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Preface

This book includes recent findings on androgen actions and the endocrinology field. The
chapters include information in physiological and pathological conditions such as altera-
tions in testosterone production by Leydig cells, prostate cancer, and metabolic disorders.
Moreover, the book includes information regarding the potential use of androgens in assist-
ed human reproduction treatments and bovine breeding. Each chapter contains background
information based on evidence, which emphasizes basic science, aimed at professionals who
already have a basic understanding of the principles of androgen biochemistry and endo-
crine-related diseases.

Androgens direct the differentiation of organs and tissues towards the adoption of male
phenotypes. Testosterone, the main physiological male-related sex hormone, is well known
for its androgenic properties and anabolic effects. Cell-specific and concentration-dependent
effects are modulated through circulating plasma levels of testosterone, cell metabolism, and
expression of androgen receptors. Given the important roles of androgens in normal physi-
ology in men, abnormal levels must be considered as one of the main causes implicated in
several disorders and pathological conditions.

Testosterone production is regulated through the hypothalamic—pituitary-gonad axis. The
hypothalamus produces and secretes gonadotrophin-releasing hormone, which stimulates
the pituitary to secrete luteinizing hormone, which then prompts the Leydig cells in the
testes to produce testosterone. A reduced number of Leydig cells as well as decreased ability
to respond to intracellular signaling are important factors that contribute to induce testoster-
one deficit in men. The chapter by De Miguel et al. describes and discusses the histological
changes produced in human Leydig cells in both physiological and pathological conditions
occurring at various times throughout life.

Metabolic disorders have been correlated with low testosterone plasma levels. Clinical trials
have demonstrated that exogenous administration of testosterone at physiological concen-
trations improves insulin sensitivity, central obesity, and heart failure progression in men
suffering from metabolic syndrome. The chapter by Shpakov et al. comprehensively de-
scribes new aspects of the metabolic effects of androgens and their relationship with endo-
crine and paracrine factors, specifically with adipokines. Adipokines are mainly produced
in the liver, although several cells also express the gene for these proteins. Thus, an interest-
ing concept is that production and secretion of adipokines could control systemic and local
testosterone levels by the hypothalamic—pituitary—gonad axis.

Testosterone exerts its effects mainly by activating the androgen receptor and thereby pro-
moting the expression of genes containing specific androgen-response elements in their pro-
moter regions. Testosterone-regulated transcription is mediated either directly by the
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activated androgen receptor or by association with additional transcription factors and core-
gulator proteins. Prostate cancer, for example, is associated with alterations in androgen re-
ceptor functions. The chapter by Ken-ichi Takayama exhaustively reviews the current
knowledge on molecular biology and pharmacology of the androgen receptor in prostate
cancer. The author analyzes the new molecular actions associated with the action mecha-
nism of androgens and the role of non-coding RNAs, such as IncRNAs and miRNAs, in
prostate cancer progression.

Furthermore, this book covers the potential use of androgens in both human and bovine re-
production protocols. The chapter by De Macedo et al. describes the effect of dehydroepian-
drosterone supplementation as an adjunct in ovarian stimulation procedures used in assisted
human reproduction treatments. Recent research has indicated that treatment of patients
with low antral follicle counts with moderate doses of androgens can increase both the quan-
tity and quality of oocytes and embryos, leading to favorable results in assisted human repro-
duction treatments. Finally, the chapter by Chacur et al. shows correlations between
circulating testosterone concentrations and reproductive tract morphometry variables, which
are useful in practical settings and in the selection of young bulls bred in extensive manage-
ment feeding, therefore providing new knowledge in the field of bovine reproduction.

These recent findings motivated us to explore whether appropriate testosterone signaling
through new endocrine players might explain both physiological and adverse roles of an-
drogens. I hope that this book will provide the reader with a current overview of the actions
and potential use of androgens.

Manuel Estrada

Programa de Fisiologia y Biofisica
Facultad de Medicina
Universidad de Chile

Santiago, Chile
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Morphological Bases of Human Leydig Cell
Dysfunction
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Abstract

In this chapter, we describe the histophysiology of human Leydig cells, their cytologi-
cal characteristics, their differentiation processes, and the physiopathological processes
occurring at various times throughout life. We first focus on the normal development
of fetal Leydig cells as well as the pathologies of fetal Leydig cells that can affect num-
bers or hyperplasic processes (e.g., hypogonadotropic hypogonadism, cryptorchidism,
congenital Leydig cell hyperplasia secondary to diabetes, and isoimmunization). Next,
we explain the changes occurring at puberty with the onset and differentiation of
adult Leydig cells and the pathophysiology of delayed puberty. We then describe the
histophysiology of adult Leydig cells and the most frequent pathologies (e.g., hypogo-
nadotropic hypogonadism, testicular dysgenesia, mild androgen insensitivity syndrome,
5-a-reductase defect, and Klinefelter syndrome). Finally, we discuss the morphological
changes of these cells in the elderly.

