
algae, and photosynthetic bacteria. Mammals are not able to synthetize
carotenoids and they have to take them from the diet. It is well-known
that carotenoids are important in regulating tissue growth and act in
promoting the reproductive function of female and male. In the present
work, we summarize the findings on the mechanisms of action of ca-
rotenoids and its derivates in controlling folliculogenesis and oogenesis
and have a steroidogenic function in the females. Carotenoids can be
potentially used alone or in combination with other hormones for its
moderate estrogenic effect. Whereas, in the males, carotenoids activate
the molecular pathways related to spermatogenesis. Several studies
have also shown that deficiency of these vitamins can alter the processes
of spermatogonia development and induce infertility with consequent
absence of mature spermatozoa. Carotenoids have an antioxidant effect
which seems to be exerted by ameliorating the activity of free radicals.
The mechanisms of action seem to be exerted by activating KIT and
STRAS pathways in both female and male.

Overall, in the present review, we show that carotenoids can be
potentially supplemented in the animal diet to favor the reproductive
function. However, although considerable research supports the positive
impact of carotenoids on animal reproduction, further studies are
necessary to consolidate the knowledge on the properties of carotenoids
and their role in the reproductive functions including the determination
of the beneficial dose which should not be exceeded to avoid a toxic
effect.
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ARTICLEINFO ABSTRACT

Keywords: Resistin (RETN), a recently discovered adipokine, is a cysteine-rich and secretory protein produced by adipo-
Ovine cytes. RETN has been detected in several tissues, including human and laboratory animals’ pancreas, wherein

Adiwki"_e‘. % impairs glucose tolerance and insulin (INS) action and causes INS resistance. This study aims to evaluate the
Pam:ramf inets: presence and expression of RETN in the pancreas of 15 adult female sheep reared on Apennine pastures, which
Immunohistochemistry 3 . L. B . 2 ad

Real-time PCR show a decrease in their nutritional value due to the drought stress linked to the increasing summer aridity. The
Adinial welfars sheep were divided into 3 groups according to the diet they were subjected to: maximum pasture flowering

(MxF) group, maximum pasture dryness (MxD) group, and experimental (Exp) group which received a feed
supplementation in addition to the MxD group feeding. I histochemistry and i fluorescence were
performed on formalin-fixed and paraffin-embedded sections of the pancreas to detect the RETN presence and to
evaluate the co-localization of RETN with both glucagon (GCG)- and INS-producing cells. In addition, the
expression of the three molecules was evaluated also in relation to different diets.

RETN was observed only in the endocrine pancreas, showing a wide distribution throughout the pancreatic
islets with few negative cells and the RETN producing cells colocalized with both « cells and B cells. No dif-
ferences in distribution and immunostaining intensity of RETN, GCG and INS were observed among the three
groups. Quantitative PCR showed the expression of RETN, GCG and INS in all tested samples. No significant
differences were observed for RETN and GCG among all three groups of sheep. Instead, a high statistically
significant expression of INS was detected in the MxF group with respect to the Exp and MxD groups.

These results highlight the localization of RETN in GCG- and INS-secreting cells involved in glucose homeo-
stasis suggesting a modulatory role for RETN. Furthermore, the RETN expression is not influenced by food
supplementation and thus is not affected by diet.

1. Introduction act on the gastric digestion’s products once they reach the duodenum

(Barone, 2014). The endocrine component has numerous small cell

The pancreas is a mixed gland composed of both exocrine and
endocrine parenchyma representing the two functional components of
the organ. The exocrine one, the most voluminous, is a compound acinar
gland whose adenomers synthesize and secrete pancreatic juice
including digestive enzymes such as lipase, amylase and trypsin which
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clusters, scattered among the acini, representing the pancreatic islets,
once referred to as islets of Langerhans. The islets are formed by solid,
anastomosed cellular cords, between which there is a rich capillary
network, and they are composed of small and multifaceted cells, called
insulocytes (Barone, 2014). Usually, the most abundant cell populations
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are the alpha () and beta (B) cells but the percentage and the position
within the islet can vary among species (Tsuchitani et al., 2016). In
ovine species, the « cells, the most voluminous, take up about 20 % of an
islet and they are localized in the islet periphery (Dellmann and Eurell,
2000; Mahesh et al., 2017; Al-Redah et al., 2021). They secrete glucagon
(GCG), which exerts a hyperglycemic effect by breaking down glycogen
in the liver and increasing blood glucose (Quesada et al., 2008; Dunning
and Gerich, 2007). The p cells are the most numerous, reaching up to 98
% and they are mostly in the islet center (Dellmann and Eurell, 2000;
Mahesh et al., 2017; Al-Redah et al., 2021). They secrete insulin (INS)
which has a hypoglycemic effect via the facilitation of glucose uptake by
skeletal muscle and adipocytes and inhibiting its release from the liver
(Marchetti et al., 2017; Bartolomeé, 2023). A third type of cell population
is the delta (8) cells, much fewer in number and associated with the
enterochromaffin cells of the digestive tract. They produce somatostatin,
which has an inhibitory action on both GCG and INS production
(Mahesh et al., 2017; Huising et al., 2018). A fourth type of cell popu-
lation is represented by a small portion of pancreatic polypeptide pro-
ducing cells (PP-cells) in sheep (Steiner et al., 2010). They secrete the
pancreatic polypeptide that reduces gastric emptying, regulates intes-
tinal motility, and inhibits the secretion of the exocrine pancreas
(Brereton et al., 2015). In addition, the pancreatic islet population is
characterized by other cell types, belonging to the gastro-entero-
pancreatic (GEP) system, that influence the behavior of the other
types just described (Sakata et al., 2019; Ehrhart et al., 1986).

