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The prokineticin system (PROK) consists of the prokineticin 1 (PROK1) and prokineticin 2 (PROK2) proteins.
Through the activation of two G-protein receptors (PROKR1 and PROKR2) regulate a wide range of biological
functions, including gastrointestinal motility, circadian rhythm regulation, neurogenesis, angiogenesis, pain
perception, and mood regulation. Recently, new evidence confirms and extends the knowledge on the role of the

PROK2 system in the male reproductive system, opening new scenarios in the field of male infertility

male infertility PROK system PROK2

| 1. Prokineticin System

The prokineticin (PROK) system consists of the prokineticin 1 (PROK1) and prokineticin 2 (PROK2) proteins,
identified as the mammalian homologs of two amphibious proteins, the intestinal toxin mamba (MIT-1) and Bv8,
respectively. PROKSs regulate a wide range of biological functions through the activation of two G-protein receptors:
PROKR1 and PROKR2 W2, PROK signaling has been involved in several physiological functions, including
gastrointestinal motility B4l thus accounting for their family name “prokineticins”, circadian rhythm regulation €
[ neurogenesis B8 angiogenesis LALLL2 pain perception 1218 mood regulation 14181161 pysregulation of
PROK signaling has been observed in different pathological conditions, such as cancer, ischemia, and

neurodegeneration, in which PROK system seems to be a promising therapeutic target (see Figure 1).
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Figure 1. PROKs schematic representation in the male reproductive system. PROK1 is mainly expressed in
steroidogenic organs, particularly in the Leydig cells. PROK2 is primarily expressed in the central nervous system,
which influences the olfactory bulb development and GnRH neural migration, and in non-steroidogenic cells of the
testes. PROK2 expression is limited to the seminiferous tubules in the primary spermatocytes. In the testes, both

receptors (PROKR1 and PROKRZ2) are expressed in endothelial cells in the interstitial tissue.

Among the numerous biological functions modulated by the PROK system, the role of the development and
maturation of the reproductive organs in humans is particularly significant. In general, PROK ligands are
considered angiogenic and mitogenic/survival factors, involved in the high rate of endothelial cell turnover and also
in the testis 4. PROK1 is predominantly expressed in steroidogenic organs (ovary, testis, adrenal cortex,
placenta), and it has been described to have regulatory properties on the gonads 819201 |5 males, PROK1 is
abundantly expressed in the testes during embryonal testicular development. Finally, in adult men, PROK1 is

expressed in Leydig cells (102),

From the anatomical point of view, PROK2 is predominantly expressed in the central nervous system and non-
steroidogenic cells of the testes [, Concerning human reproduction, PROK2 plays a major role in olfactory bulb
development and GnRH neural migration. In both humans and mice, PROK2 expression is restricted to the
seminiferous tubules in the primary spermatocytes [21l. In the testes, both receptors are expressed on endothelial

cells in the interstitial tissue [17],

2. Prokineticin 2 in Male Reproduction: Physiology and
Pathology
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2.1. Pre-Clinical Studies
2.1.1. Varicocele

The potential role of PROK2 in experimental varicocele-induced rat testes has been suggested by Tu et al., and
demonstrated a significantly increased expression of PROK2 mRNA in the testis compared to the control group.
This work was born by evidence of the involvement of PROK2 in endothelial proliferation and in angiogenesis, both
processes particularly critical in the testis. The researchers demonstrated that the PROK2 system is involved in the
hypoxia-induced testicular injury, hypothesizing, on the one hand, a protective role of PROK2, inducing endothelial
proliferation, probably in an attempt to protect germ cells from apoptosis. On the other hand, as a chemokine,

PROK?2 supported a pro-inflammatory environment, favoring male infertility in the experimental model 22!,

A more recent study evaluated the mechanisms affecting spermatogenesis in the presence of varicocele. The
researchers revealed that the varicocele-induced oxidative stress increased the expression of the PROK2, leading
to apoptosis of spermatocytes. The same researchers demonstrated that in vitro spermatocyte-derived cell line
cultured in the presence of H,O,, to mimic the oxidative stress state of varicocele, overexpressed both PROK2
mMRNA and protein, confirming the modulation of the PROK2 system in this oxidative stress-associated pathological
condition [23],

Based on these previous studies, a recent experimental work evaluated the mechanism underlying the positive
effect of lycopene, a natural extract with antioxidative and anti-inflammatory properties, on hypoxia-induced
testicular injury in rats. It was found that lycopene inhibited the PROK2 expression, and consequently the secretion
function and spermatogenic function recovered in the testis 241,

2.1.2. Orchitis

It has been proven that the pathogenesis of orchitis mainly includes inflammatory cytokine imbalance, oxidative
stress, apoptosis, and the PROK2 pathway. In lipopolysaccharide-induced acute orchitis, administration of
methane, an interesting formulation with beneficial properties 23, decreased pro-inflammatory mediators, and
over-expressed the anti-inflammatory interleukin IL-10 in the rat testes 281, In particular, it was found that methane
significantly prolonged rat survival, improved the testis condition, alleviated lipopolysaccharide-induced histological
changes, and reduced apoptotic cells in the testes 28, Furthermore, methane significantly increased superoxide
dismutase, decreased malondialdehyde, and reduced testicular expression of PROK2 and PROKR1. Therefore,
methane exerts therapeutic effects on acute orchitis and might be a new and convenient strategy for the treatment
of inflammation-related testicular diseases. 28, Indeed, methane, the simplest organic compound, was deemed to
have little physiological action for decades. However, recently, many basic studies have discovered that methane

has several important biological effects that can protect cells and organs from inflammation, oxidant, and apoptosis
[25],