Keywords: fetal Leydig cells, adult Leydig cells, testosterone, puberty, elderly,
dysgenesia, pathology

1. Introduction

Leydig cells are the primary producers of testosterone. They perform important functions
during fetal life, in the first months of life, and in adults, ranging from male sexual differentia-
tion and testicular descent to the acquisition of a normal number of spermatogonial stem cells,
the development of spermatogenesis and thus fertility, and the maintenance of typical male
characteristics in adulthood.

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgIN
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2. Fetal stage

2.1. Origin and development of fetal Leydig cells

During development, two different types of Leydig cells appear sequentially, fetal Leydig
cells and adult Leydig cells, which display different functional characteristics, reflecting their
morphology, steroid capacity, and regulatory mechanisms. Fetal Leydig cells are detected
immediately after gonadal sex differentiation [1]. Adult Leydig cells begin to develop at the
beginning of puberty and acquire their maximum numbers at the end of puberty. The origin
of both Leydig cell types is debated: some suggest a parent-common progenitor pool in the
fetal testis [2, 3] and others have suggested that Leydig cells in adults might originate in
precursors to fetal Leydig cells [4]. In addition, a three-phase model of the development of
Leydig cells has been proposed: fetal, neonatal, and adult Leydig cells [5].

2.1.1. Development of fetal Leydig cells

The mesonephros and the coelomic epithelium are considered the two most plausible origins
of fetal Leydig cells. The progenitor cells expressing SF1 actively proliferate and ultimately
lose this marker when cell differentiation begins in week 8 of human gestation. The first sign
of differentiation is the histochemical detection of 3-beta hydroxysteroid dehydrogenase (33-
HSD) in the cytoplasm. About 83% of 33-HSD-positive cells show a high intensity of andro-
gen receptors (ARs) immunoreaction.

Fetal Leydig cells express various steroidogenic enzymes required for androgen synthesis,
such as acute regulatory protein, CYP11A1 (P450 side chain cleavage), CYP17A1 (P450C17),
and 3B-HSD. The most important androgenic product of fetal Leydig cells is androstenedione.
Fetal Sertoli cells make testosterone from androstenedione through the enzyme 17-3 hydroxys-
teroid dehydrogenase (HSD17[33) at this stage of fetal testis development. Differentiation of
fetal Leydig cells has been a subject of debate in recent decades and appears to be an andro-
gen-independent process [6]. Their proliferation and subsequent development do so under
the stimulus of human chorionic gonadotropin (hCG) in the first half of the gestation period
and with the help of luteinizing hormone (LH) secreted by the pituitary gland in the last half.
Both hormones are glycoproteic in nature and act through the same receptor (LHCGR).

2.1.2. Evolution throughout fetal life

Fetal Leydig cells are identified by positivity for the 33-HSD enzyme. The maximum peak
of Leydig cell numbers is reached at week 19 of gestation (Figure 1). Remarkably, this peak
occurs in parallel with the disappearance of one of the two layers of peritubular cells of the
seminiferous epithelium, the outermost layer of peritubular cells, between weeks 17 and 19
of gestation. These two occurrences also match the maximum production of testosterone
between the 14th and 19th weeks of fetal life. After a few weeks of Leydig cell quiescence,
from week 22 of gestation, a progressive decrease in the number of Leydig cells is observed.

Most fetal Leydig cells disappear after birth; however, a subpopulation persists in the postna-
tal testis that is estimated to represent 10% of all Leydig cells in adulthood [7-9]. Given that
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Figure 1. Fetus at 19 weeks. Seminiferous tube showing two gonocytes in the center, with the remaining cells, the Sertoli
cells. In the interstitium, Leydig cells with peripheral nuclei and broad eosinophilic cytoplasm are abundantly found.

fetal Leydig cells do not express HSD17[33, they cannot directly synthesize testosterone; thus,
their functional importance in adults is unknown.

2.2. Functions of fetal Leydig cells
2.2.1. Differentiation of the genitals

Under the action of testosterone, the differentiation of the Wolff tubes takes place. This dif-
ferentiation is ipsilateral and gives rise to the development of the epididymis, vas deferens,
and seminal vesicle. When testosterone is converted into dihydrotestosterone by the enzyme
5-a-reductase, differentiation of the prostate and development of the external genitalia occur:
male urethra, penis, and scrotum.

2.2.2. Testicular descent

The two stages of testicular descent, transabdominal and inguinoscrotal, are controlled
directly or indirectly by fetal Leydig cells. Transabdominal descent depends on an androgen-
independent peptide, insulin-like growth factor 3 (INLS3), whereas inguinoscrotal descent is
mediated by androgens through the masculinization they produce in the genitofemoral nerve
neurons. Those neurons produce calcitonin gene-related peptide (CGRP), which is respon-
sible for the development that the gubernaculum acquires, allowing testicle descent [10].