It has been demonstrated that some adipokines, such as leptin,
apelin, adiponectin and nesfatin, take place in the regulation of glucose
homeostasis and pancreas’ physiology (Tuduii et al., 2009; Morioka
et al., 2007; Holland et al., 2011; Messaggio et al., 2017; Chaves-
Almagro et al., 2022; Strutt et al., 2021; Gatta et al., 2018). Recently,
the presence of another adipokine, the resistin (RETN), has been iden-
tified in human and rodent pancreas (Minn et al., 2003; Al-Salam et al,,
2011; Sassek et al., 2016). The RETN was first characterized in 2001 by
Steppan et al. in mice and described as a small circulating protein
expressed and secreted primarily by white adipose tissue (adipose-tis-
sue-specific secretory factor, ADSF) in proportion to the degree of
adipocyte differentiation and the amount of adipose tissue present in the
individual (Steppan et al., 2001; Filkova et al., 2009). In humans,
however, it remains unclear whether the main source of RETN secretion
is adipocytes, preadipocytes or macrophages (McTernan et al., 2006).
The physiology of the molecule is still very unclear, as well as the
identification of its receptor or intracellular signaling pathways (Park
and Ahima, 2013; Acquarone et al., 2019). Nevertheless, RETN was
initially described, and is still considered, as an important risk factor for
INS resistance and, in turn, leading to the development of type 2 dia-
betes mellitus (T2DM) (Steppan et al., 2001; Tripathi et al., 2020). Its
action has been identified in the development of a pro-inflammatory
state both “in vitro™ and “in vivo™, such as obesity, and in the develop-
ment of cardiovascular disease (Filkova et al., 2009). It has been re-
ported to play a role in the regulation of glucose metabolism since its
administration in healthy mice impairs glucose tolerance; the RETN
affects glycogen metabolism by inhibiting the INS action in the liver and
skeletal muscle in rats (Filkova et al., 2009; Yang et al., 2009; Adeghate,
2004).

Furthermore, the active role of RETN on the onset of INS resistance is
made consistent by the molecule localization and expression in the
pancreatic islets of humans and rodents, exclusively at the level of o and
P cells with a defined species-specific pancreatic distribution pattern (Al-
Salam et al., 2011; Sassek et al., 2016). In fact, following in vitro treat-
ment with this molecule, the INS release increased at lower glucose
concentration and decreased at higher glucose concentration (Adeghate,
2004; Minn et al., 2003). In a non-obese mouse model, it was observed
that an overexpression of RETN induced INS resistance in pancreatic
islets and impaired glucose-stimulated INS secretion (Nakata et al.,
2007). In INS resistance models, increased production of the molecule
has been observed at the level of the pancreatic islets (Minn et al., 2003).
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In addition, at different glucose concentration, it was observed that
RETN can modulate INS and GCG secretion from clonal « and p cell lines
and isolated islets in rats (Sassek et al., 2016).

In vitro studies have also shown that at “physiological” levels, as in
lean subjects, RETN acts as a B-cell growth factor on which it exerts an
anti-apoptotic and thus protective effect. However, when the concen-
tration of RETN increases sharply, as in the condition of obesity, the
proliferative and anti-apoptotic effects do not occur but rather are
replaced by an apoptotic effect against p-cells, as in cases of insulinoma,
probably leading to p-cell dysfunction (Brown et al., 2007). Elevated
levels of RETN have also been found in pancreatic islet cells in the
condition of acute pancreatitis, suggesting a role for the molecule in
regulating the degree of inflammation (Xue et al., 2015).

RETN belongs to the adipokine group whose secretion is regulated by
the distribution and quantity of adipose tissue which varies according to
animal nutritional status. Previous studies reported differences in the
expression of some adipokines in peripheral tissues and organs, such as
RETN in the uterus (Dall'Aglio et al., 2019) and apelin in both the
mammary gland (Mercati et al., 2018) and abomasum (Palmioli et al.,
2021) of sheep subject to different nutritional conditions. This suggests
that also the adipokine local expression may be affected by diet.

Based on the above information, this study aimed to investigate the
RETN presence and localization in the pancreas of sheep to point out a
possible pancreatic secretion of RETN in ovine species. In addition,
RETN expression was analyzed to detect variations related to diet.

2. Material and methods
2.1. Animal recruiting and sample collection

To conduct the study, a flock of 15 Comisana x Appenninica adult
female sheep were used (Mercati et al., 2018). Once their housing period
in the barn was over, the sheep were left to graze on the pasture feeding
on fresh forage until maximum pasture flowering (MxF). Until this
period, pasture has a high nutritional value due to its low fiber and high
content of proteins and fats (Scocco et al., 2018).

At this point, five subjects were slaughtered (MxF group) while, the
remaining sheep were divided into two homogeneous groups based on
age, reproductive performance, and body condition score (BCS) and left
on the pasture for the entire period between the MxF and the maximum
pasture dryness (MxD; Mercati et al., 201 8). With increasing dryness, the
pasture protein content decreases and the fiber content increases, some
of which, such as lignin, is indigestible, reducing the nutritional quality
of the plant species (Scocco et al., 2018). Each group consisted of 5
sheep: the MxD group continued to feed only on fresh forage, instead,
the experimental (Exp) group, also received a food supplementation of
600 g/day/head of barley and com (1:1), particularly enhancing the
protein intake (Palmioli et al., 2021). The composition of the feed sup-
plementation is described in Table §1 (Mercati et al., 2018).