Recently, the NLRP3 (NLR family pyrin domain containing 3), the molecular sensor of the NLRP3 inflammasome,

has been identified in mouse, human and non-human primates (marmoset and rhesus macaque) testes. Sertoli
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cells of all species expressed NLRP3, and the expression preceded puberty. In addition, peritubular cells of the
adult human testes expressed NLRP3. NLRP3 and associated genes (PYCARD, CASP1, IL1B) were also found in
isolated human testicular peritubular cells and the mouse Sertoli cell line TM4. Due to the involvement of
inflammatory events in male infertility, by using a mouse model of male infertility, a group of researchers identified
NLRP3 as a novel player in testicular immune regulation because of its expression in the somatic cells of the testis
involved in testicular immune surveillance 24, Activation of the NLRP3 inflammasome in orchitis promotes the
secretion and maturation of IL-13 and, thus, decreases male fertility. Su and co-workers developed a
uropathogenic Escherichia coli (UPEC) rat orchitis model, through which they investigated the NLRP3 inflammatory
pathway proteins in testicular macrophages, and in particular, the expression of CaSR (calcium-sensing receptor),
responsible for the NLRP3 activation. Interestingly, the researchers found that UPEC infection induced large
amounts of PROK2 secreted into the cytoplasm to stimulate the activation of CaSR and activate the NLRP3
inflammasome by increasing the level of calcium ions in the cytoplasm of macrophages. This research puts on
evidence a regulatory role of the PROK2 in promoting the NLRP3 pathway (28],

In summary, the most recent pre-clinical studies related to the varicocele and orchitis models disclosed an

overexpression of PROK2, a potential new anti-inflammatory therapeutic target for male infertility (see Figure 2).
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Figure 2. Schematic representation of recent advance on the role of the PROK2 system in male infertility from pre-
clinical and clinical studies.

2.2. Clinical Studies

2.2.1. Hypogonadotropic Hypogonadism

As previously said, HH is a disease caused by insufficient stimulation by the luteinizing hormone (LH) and follicle-
stimulating hormone (FSH) of otherwise normal functioning gonads. HH can be congenital or acquired, isolated or
combined with other secretory defects of the pituitary hormones. The isolated HH can be associated with a normal
or altered sense of smell, identifying, respectively, the normosmic HH (nHH) or the Kallmann syndrome. The
clinical picture related to HH varies according to the age of onset and can be associated with extra-reproductive
clinical manifestations. Kallmann syndrome was originally thought to be caused by mutations in a specific gene

located on the X chromosome, KAL1, but it was soon discovered that this genetic defect was present in a minority
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of patients 29, Therefore, since the causal event of HH was missing, the classification of “idiopathic” HH (IHH) was
used. The observation of family cases with variable modes of inheritance (X-linked or autosomal
dominant/recessive) indicated that IHH has a strong genetic component at its base, albeit heterogeneous. In the
last decade, contributions from cellular and animal models, together with genetic studies on affected patients, have
made it possible to discover new genetic determinants of IHH (both nIHH and Kallmann syndrome) and to better
understand their pathophysiology. To date, the identified genes are involved in the development/migration or
activation of secreting GnRH neurons, in the synthesis/secretion of GnRH, or in the mediation of the action of

GnRH at the pituitary level.

2.2.2. Klinefelter Syndrome

Klinefelter syndrome refers to a group of male chromosomal diseases linked to the presence of at least one
supernumerary X chromosome compared to the normal male karyotype 46, XY. Although they are often considered
as a single nosological entity, this condition should be differentiated from higher-grade aneuploidies (HGAS), in
which there is more than one additional X or Y chromosome, which have different clinical, hormonal and metabolic

manifestations BJ.

Klinefelter syndrome is the most frequent genetic form of male hypogonadism. Klinefelter syndrome symptoms are
highly variable and can include late or incomplete puberty, testicular atrophy and low production of testosterone,
poor development of facial and body hair, gynecomastia, infertility or reduced fertility, and muscle weakness.
Klinefelter patients may also be characterized by other important clinical aspects, including a tendency to develop
visceral obesity, dyslipidemia, hypertension, and diabetes mellitus, and hence metabolic syndrome, increasing the
cardiovascular risk 1. In some cases, albeit rarely, there are also delays in language development and reading
difficulties (dyslexia). Concerning the last point, researchers' recent study conducted in adolescents affected by
Klinefelter syndrome showed reduced brain-derived neurotrophic factor/BDNF serum levels, associated with a
decrease in inflammatory markers, disclosing a disrupted immune system and neurotrophins pathways in this

pathological condition (2],
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