2.3. Pathology of fetal Leydig cells
2.3.1. Defective androgen synthesis

Defects in the synthesis of androgens due to various autosomal hereditary syndromes result
in absent or incomplete virilization. They include lipoid congenital adrenal hyperplasia
(lipoid CAH), deficits in 3-BHSD/17,20-lyase, a-hydroxylase 17/17,20-lyase deficiency, deficit
in 17,20 desmolase, and deficit in 17-p hydroxysteroid dehydrogenase.

3
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2.3.1.1. Lipoid CAH

It is the most severe form of congenital adrenal hyperplasia. It affects the synthesis of adrenal
and gonadal steroid hormones. Genetically 46,XY patients are phenotypically women with
severe salt-losing syndrome. There is no uniformity in the histological descriptions of the
Leydig cells; in some cases, they are described as having large accumulations of lipids [11],
whereas in others, such lipid inclusions are absent [12].

2.3.1.2. 3-BHSD/17,20-lyase deficit

Patients with a mild deficiency have normal external genitalia; some consult for hypospadias
or micropenis [13], and the testicles are smaller than normal.

2.3.1.3. 17-a Hydroxylase/17,20-lyase deficiency

Patients have a significant degree of undermasculinization; they can even mature as girls and
consult at puberty for amenorrhea. The testes show a delay in pubertal development and
hyperplasia of Leydig cells.

2.3.1.4. 17,20 Desmolase deficit

It presents with a high variability in external genital development, from a female pheno-
type to males with micropenis that is hardly virilized, bifid scrotum, perineal hypospa-
dias, and cryptorchidism, due to the insufficient production of testosterone during fetal
life.

2.3.1.5. 17-B-Hydroxysteroid dehydrogenase deficit

Patients show a female phenotype at birth, grow up as girls, and suffer significant virilization
at puberty. The cryptorchid testis or testis housed in the labia majora has low spermatogen-
esis development, testicular mixed atrophy, Sertoli cell-only testis histology, and in all cases,
Leydig cell hyperplasia [14].

2.3.2. Hypoplasia of Leydig cells

Inactivating mutations in the LHCGR gene, primarily those involving amino acid sequences,
result in a rare 46,XY disorder in sexual development (DSD) [15]. A spectrum of phenotypes
can occur, ranging from a severe form with a female phenotype (Leydig cell hypoplasia
(LCH) type I) when various mutations, deletions, or insertions produce a complete inactiva-
tion of LHCGR to a milder form of LCH (type II) when some receptor activity is maintained
with male undervirilization (delayed puberty, primary hypogonadism, micropenis, or
hypospadias) [16]. The testes in patients with LCH type I remain in the adult as a pattern of
infant development with an absence of germ cells and Leydig cells. The epididymides and
vas deferens are absent or hypoplastic. In patients with LCH type II, a pattern similar to the
previous one has been reported, with the presence of small groups of Leydig cells and focal
spermatogenesis [17].
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2.3.3. Transient androgenic insufficiency

Testicular descent is a complex process in which multiple factors are involved sequentially
and synergistically, highlighting the role of the hypothalamic-pituitary-testicular axis.
Congenital cryptorchidism has been linked to a hormonal dysfunction, emphasizing the role
of testosterone. Androgenic insufficiency during the second and third trimesters of pregnancy
secondary to poor stimulation of the Leydig cells either by the pituitary hormones or by HCG
has been suggested. This insufficiency might be low and transient given that no other genital
anomalies except epididymal anomalies are present [18].

2.3.4. Congenital hyperplasia of Leydig cells

The presence in the newborn of a nodular or a diffuse Leydig hyperplasia is most often due to
hyperstimulation by the mother’s hCG, which, under certain conditions, can pass to the fetus
in large quantities (Figure 2).

Figure 2. Congenital Leydig cell hyperplasia in a son of a mother with diabetes. Several nodules of Leydig cells are
observed located in the testicular mediastinum and subalbuginea region.

Children of mothers with diabetes who have very edematous placentas could suffer this
phenomenon. It has also been observed in triploid fetuses, in newborns with Beckwitz-
Wiedemann syndrome, nonimmune hydrops fetalis, Rh isoimmunization or leprechaunism,
and in complicated pregnancies [19].

3. Neonatal stage

3.1. Mini-puberty

In the first few months of postnatal life, a second wave of Leydig cell proliferation occurs
(Figure 3), which depends on a transient reactivation of the hypothalamic-pituitary-testicular
axis that begins immediately after birth. This stage is known as mini-puberty and begins with

5
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Figure 3. Infant of 3.5 months of age. The testicular parenchyma shows small clusters of Leydig cells between the
seminiferous tubules. Immunostaining for inhibin in brown.

an elevation in LH and follicle-stimulating hormone (FSH). Then, an increase in the number
of Leydig cells reaches a peak in the third month after birth, and secondarily, an increase
in the production of testosterone and estradiol [20]. This transient stimulation determines
important changes in the various cells of the testicle. An increase in the number of Sertoli cells
ensuring normal spermatogenesis in adult life [21] and a transformation of gonocytes into
adult spermatogonia reaches a peak by postnatal day 100. Six months after birth, coinciding
with the decrease in GnRH pulses, a loss of germ cells then begins. Outside the genital tract,
mini-puberty is key to the masculinization of the brain.