The animals, intended for human consumption, were slaughtered at
the abattoir according to the Council Regulation (EC) No. 1099/2009 on
the protection of animals at the time of killing under law n.333/98
(Council Directive 93/119/EC of 22 December 1993) as specified by
Annex C of Section II. The experimental procedures were approved by
the Ministry of Health (no. of approval 95/ 2018-PR).

Specimens of the pancreas were collected from the left lobe of the
organs (Mahesh et al., 2017; Steiner et al., 2010) of all tested animals.
Pancreas specimens, about 1 cm? wide, intended for immunohisto-
chemical evaluation were fixed in 10 % formaldehyde in phosphate —
buffered saline (PBS) (pH 7.4) for 36 h at room temperature and then
processed using routine tissue processing techniques (formalin-fixed and
paraffin-embedded, FFPE). Pancreatic samples intended to be used for
investigating the gene expression were washed in an RNase free PBS
solution and then frozen at — 80 °C (Mercati et al., 2019).
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2.2. Immunohistochemistry

The collected pancreas samples of each group were treated as pre-
viously described (Dall’Aglio et al., 2021). The FFPE sections were
dewaxed in xylene and hydrated through a series of ethanol concen-
trations until distilled water. All specimens were cut into 5-um thick
serial sections and, at first stained with hematoxylin-eosin solution to
carry out a morphological evaluation and to exclude potential pathol-
ogies. For immunohistochemical investigation, sections were treated
with 3 % hydrogen peroxide solution for 10 min to block endogenous
peroxidase activity and microwaved for 3 cycles of 5 min at 750 W in
citrate buffer (pH 6.0) to expose the epitopes to the antibodies. The slices
were incubated with normal serum (Table 1) for 30 min to avoid non-
specific bindings. For the immunohistochemical reaction, sections
were incubated overnight (O.N.) with a monoclonal anti-RETN, poly-
clonal anti-GCG or polyclonal anti-INS antibodies (Table 1) and, on the
second day, they were treated with a biotin-conjugated antibody
(Table 1) for 30 min. The avidin-biotin complex solution (Vectastain
Elite ABC Kit, Vector Laboratories, Burlingame, CA, USA) was used to
detect the immunological binding sites, which were revealed with 3,3"-
diaminobenzidine (DAB) chromogen (DAB substrate kit, Vector Labo-
ratories, Burlingame, CA, USA). Sections were counterstained with
hematoxylin.

Sections were washed with PBS between every incubation step,
except after normal serum. Every step was performed at RT and the
slides were incubated in a humid chamber (H.C.). Negative control
sections were incubated with normal IgG (Table 1), omitting the primary
antibody. Sheep uterus sections were used as a positive control of the
reaction (Dall’Aglio et al., 2019).

A photomicroscope (Nikon Eclipse E800, Nikon Corp., Tokyo, Japan)
connected to a digital camera (Nikon Dxm 1200 digital camera) was
used to observe all sections. The staining intensity for RETN, GCG, and
INS was assessed in arbitrary units, as follows: absent (0), weak (1),
moderate (2), strong (3) and very strong (4) (Maranesi et al., 2020a).
Three separate observers conducted the staining evaluation, with each
observer assessing three randomly selected distinct islets on each tissue
section to determine the mean intensity values. Hence, RETN, GCG, INS
immunostaining intensity was examined in five individuals per group,
with the mean intensity derived from nine scored observations.

2.3. Double-label immunohistochemistry

Double-label immunoperoxidase localization of GCG with INS was
performed as previously described (Palmioli et al., 2021) to characterize

Table 1
Source and working dilutions of the antibodies used.

Antibody Host Sources Dilution

Monoclonal anti - Mouse 5¢-376336, Santa Cruz IHC1:100 IF
RETN Biotechnology, CA, USA 1:10

Monoclonal anti — Mouse 5c-8033, Santa Cruz IHC 1:800
INS Biotechnology, CA, USA

Polyclonal anti - Rabbit 20056, Immunostar, WI, USA IHC1:500 IF
INS 1:400

Polyclonal anti - Rabbit orb213971, SL, USA IHC1:200 IF
GCG 1:600

Anti-mouse Biotin Horse BA-2000-1.5, Vector 1:200
conjugated Laboratories, CA, USA

Anti-rabbit Biotin Goat BA-1000, Vector Laboratories, 1:200
conjugated CA, USA

Anti-mouse IgG Donkey  ab150105, Abcam, Cambridge,  1:1000
Alexa Fluor 488 CB2 0AX, UK

Anti-rabbit IgG Goat A-21428, Invitrogen, Thermo 1:1000
Alexa Fluor 555 Fisher Scientific, ORE, USA

Mouse IgG Mouse 1-2000-1, Vector Laboratories, 1:100

CA,USA
Rabbit IgG Rabbit 1-1000-5 Vector Laboratories, 1:100
CA,USA
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the histological distribution of « and p cells in the pancreatic islets of
sheep. After immunohistochemical detection of GCG cells, performed as
described in the 2.2 paragraph, sections were treated again with 3 %
hydrogen peroxide solution for 10 min and then incubated with avidin/
biotin blocking system reagents (Avidin/Biotin blocking kit, Vector
Laboratories, Burlingame, CA, USA) for a total time of 30 min to block
all the biotin binding sites. The sections were incubated with normal
serum for 30 min, incubated O.N. with a monoclonal anti-INS antibody
(Table 1) and the next day with a biotin conjugated antibody (Table 1)
for 30 min. After the incubation with avidin-biotin complex for 30 min,
the immunological binding sites were revealed with SG chromogen
(Vector SG substrate kit, Peroxidase, Vector Laboratories, Burlingame,
CA, USA).

2.4. Double-label immunofluorescence and colocalization analysis

Double-label localization of RETN with GCG or INS was performed in
the FFPE sections of the pancreas as previously described (Palmioli
et al., 2023) to identify the possible secretion of RETN from « and p cells.
After placing the slides at 60 °C for 2 h, the sections were treated with
xylol for 30 min and hydrated through a series of ethanol concentrations
until distilled water. The slices were incubated with an antigen retrieval
solution (Antigen Unmasking Solution, Tris-based, Vector Laboratories,
Burlingame, CA, USA) in a microwave, washed with acetone for 20 min
at —20° and incubated with NH4Cl for 30' R.T. All subsequent steps were
conducted in the H.C. The sections were permeabilized with triton so-
lution (Triton X-100, BioChemika, Sigma-Aldrich, Darmstadt, DE) for
10 min in H.C. and incubated with fish serum blocking solution (Fish
Serum Blocking Buffer, ThermoScientific, Rockford, USA) for 1 h 30
min. The sections were incubated with primary antibody O.N. and the
next day with a fluorescent secondary antibody for 1 h 30 min. Before
mounting the sections with DAPI solution (Fuoroshield with DAPI,
SIGMA, St. Louis, USA), the sections were washed with Sudan black
solution (Sudan Black B, Sigma-Aldrich, Darmstadt, DE) for 20 min.

To run each colocalization, a mouse monoclonal anti-RETN was used
respectively with a rabbit polyclonal anti-GCG and a rabbit polyclonal
anti-INS. Alexa Fluor 488 donkey anti-mouse and Alexa Fluor 555 goat
anti-rabbit were used as secondary antibodies (Table 1).

The sections were washed with PBS for 5 min after each incubation
step. Negative control sections were incubated with normal IgG, omit-
ting the primary antibodies. Sections were observed with a fluorescence
microscope (Olympus BX51 Fluorescence Microscope) and images were
acquired with Nikon DS-Qi2 microscope digital camera and NIS-
Elements D software (Nikon Europe B.V.). Colocalization analysis for
both RETN with GCG and RETN with INS was performed via the FIJI
version of ImageJ software (version 1.53 t; Schindelin et al., 2012) using
the JACoP plugin (Bolte and Cordelieres, 2006). An intensity threshold
(IT) was applied for each channel in every image to distinguish the
signal from the background and minimize noise and artifacts. The
following colocalization metrics were reported: Pearson’s correlation
coefficient (PC) represented by the “r”" value; Manders' coefficients
(MCs) using the above-mentioned ITs represented by M1 (fraction of the
519 nm wavelength [green channel — Alexa Fluor 488] overlapping the
565 nm wavelength [red channel — Alexa Fluor 555]) and M2 (fraction
of the 565 nm wavelength overlapping the 519 nm wavelength); Over-
lap coefficient (OC) represented by the “r”, “k1” and “k2" values.

2.5. RNA extraction and Real-Time PCR

The total RNA was extracted from the pancreas tissue of five sheep
for each experimental group as previously described (Maranesi et al.,
2020b). Genomic DNA contamination was prevented by treatment with
deoxyribonuclease as previously described (Zerani et al., 2012).

Five micrograms of total RNA obtained were reverse-transcribed in
20 pl of Superscript 11l Reverse transcriptase ¢DNA synthesis mix using
random hexamer according to the protocol provided by the

140



M. Maranesi et al.

manufacturer. Genomic DNA contamination was checked by developing
the PCR without reverse transcriptase. The multiplex RT-PCR amplifi-
cation was performed using 1.0 pl of cDNA as a template for RETN, INS,
GCG and p-Actin (ACTB) housekeeping primer (Table 2) (Mercati et al.,
2018). Cydling conditions consisted of a denaturing cycle at 94 °C for 1
min and 15 s, followed by 30 cycles at 94 °C for 15 s, 62 °C for 30 s and
72 °C for 45 s and a final extension cycle at 72 °C for 10 min. For each
PCR, a negative control without cDNA was included. The complete set of
cDNA samples (five pancreas for each experimental group) was pro-
cessed in a single PCR and each sample run in triplicate. The analysis of
the amplified product was carried out as reported elsewhere (Maranesi
et al., 2010; Maranesi et al., 2021).

Each sample was normalized to the geometric mean of one reference
gene, ACTB (Mercati et al., 2018).

2.6. Statistical analysis

The overall mean + standard deviation (SD) for RETN, GCG, and INS
immunostaining intensity in each diet group was computed based on the
mean intensity values obtained from individual assessments. To eval-
uate the statistical differences in mean immunostaining intensities
among individuals across distinct groups, a one-way analysis of variance
(ANOVA) test was employed. The essential assumptions required for this
parametric test were verified using Levene's test for homogeneity and
the Shapiro-Wilk test for normality.

Shapiro-Wilk test was used to check the normality of data of RETN,
GCG, INS and ACTB gene expressions, which were analyzed by the non-
parametric Kruskal-Wallis test followed by the Student-Newman Keulst
test.