3.2. Pathology of mini-puberty

The most frequent pathology at this stage of development is hypogonadotropic hypogonad-
ism, which is transient in most patients with undescended testes and permanent in other
conditions such as Kallmann syndrome, multiple pituitary hormone deficiency, and DAX-1
mutations [22]. The lack of gonocyte differentiation into adult spermatogonia can be the cause
of many infertility disorders that have been considered idiopathic until now.

4, Childhood

After mini-puberty, the testicle enters a resting phase that lasts until the end of the third year of
life. During this period, most fetal Leydig cells involute and disappear [8]. At the beginning of
the fourth year, coinciding with the activation of the androgenic receptors in the Sertoli cells, a
wave of proliferation and differentiation of the germ cells begins in the seminiferous tubules.
This wave is observed at the appearance of various types of spermatogonia and type I spermato-
cytes. The purpose of this process is not well understood, but it leads to a renewal of the germ
cells. After a short time, the most differentiated cells (the spermatocytes) undergo apoptosis and
are phagocytosed by Sertoli cells. Until the beginning of puberty, no Leydig cells are observed
in the interstitium but are represented by fibroblastic-like cells with some lipid vacuoles.
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The most frequent pathology of Leydig cells during this period is a persistence of abundant
fetal Leydig cells and Leydig cell hyperplasia.

4.1. Persistence of fetal Leydig cells

The persistence of isolated fetal Leydig cells throughout childhood and even in adult testes is
a normal occurrence. In any case, it is an androgen-independent subpopulation [9]. What is
pathological is the presence of abundant Leydig cell clusters that also show a large cytoplas-
mic vacuolization due to the presence of abundant lipid inclusions. Most patients with these
alterations are DSD carriers. The persistence of fetal Leydig cells is characteristic of the testis
of patients with DSD with NR5A1 gene mutations (Figure 4), congenital lipoid adrenal hyper-
plasia (due to StAR mutations) [23], or a deficit of 5a-reductase and androgen insensitivity.
These alterations are remarkable in the first years of life.
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Figure 4. Patient with 46,XY DSD by mutation in the NR5A1 gene, showing Leydig cells in clusters and isolated between
seminiferous tubules with a few germ cells showing highly vacuolated cytoplasms due to the high lipid content.

4.2. Hyperplasia of Leydig cells

The presence of abundant Leydig cells in childhood is a rare occurrence and is clinically mani-
fested by symptoms of precocious puberty. It is observed in familial testotoxicosis, in some
cases of McCune-Albright syndrome (MAS), Leydig cell hyperplasia/Leydig cell tumor, and
extratesticular hCG-secreting tumors.

4.2.1. Familial testotoxicosis

It is also known as gonadotropin-independent precocious puberty (GIPP) or familial male-
limited precocious puberty (FMPP) and is an autosomal-dominant disorder caused by a con-
stitutive activating mutation of the LH/CGR gene [24]. It is a form of precocious male puberty
characterized by the early maturation of Leydig cells and spermatogenesis in the absence of
pituitary gonadotropic stimulation [25] (Figure 5).
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Figure 5. Hyperplasia of Leydig cells surrounded by seminiferous tubules with spermatogenesis in a 3-year-old patient
with testotoxicosis.

4.2.2. McCune-Albright syndrome

It is considered an example of mixed peripheral and early precocious puberty. This syndrome
is characterized by polyostotic fibrous dysplasia, “café au lait” skin pigmentation, and autono-
mous endocrine hyperfunction. At the testicular level, it is manifested by a secondary mac-
roorchidism, in some cases associated with isolated hyperfunction of the Sertoli cells, and in
other cases to a hyperfunction of the Leydig cells without the activation of the Sertoli cells [26].

4.2.3. Leydig cell hyperplasia/Leydig cell tumor

More frequently than the above situations, hyperplasia of Leydig cells in childhood is
observed, which manifests clinically with the same symptoms as functioning Leydig cell
tumors. Histologically, there are several nodules of hypertrophic Leydig cells located between
or surrounded by seminiferous tubules with complete spermatogenesis. Whether Leydig cell
hyperplasia with focal spermatogenesis in childhood is a precursor lesion of some tumors of
Leydig cells is a matter of debate.

4.2.4. Leydig cell hyperplasia secondary to extratesticular hCG-secreting tumors

Numerous extratesticular tumors have been described (mediastinal, retroperitoneal, basal
ganglia, pineal, or suprasellar region) that manifest with precocious pseudopuberty. All are
hCG secretors. Leydig cell hyperplasia is mostly moderate but could be responsible for com-
plete spermatogenesis [27].