3. Results
3.1. Immunohistochemical analysis

The immunohistochemical investigation revealed the presence of
RETN-positive cells in the pancreas of all three sheep groups. The
molecule signal was exclusively detected in the endocrine pancreas,
while both pancreatic acini and ducts were negative (Fig. 1).

The islands were irregularly distributed and had a highly variable
shape (Fig. 1a). RETN-positive cells exhibited a broad distribution
within the islets and only a few cells appeared negative (Fig. la-b).
Immunohistochemical staining was localized in the cytoplasm of
pancreatic islet cells (Fig. 1¢).

Immunoperoxidase colocalization between GCG and INS showed
that GCG-secreting cells were mainly found in the periphery while the
INS-secreting ones were mainly in the center of the islets (Fig. 2).

ANOVA tests performed to assess differences within RETN, GCG, INS
mean immunostaining intensities among different groups had no sig-
nificant results (p > 0.01) in all cases (Fig. 3; Table 3).

The intensity of immunostaining was sorted on a scale ranging from
0 (negative) to 4 (very strong). *Significantly different values were
considered at p < 0.01. The means + SD of RETN, GCG, and INS im-
munostaining intensity were calculated for 5 animals/group. The right
column represents results (F and p values) from the ANOVA tests per-
formed for each molecule immunostaining reaction among different
groups. RETN: Resistin; GCG: glucagon; INS: insulin.

Table 2
Primers for RETN, INS, GCG, and ACTB (used asinternal standard) for Real-Time
PCR quantification.

Gene Forward sequence Reverse sequence bp

RETN CCAGTCACTGTGCCCCATAG
GCG CTGCTCTGTTCCACCTCCTG
INS GAGAGCGCGGCTTCTTCTAC
ACTB CCTTAGCAACCATGCTGTGA

AGGAACATTGGCCTGGACTG 99

TGAAGGGAATGTTGCCAGCT 110
ACTGCTCCACGATGCCAC 138
AAGCTGGTGCAGGTAGAGGA 130
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Double-label immunofluorescence localization between RETN and
GCG showed that all a cells secrete RETN while some of the RETN-
positive cells were not colocalizing. The colocalizing cells were more
abundant in the periphery of pancreatic islets (Fig. 4).

Double-label immunofluorescence localization between RETN and
INS revealed that all B cells secrete RETN while some of the RETN-
positive cells were not colocalizing. The colocalizing cells were more
abundant in the center of pancreatic islets (Fig. 5).

No positive signal was detected in the control sections of all samples
where the primary antibodies were omitted.

Colocalization analysis for RETN with GCG using ITs of 24 (green
channel, i.e. RETN) and 16 (red channel, i.e. GCG) resulted in r = 0.791
(PC), M1 = 0.111 (MC), M2 = 0.202 (MC), r = 0.96 with k1 = 0.693 and
k2 = 1.329 (0Q).

The same analysis for RETN with INS using ITs of 23 (green channel,
i.e. RETN) and 21 (red channel, i.e. INS) resulted in r = 0.746 (PC), M1
= 0.121 (MC), M2 = 0.388 (MC), r = 0.841 with k1 = 0.672 and k2 =
1.051 (OQC).

3.2. Real-Time PCR analysis

The Real-Time PCR analysis reported the expression of RETN, GCG
and INS in the ovine pancreas of all tested sheep.

For both RETN and GCG analyzed genes there was no significant
variation (P > 0.01) in the transcript levels among the groups fed with
different diets. On the other hand, INS expression was significantly
higher in MxF vs Exp and MxD while no significant differences were
evidenced between Exp and MxD (Fig. 6).

4. Discussion

The RETN has initially been considered a link among obesity, INS
resistance and T2DM (Nieva-Vazquez et al., 2014). However, further
investigations have changed this view, as they show a broad tissue
distribution of the molecule and, therefore, its diverse action and
physiological properties, such as in the pancreas (Adeghate, 2004). To
date, the molecule has been mainly studied in humans and lab animals
and little information is present about RETN in Ruminants, especially in
ovine species (Dall'Aglio et al., 2019; Reverchon et al., 2014; Zhang
et al., 2021). This research represents the first study aimed at describing
the RETN localization and mRNA expression in the pancreas of sheep.
The animals used for the evaluation were grazing on semi-natural
pasture and fed with different diets (Mercati et al., 2018).

The obtained results highlighted the molecule presence in the ovine
pancreas, exclusively in the endocrine component of the organ. In sheep,
the islets had a very heterogeneous morphology and appeared round,
oval, or mostly irregular in shape, occurring randomly within the
exocrine portion and in the interlobular connective tissue. The RETN
positivity was observed throughout most of the islet cells even if some
cells were negative. The observed wide distribution of RETN in
pancreatic islets of sheep leads us to suppose the prevalent secretion of
this molecule from GCG- and INS-secreting cells, as already assumed in
other studies reporting the molecule localization only in « cells of lab
animals and in p cells of human (Al-Salam et al., 2011; Sassek et al.,
2016). Alpha and p cells turn out to be the most abundant cell pop-
ulations in the pancreatic islets, from humans, rats, to Ruminants
(Brissova et al., 2005; Tsuchitani et al., 2016; Mahesh et al., 2017). The
immunoperoxidase colocalization confirmed the prevalence of these cell
populations and evidenced the distribution of « cells in the periphery
and p ones toward the center of the islets as already described in sheep
and goat (Dellmann and Eurell, 2000; Mahesh et al., 2017; Al-Redah
et al., 2021). A similar pattern has been observed in the bovine, dog,
and human (Mahesh et al., 2017; Brissova et al., 2005; Hafez et al.,
2015). In contrast, an inverse pattern was observed in the horse and
Indian donkey, wherein the o cells were located towards the center,
while the B cells were situated towards the periphery, showing
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Fig. 1. RETN immunolocalization in pancreas. Pancreatic islets positive to RETN (arrows) are spread in the exocrine parenchyma where no signal detection can be
observed (a). RETN shows a wide distribution within the islets in both the center and periphery of pancreatic islets; few cells are negative (asterisks) (b; c). Arrow

points to a negative pancreatic duct (c).

Fig. 2. Double-label i hi h
islet: positivity of INS (dark blue) and GCG (dark brown), respectively, in the
center (asterisks) and periphery (arrows) of pancreatic islets.

istry of INS with GCG in pancreatic

interspecific variability (Mahesh et al., 2017).

The presence of RETN in both o and p cells, in ovine, was supported
by colocalization analysis performed on RETN with GCG and INS
double-label immunofluorescence results. An overlapping of all GCG
and INS positive cells with RETN positive ones with the same distribu-
tion pattern outlined above was shown. Additionally, the MCs empha-
sized that a larger fraction of the signal from either GCG or INS overlaps
with the RETN signal and not vice versa. These results point out the
secretion of RETN from « and p cells.

Interestingly, the secretion of RETN in sheep by pancreatic endocrine
cells is different from in rats and humans where the molecule is secreted
by o or p cells, respectively, highlighting a species-specific pancreatic
pattern of RETN secretion (Al-Salam et al., 2011; Xue et al., 2015; Sassek
et al, 2016). § cells, PP-cells and the gastro-entero-pancreatic (GEP)
system secreting cells were not evaluated in this work. These cells
represent a minor component of the endocrine islets (Mahesh et al.,
2017); they could represent the negative cells observed in the immu-
nohistochemical analysis, but it cannot be excluded RETN secretion by
these cell types. Further investigations are needed to clarify this question
in sheep.

The RETN receptor has not yet been identified; however, it is known
that adipokines perform their function not only at the systemic level, but
also at the local level through an autocrine and paracrine mechanism of
action (Lago et al., 2007). The molecule detection at the source of both

GCG and INS points out the RETN secretion by the investigated endo-
crine cell populations. This suggests that the RETN in sheep may play a
modulatory role, likely in autocrine mode, in islet biology as hypothe-
sized by other authors in humans and rats (Al-Salam et al., 2011; Sassek
etal., 2016), the latter role could also reflect on glucose homeostasis. To
date it is not possible to evaluate the RETN receptor since not yet clearly
identified (Park and Ahima, 2013; Acquarone et al., 2019), hence we are
not able to define the molecule action on a specific cell type. However, in
this condition, a possible paracrine action toward other negative cells
cannot be ruled out.

In normal-weight subjects with physiological RETN levels, the
molecule plays a protective role against f cells by exerting an anti-
apoptotic effect. This effect disappears in obese subjects in whom
RETN levels increase significantly and an apoptotic effect of RETN on p
cells is observed impairing their functions (Brown et al., 2007). The
sheep in our trial are “normal weight™ subjects. Although not aware of
the serological levels of RETN since they have not yet been tested, one
could likely speculate an anti-apoptotic effect of the molecule on INS-
secreting cells and, thus, a protective effect even in this animal model
under study.

It has already been reported the variation of adipokines expression,
such as RETN in the uterus and apelin in both mammary gland and
abomasum of sheep under study, in relation to different nutritional
conditions (Dall’Aglio et al., 2019; Mereati et al., 2018; Palmioli et al.,
2021). Accordingly, the RETN was analyzed in the same studied sheep to
highlight variations related to feeding in the pancreas. Data obtained by
quantitative PCR showed the expression of RETN and the other mole-
cules tested in the ovine pancreas. Both RETN and GCG analyzed genes
did not vary significantly (P > 0.01) in the transcript levels among the
treatment groups. Regarding dietary supplementation, the molecular
investigation findings showed that RETN expression does not vary with
feed integration and is therefore not influenced by this diet. The RETN
behavior also resembles the leptin system behaviour previously
observed in the sheep abomasum of the same trial (Palmioli et al., 2023),
where no statistical differences in leptin system expression were detec-
ted. Probably expression of RETN in the pancreas is not sensitive to the
diet administered. Other concentrations of the integration may be tested
otherwise it can be hypothesized that the molecule may have a primary
role in an inflammatory state that may arise in the individual (Filkova
et al., 2009).

Finally, as the different pattern of INS expression observed indicates,
it is important to consider that the sheep of this trial were in the dry
period in which the MxF mammary gland parenchyma showed a
morphological framework characteristic of the early involution
following glandular activity during lactation (Mercati et al., 2018). The
Ruminant mammary epithelial cells do not regress as quickly as found in
rats after weaning (Tatarczuch et al,, 1997) and the gland keeps its ac-
tivity during the first dry period (Holst et al., 1987; Sordillo et al., 1988).
One of the primary roles of INS is to facilitate glucose entry into INS-
dependent tissues, including mammary glands. Recent in vivo studies
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Fig. 3. Immunostaining for RETN (a, b, ¢), CGC (d, e, f) and INS (g, h, i) in the pancreatic islets of the MxF (a, d, g), Exp (b, e, h) and MxD sheep group (c, f, i).

demonstrated that INS stimulates lipid synthesis in mammary tissue and
takes place in the milk protein synthesis at multiple levels, including
transcriptional regulation, stabilization of milk protein mRNA, and
translation of milk protein mRNA, from rats to Ruminants through its

Table 3
Intensity of RETN, GCG, INS immunostaining in MxF, Exp, and MxD groups
expressed as mean + SD.