5. Puberty

5.1. Differentiation of adult Leydig cells

The onset of puberty depends on both genetic and environmental factors. Under the action
of gonadotropin-releasing hypothalamic hormone (GnRH), gonadotropic cell receptors of
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the anterior lobe of the pituitary gland are stimulated, and the synthesis of FSH and LH
begins. The onset of puberty occurs around the age of 9 years. Adult Leydig cells originate
at the onset of puberty after an active proliferation of undifferentiated stem cells. Under the
stimulus of LH, these cells first become stellate or spindle-shaped, from either the tubular or
perivascular wall, and begin to show steroidogenic activity. Initially, as immature cells, they
produce 5-a-reduced androgens more than testosterone, and later when they have acquired a
polyhedral shape, the mature cells produce testosterone. Leydig cells are arranged isolated or
in small groups between the seminiferous tubules, which in turn are increasingly developing
the germ line, in a proportion estimated at 1.2 groups (regardless of the number of cells) per
cross-tubular section. The change in testicular size is rapid and detectable at an average age of
13.5 years and is followed 1 or 2 years later by an increase in body height and the development
of male secondary sexual characteristics.

5.2. Delay in the differentiation of adult Leydig cells

The most frequent pathology observed during puberty is a delay in the differentiation of
Leydig cells. This delay causes an absence of or low testosterone levels, and as a consequence,
a serious defect in spermatogenesis in the testicle occurs that is clinically expressed as delayed
puberty. Delayed puberty is suspected when at the age of 14 years, the testis has not reached
3 ml of volume and its major axis is less than 2.5 cm. If the defect persists beyond 18 years, the
patient probably carries a form of hypogonadotropic hypogonadism.

5.2.1. Constitutional delay of growth and puberty (CDGP)

Delayed puberty is a symptom for which adolescents are frequently sent to the endocri-
nologist, considered a minor GnRH deficit [28]. Many cases are inherited as an autosomal-
dominant, -recessive, or X-linked trait. It is twice as frequent in boys as in girls. Although
delayed puberty has multiple possible causes, the conjunction of elevated serum ghrelin and
low concentrations of leptin is worth noting. Histologically, the testes remain prepubertal; no
tubular development and adult Leydig cells are observed.

5.2.2. Delayed puberty associated with chronic illness

A number of situations can lead to delayed puberty, from malnutrition to chronic diseases
(e.g., gastrointestinal diseases, chronic anemia, recurrent infections, immunodeficiency, respi-
ratory diseases, and endocrine diseases). Even excessive exercise at this age could be a cause.
The testis in most cases shows isolated small-sized Leydig cells with poor immunostaining
for testosterone.

6. Adulthood

6.1. Histophysiology of adult Leydig cells

Leydig cells represent 3.8% of the testicular volume [29]. As polyhedral cells arranged in isola-
tion or in small clusters (Figure 6), they are frequently observed in the tunica propria of the

9
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Figure 6. Transverse sections of seminiferous tubules with complete spermatogenesis in an adult patient. Immunostaining
for inhibin highlights both Sertoli cell and Leydig cell clusters in the interstitium.

seminiferous tubules (peritubular Leydig cells) and as ectopic cells (testicular mediastinum,
interlobular septa, albuginea, epididymis, and spermatic cord).

Cellular characteristics include an eosinophilic cytoplasm and an eccentric nucleus with one
or two nucleoli. In the cytoplasm, the machinery is at the service of the transformation of
cholesterol into testosterone, which includes the presence of abundant lipid droplets, signifi-
cant development of the smooth endoplasmic reticulum, mitochondria with tubular crests,
peroxisomes, and lipofuscins. Many cells contain Reinke crystals as well. Leydig cell clusters
are joined by gap junctions.

The proper function of Leydig cells depends not only on the presence of LH receptors but a
complex paracrine network in which Sertoli cells, germ cells, peritubular cells, macrophages,
telocytes, and even vascular endothelial cells are involved [30]. Leydig cells show morphologi-
cal changes in relation to the six stages of the cycle of the human seminiferous epithelium [29]. In
adulthood, they rarely show mitosis [31]. Their numbers begin to decrease slowly after puberty,
and at 60 years, there are approximately half as many as at age 20. However, the production of
testosterone is maintained well until the end of the fifth decade due to the high number of cells.

6.2. Pathology of adult Leydig cells
6.2.1. Alterations in number
6.2.1.1. Absence or incomplete maturation of Leydig cells

It is the characteristic histological picture of most hypogonadotropic hypogonadisms (HHs).
They include normosmic idiopathic HH, HH with anosmia or Kallmann syndrome, and HH
due to LH deficiency. Another situation in which a small number of Leydig cells are observed
occurs when LH is biologically inactive.