My Exp Mxb AROVA normal signaling pathway in the lactating gland to maintain milk syn-
Mean  SD Mean  SD Mean  SD F & p Values thesis (Cohick, 2016; Neville and Picciano, 1997; Schmidt, 1966).
RETN  2.644 0547 2556 0515 2511 0482  0.087: 0.917 Therefore, INS exerts a relevant role in maintaining milk secretion in the
GCG 3533  0.372 3.244 0493 3333 0283 0.711;0.511 lactating animal (Neville et al., 2013). So, it can be hypothesized that the
INS 3.867 0122  3.467 0346 3533 0595  1.409;0.282 high expression of INS shown by the MxF group is due to the stimulatory

effect of the molecule on milk fat synthesis, since the mammary gland

Fig. 4. Immunofluorescence staining of RETN and GCG in pancreatic islets: a) RETN (green), b) GCG (red), c) Merged (RETN, green; GCG, red; DAPI, blue).
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Fig. 5. Immunofluorescence staining of RETN and INS in pancreas: a) RETN (green), b) INS (red), c) Merged (RETN, green; INS, red; DAPI, blue).
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Fig. 6. Relative gene expression of RETN (a), GCG (b) and INS (c) in the pancreas of MxF, Exp and MxD sheep groups. The results are expressed as mean mRNA levels

*-Act
2

values (P < 0.01).

maintains synthetic and secretory activity during the early non-lactating
phase.

5. Conclusion

This study, representing the first investigation aimed at evaluating
RETN in the sheep pancreas, demonstrated the presence of RETN
highlighting its specific localization. The RETN production and expres-
sion in ovine o and P cells of the pancreatic islets were observed, sug-
gesting that this protein may play a role in islet cell functionality that,
likely, reflects on glucose homeostasis in sheep. Expression of the
molecule does not appear to be affected by diet and feed supplementa-
tion administered in this study, differently from previous investigations
performed in the uterus and highlighting a different role of the mole-
cules according to tissues. This study may contribute to further general
knowledge about adipokines in sheep as an animal model in relation to
food integration.
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CONCLUSIONS

Our long-term work has been devoted to studying aspects that will allow a
new understanding of the physiological processes controlling ovulation in both
induced and spontaneously ovulating species.

In Chapter 1, we provide a detailed analysis of the differential gene and
protein expression of NGF and its cognate receptors, NTRK1 and p75NTR, in
the reproductive organs of rams. Autocrine and paracrine signaling mechanisms
characterize NGF immunoendocrine communication in the rams' sex organs. The
NGF signal is characterized as autocrine due to the cell's ability to synthesize
NGF mRNA, NGF protein, and NGF receptors, enabling self-regulation.
Paracrine NGF communication occurs when one cell synthesizes NGF protein,
which then exports and binds to the NGF receptors on adjacent cells. Our research
confirms that sex ram tissues synthesize mRNA of NGF as well as NTRK1 and
P75NTR receptors. This research confirms the extensive expression of the
NGF/cognate receptor system across various cell types in the sex organs of rams.
This expression indicates that NGF plays a role in spermatogenesis and testicular
development. This study demonstrated that this system is present in all
reproductive tissues of the genital tract, thereby confirming NGF's role in ram
reproduction. Sheep are short-day breeders, experiencing an anestrus that aligns
with elevated seminal plasma NGF levels (Goodman, 2015; Rahmanifar and
Tabandeh, 2012). This observation suggests that NGF may play a role in
inhibiting male reproductive activity during the female anestrus period.

Our research (Chapter 2) demonstrated that gene expression of NGF and
its receptors in grey squirrels’ testicles at various stages of sexual maturity
showed an elevation in NGF transcripts during puberty. The
Immunohistochemical investigation revealed the presence of NGF in Leydig cells
across all testicular morphotypes, with immunostaining intensity much higher in
pubertal stage compared to immature and mature stages. The effect of NGF was
consistently mediated through the interaction with p75NTR or NTRK1. The
existence of p75NTR and NTRKZ1 receptors in the testicular parenchyma suggests
a paracrine and/or autocrine mechanism of action for NGF in testes. In vitro
investigations conducted on several cell lines demonstrated that NGF functions
as an autocrine/paracrine factor between somatic cells and spermatogenic cells
(Perrard et al., 2007). The NGF receptor was identified in the testes of the
Umbrian grey squirrel, exhibiting heightened immunostaining intensity in the
Sertoli cells of both the pubertal and mature morphotypes, although no positive
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was reported in the immature morphotype. The data indicates that the NGF
molecule can influence immature testes through NTRKZ1, which is located in the
Leydig cells during this phase. The testicular activity of the NGF system had a
positive connection with plasma NGF levels, which varied significantly across
distinct reproductive phases, being elevated in pubertal squirrels. The noted rise
in NGF expression throughout puberty corresponds with structural alterations in
the seminiferous tubules, indicating a regulatory role of NGF in testicular
maturation. These findings emphasize the significance of NGF in squirrel
reproductive biology and indicate the necessity for additional research to
comprehensively clarify its processes and effects in this and other species.