The most frequent genetic anomalies identified as causes of normosmic idiopathic HH are those
in genes related to the synthesis and secretion of GnRH, such as GNRHR/GNRH1, TAC3/TACR3,
KISSIR and KISS1, FGFR1 and CHD?. In the HH associated with anosmia described by [32] and
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many years later known as Kallmann syndrome, KAL1 gene mutations are predominant. In these
two types of hypogonadism, serum determinations of FSH and LH are very low or undetectable.
The testicles show a childhood or a pubertal development pattern depending on the complete
or partial absence of GnRH. In the first case, a testicular interstitium in which Leydig cells and
their precursors are absent or are undetectable (Figure 7) is worth noting. In the second case, in
which patients have a low GnRH, they present pulsatile secretions of FSH and LH that ensure
maturation of isolated Leydig cells and then some secretion of testosterone allowing for testicular
development that is closer to that of a pubertal testis [33, 34].

Figure 7. Adult patient of 26 years with hypogonadotropic hypogonadism with anosmia (Kallmann’s syndrome). The
interstitium shows a complete absence of Leydig cells. At the tubular level, binucleated spermatogonia and intense
immunostaining for inhibin are observed in the cytoplasm of Sertoli cells.

In the isolated LH deficit (Pasqualini-Bur-McCullagh syndrome, fertile eunuch syndrome), serum
levels of FSH are normal, whereas those of LH and testosterone are very low [35]. In some cases,
the cause is a mutation in both the LH  subunit gene and in the gonadotropin-releasing hormone
receptor. The testicles present complete but quantitatively abnormal spermatogenesis at the tubular
level with a depopulated interstitium or very few Leydig cells. A minimum production of testos-
terone and a proper functioning of Sertoli cells needed for spermatogenesis are achieved. Among
the many complex syndromes in which this deficit in the development of Leydig cells can be seen
are Prader-Willi syndrome, Bardet-Biedl syndrome, Biemond syndrome, Frasser syndrome, and
hypogonadism associated with dermatological diseases, ataxia, or central demyelination.

6.2.1.2. Focal hyperplasia of Leydig cells

It is a very common condition in ex-cryptorchid testicles, in infertile patients, and in peri-
tumoral parenchyma that has been conserved in germ cell tumors. The focal hyperplasia is
defined by the presence of clusters of at least 14 Leydig cells and by the fact that they do
not distort the testicular architecture, conserving the seminiferous tubules without englobing
them. Focal hyperplasia is typically associated with poor spermatogenesis (Figure 8). Patients
frequently suffer a decrease in testosterone/LH ratio and testosterone/estradiol ratio. The
presence of a focal hyperplasia of the Leydig cells represents a loss of the normal paracrine
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Figure 8. Focal nodular hyperplasia of Leydig cells in an adult male aged 30 years with cryptorchidism. Testicular
parenchyma with mixed atrophy shows tubules with spermatogenesis and tubules with only Sertoli cells.

interactions between Sertoli cells, peritubular myoid cells, and Leydig cells. Some believe it
to be the result of a defect in fetal life that probably depends on Sertoli cells, given that Sertoli
cells are responsible for the quantity of Leydig stem cells [36]. Focal hyperplasia of Leydig
cells is included among the most frequent lesions of patients with testicular dysgenesis [37].

6.2.1.3. Diffuse hyperplasia of Leydig cells

With this condition, Leydig cells are not only increased in number (hyperplasia) but often
show hypertrophy. This hyperplasia is observed in patients with androgen insensitivity, a
defect in 5-a reductase, DSD with dysgenetic testis, in many infertile patients of uncertain
etiology and between the conserved seminiferous tubules of a testicle carrying a germ-cell
tumor secreting -hCG or even in the contralateral testis of such tumor.

The androgen resistance syndromes are a group of DSDs characterized by a 46,XY karyotype
and phenotypes ranging from female (testicular feminization) to normal males who consult
for infertility. The cause must be found in one of the almost 1000 mutations described in
the AR gene. The three main forms, CAIS (complete testicular feminization), PAIS (partial
testicular feminization), and MAIS (slight or minimal androgen insensitivity) [38], have been
described according to the phenotype. The complete form is rarely diagnosed in childhood;
patients consult for amenorrhea, or the testicles are an incidental finding during a hernior-
rhaphy. PAIS is diagnosed more often in childhood, associated with surgical interventions for
the reconstruction of the external genitalia. Patients with CAIS and PAIS have a pathogno-
monic histological image: a testicular interstitium populated by numerous Leydig cells next
to the seminiferous tubules, which, due to the absence of androgenic receptors in Sertoli cells,
remain at infantile development (Figure 9). The Leydig cells usually do not show hyperplasia;
many have hyperchromatic nuclei and/or abundant cytoplasmic vacuoles. Two-thirds of the
testicles have Sertoli/Leydig hamartomas, which are nonencapsulated nodular formations
constituted by parenchyma similar to the rest of the testicle.

Patients with MAIS frequently consult for infertility. They are phenotypically males with mini-
mal malformations of the external genitalia, simple coronal hypospadias, or a prominent midline
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Figure 9. Patient of 20 years with 46,XY DSD with complete androgen insensitivity. The diffuse Leydig cells hyperplasia
contrasts with the prepubertal development of the seminiferous tubules.

raphe of the scrotum. On the biopsy, a diffuse hyperplasia of Leydig cells surrounding each of the
seminiferous tubules is observed. The presence of spermatogenesis varies from case to case [39].

Patients with a defect in 5-a reductase rarely show spermatogenesis, and the seminiferous
epithelium is reduced to only Sertoli cells with incomplete maturation. The interstitium con-
tains an elevated number of Leydig cells whose morphology is apparently normal.

In adult patients with dysgenetic testis secondary to an abnormal secretion or action of the
anti-Miillerian hormone (AMH) (Sohval syndrome, male dysgenetic pseudohermaphrodit-
ism, and male with uterus), the function of Leydig cells is poor and many patients have
hypergonadotropic hypogonadism. Leydig cells are not only increased in number in the
interstitium but it is worth noting that a high number of Leydig cells are peritubular, forming
rings in between the tubular wall (Figure 10).

In the testicular tumors secreting 3-hCG, a marked diffuse hyperplasia of Leydig cells is generally
observed. In some cases, and coinciding with burned-out tumors, Leydig cells are not only increased
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Figure 10. Male pseudohermaphroditism patient with dysgenetic testes. Note the presence of concentric rings of Leydig
cells in the thickness of the tubular wall.

13



14 Advances in Testosterone Action

in number but their cytoplasm is balonized and does not show its characteristic eosinophilia. The
appearance of a high number of macrophage clusters between the Leydig cells is common.

6.2.1.4. Nodular hyperplasia of Leydig cells

The presence of Leydig cell nodules has classically been considered as one of the more com-
mon histologic features in patients with 47,XXY Klinefelter syndrome. The pathology is asso-
ciated with a diffuse tubular hyalinization with or without the presence of isolated tubules
with only Sertoli cells or with spermatogenesis (Figure 11).

" .-"-'."..1*“?'%

Figure 11. Klinefelter syndrome in a 32-year-old patient who consulted for infertility. Next to a nodular Leydig cells,
hyperplasia seminiferous tubules with only Sertoli cells and sclerotic tubules are observed.

This form of hyperplasia is more about histological appearance than actual hyperplasia, if
we consider the small size of the testicles and the disappearance of the seminiferous tubules.
Both quantitative and qualitative studies have concluded that the number of Leydig cells is not
increased [40]. The population of Leydig cells present is also not uniform. There are hypertrophic
cells, involuted cells, and immature cells [41]. In most variants of Klinefelter syndrome, such as
those with karyotypes 46,XX / 47,XYY, 48,XXYY, 48 XXXY, and 49,XXXY, Leydig cell hyperpla-
sia is less important and can be both nodular and diffuse [42]. The 46,XX males with a normal
phenotype and normal external genitalia and most patients with microdeletions of the AZF
region of the Y chromosome also present Leydig cell hyperplasia that is frequently diffuse [43].

6.2.2. Alterations in Leydig cell location

There are two different situations in testicular pathology in which Leydig cells do not have a
direct relationship with Sertoli cells: when they are located in the perilobular area and when
they are inside the seminiferous tubules. Perilobular distribution refers to the presence of
Leydig cells surrounding each testis lobule (Figure 12), characteristic of patients with androgen
insensitivity, although it is probably a diffuse hyperplasia that isolates the seminiferous tubules.

The other location is inside seminiferous tubules, which have frequently lost the seminiferous
epithelium (Figure 13). This ectopic location is associated with tubular dysgenesia, such as
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Figure 12. Preferential perilobular distribution of Leydig cells in a patient with complete androgen insensitivity.
Abundant fibrosis in the interstitium stands out.

Figure 13. Leydig cells inside the sections of two seminiferous tubules in a 42-year-old patient with cryptorchidism.
In contrast with atrophic characteristics of interstitial Leydig cells, normal-looking or xantomized Leydig cells in
intratubular location can be observed.

Klinefelter syndrome, cryptorchid testicles that do not descend until adult age, and in some
infertile patients. In many cases, the intratubular Leydig cells are accompanied by blood ves-
sels, probably representing a migration of both Leydig cells and blood vessels normally pres-
ent in the tubular wall to the interior once the cells of the seminiferous epithelium disappear.

6.2.3. Qualitative alterations

Among these alterations are Leydig cells with signs of hypertrophy, xantomized cytoplasm,
and the presence of lamellar inclusions in the cytoplasm.