In addition to NGF, cytokines found in seminal plasma can stimulate the
female reproductive system, promoting ovulation and improving reproductive
outcomes (Schjenken and Robertson, 2014). This aspect was better discussed in
Chapter 4, where our study shows that IL1B and its receptor IL1R1 are found in
the testis, prostate, seminal vesicles, and seminal plasma of male rabbits. The
presence of these molecules at both gene and protein levels suggests that IL1B
plays a role in controlling reproduction. The rabbit uterus expresses IL1B and its
receptors IL1R1 and co-receptor IL1R3, where IL1B enhances the inflammatory
response and promotes prostaglandin synthesis via COX activity. Our findings
indicate that IL1B directly influences the secretion of uterine NGF, whereas NGF
does not impact IL1B production. This implies that seminal plasma mediators
like IL1B may trigger the production of NGF.

In Chapter 3 we analyzed gene and protein expressions, as well as the
localization of ADIPORL in the reproductive tissues of adult male rams. It has
been shown that ADIPOR1 is expressed in the epithelium of the seminiferous
tubules of rams. This protein helps control spermatogenesis, which has also been
described in rodents (Caminos et al., 2008). We identified ADIPOR1 transcripts
in the testes, epididymis, vas deferens, bulbourethral glands, seminal vesicles,
and prostate. The prostate showed an elevated expression level of ADIPOR1
MRNA.

Future investigations into reproductive functions governed by the
ADIPOQ/ADIPOQR1 system will enhance our comprehension of the
physiological mechanisms connecting adipose tissue with mammalian
reproductive processes, particularly regarding how altered energy status can
precipitate reproductive pathologies in humans and animals.

A significant part of my publishing work has been devoted to writing
reviews on the effects of diets and plant-based substances on mammalian
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reproduction (Chapters 5, 6). Genistein is a flavonoid possessing antioxidant,
anti-inflammatory, and anti-neoplastic characteristics (Haslam, 2007). Various
studies have demonstrated that genistein affects reproduction in both females and
males (Patel et al, 2017; Silvestre et al, 2015). Genistein is categorized as a
phytoestrogen, possessing a chemical structure analogous to certain estrogens.
Genistein may be beneficial independently or in combination with hormones
owing to its moderate estrogenic properties. In females, genistein exerts
contradictory effects on ovarian function; at elevated doses, it demonstrates
estrogenic and anti-steroidogenic properties, often resulting in diminished
ovarian activity. The effects of genistein on pregnancy are contentious, as they
vary according to the species examined, the method of administration, and the
dosages employed. In males, genistein exhibits estrogenic stimulation and
disrupts testicular function. Genistein may have detrimental epigenetic
consequences on both the female and male reproductive systems (Chapter 5).
In conclusion, although evidence suggests that genistein affects human and
animal reproduction, additional research is required to enhance our understanding
of genistein's properties and its involvement in mammalian reproductive
processes.

Chapter 6 summarizes the data on carotenoids and their derivatives'
mechanisms of action in regulating folliculogenesis and oogenesis, as well as
their steroidogenic role in females. Carotenoids may be utilized independently or
in conjunction with other compounds. In males, carotenoids stimulate the
molecular processes associated with spermatogenesis (Agrimson and Hogarth,
2016). Our analysis suggests that animal diets can effectively supply carotenoids
to enhance reproductive function. Despite substantial research affirming the
advantageous effects of carotenoids on animal reproduction, additional studies
are required to solidify the understanding of carotenoids' properties and their
involvement in reproductive functions, including the identification of a beneficial
dosage that must not be surpassed to prevent toxicity.

In Chapter 7 we described the first research to assess resistin in the ovine
pancreas, confirmed the presence of resistin and emphasized its unique
localization. The production and expression of resistin in ovine o and 3 cells of
the pancreatic islets were found, indicating that this protein may influence islet
cell functioning, which likely impacts glucose homeostasis in sheep. Diet and
feed supplements do not appear to influence the molecule's expression, unlike
previous uterine examinations (Dall’Aglio et al., 2019), suggesting that the
molecules play different roles depending on the tissue type. This study may
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improve the general understanding of adipokines in sheep as an animal model for
dietary research.

In conclusion, the data obtained in these studies will provide new insights
into the physiological processes that control ovulation in both induced and
spontaneous ovulator species. In particular, they describe which components,
together with their corresponding receptors, in addition to the NGF/receptor
system, play a role in the induction of ovulation, and how they interact. The
obtained data will help researchers in the future to more effectively regulate
male/female fertility, which is important in veterinary medicine, regardless of
whether ovulation is induced or spontaneous.
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ADIPOQ

ADIPOR1

ADIPOR?
CL
COX
FSH
GnRH
IL1
ILLA/
ILLB/B
IL1IR1
IL1IR3
IL6

LH
MAPK
NF-kB
NGF
NGFR
NTRK1
OIF

pP75NTR
TNF
TrkA

LIST OF ABBREVIATIONS

Adiponectin

Adiponectin receptorl

Adiponectin receptor2

Corpus luteum

Cyclooxygenase

Follicle-stimulating hormone
Gonadotropin-releasing hormone
Interleukin-1

Interleukin-1 A

Interleukin-1 B

Interleukin-1 receptor type 1
Interleukin-1 receptor accessory protein
Interleukin-6

Luteinizing hormone
Mitogen-activated protein kinases
Nuclear factor-kappa B

Nerve growth factor

Nerve growth factor receptor
Neurotrophic receptor tyrosine kinase 1
Ovulation-inducing factor

p75 neurotrophin receptor
Tumor necrosis factor
Tropomyosin receptor kinase A
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