6.2.3.1. Cellular hypertrophy

It is common in most cases of hyperplasia; however, various degrees of cell hypertrophy with
normal Leydig cell groups can coexist in the same testis. Cytoplasmic xantomization is always asso-
ciated with cellular hypertrophy (Figure 14). The appearance of a pale cytoplasm with multiple
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Figure 14. Testicular biopsy of an azoospermic patient. A cluster of Leydig cells with markedly xantomized cytoplasm
with persistence of some Reinke crystals is shown. The nuclei of some cells are pyknotic and retracted. The neighboring
seminiferous tubules lack a germ line.

small vacuoles expresses the unusually high accumulation of lipids. The cells are arranged singly
or in clusters and are frequently found in patients with cryptorchidism, in DSD with dysgenetic
testes, in some infertile patients, and in some elderly patients. The fact that these Leydig cells
very often present with retracted, hyperchromatic nuclei in which it is difficult to recognize the
nucleolus suggests that these cells have completed their biological cycle and degenerates in this
way. The relationship with the various pathologies in which they are more frequently found
makes it possible that many of them are dysgenetic. The presence of lamellar inclusions in the
cytoplasm of Leydig cells is a characteristic feature of patients with adrenoleukodystrophy. In
the variety of adrenoleukodystrophy termed adrenomyeloneuropathy, symptoms of gonadal
dysfunction (loss of libido, erectile dysfunction, scant pubic hair, gynecomastia, and testicular
atrophy) are observed. The patients also show a decreased seminal volume, oligozoospermia,
and elevated FSH and LH. In the testis, there is severe and progressive damage of the seminifer-
ous epithelium and alterations in Leydig cells, such as the appearance of lamellar cytoplasmic
inclusions similar to the ones in adrenal cortex cells and cerebral cells [44].

7. Elderly patients

7.1. Late-onset hypogonadism

Age negatively affects all functions of the male genital tract, especially after age 65, with large
inter-individual differences. Various terms have been proposed to describe this situation as
“andropause,” “male climacteric,” “aging male syndrome,” or “symptomatic” androgen defi-
ciency in aging men. “Late-onset hypogonadism” (LOH) has been considered the most appro-
priate term [45, 46]. LOH is a clinical and biochemical syndrome secondary to a decrease in
the serum levels of free testosterone (total testosterone will still be preserved in serum two or
three decades longer). This late hypogonadism is already present in 3.1-7.0% of men between
30 and 69 years of age, but it is found in 18.4% of those over 70 years. The minimum criteria for
diagnosis have been established when three clinical symptoms are present: decreased libido,
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morning erection, and erectile dysfunction associated with a total testosterone level of less
than 11 nml/L and a free testosterone level of less than 220 pmol/L [47, 48]. Hypogonadism in
some cases has been described as primary and in others as secondary.

7.2. Interpretation of elder testis histology

Assessment of Leydig cells in the elderly is complicated, and it is often difficult to distinguish
between what might be considered a consequence of normal aging of the Leydig cells and
what is pathological. Sometimes, the cause is local (varicocele, obstruction of the spermatic
tract), and other times, it is systemic (the impact of ischemia in a complicated arteriosclerosis,
hypertension or in chronic diseases and their treatments).

7.2.1. Primary alterations

Primary alterations of Leydig cells consubstantial with physiological aging are as follows: a
decrease in number, the tendency to form small clusters, cellular atrophy, abundant intra-
nuclear inclusions, multinucleation [49] (Figure 15), an increase in lipofuscins, an increase
in lipids, immunoexpression of keratins (Figure 16), and a decreased immunohistochemical
expression of testosterone. The number of Leydig cells at the age of 70 is less than half than
at 20 years. The tendency to form clusters becomes more important in the peripheral zones of
the parenchyma, under the albuginea and in the proximities of the testicular mediastinum.
The cellular atrophy is revealed by pyknotic nuclei, irregular nuclear contours, and reduc-
tions in the size of the cytoplasm [50, 51]. Multinucleation appears around the age of 60 but
is isolated; it is very frequent toward the age of 70, and from this age, multinucleated cells
can be observed in more than half of the microscopic fields at high magnification [52]. Not all
multinucleated cells are Leydig cells; an important percentage of them are telocytes (CD34-
positive fibroblasts). Paracrystalline inclusions become more abundant and are frequently
observed inside the nucleus [53]. The increase in lipofuscins is progressive and appears in
both single-nucleated and multinucleated cells [54]. The increase in lipid vacuoles and the
scarce immunostaining for testosterone is related to involutive changes in the structures
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Figure 15. Multinucleated Leydig cell with typical horseshoe nuclei. Autopsy finding of a 65-year-old patient who died
of myocardial infarction.
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Figure 16. Small-sized Leydig cell cluster showing intense cytoplasmic cytokeratin AE1/AE3 immunostaining in a
75-year-old patient. Autopsy finding.

related to steroidogenesis (e.g., smooth endoplasmic reticulum, mitochondria) [55]. Most of
the alterations correspond to those of a primary hypogonadism [56, 57].

7.2.2. Secondary alterations

The most well-known secondary changes are secondary to an obstruction, ischemia, mul-
tiple transfusions, acquired hypogonadotropic hypogonadism, and estrogen treatment.
When the blockage occurs near the testicle, the seminiferous tubules of several lobules
first dilate and later lose the seminiferous epithelium and become sclerosed. Leydig cells
acquire a pseudohyperplastic appearance. When a branch of the testicular artery develops
arteritis or even partial obstruction by arteriosclerosis, the seminiferous tubules atrophy
and the Leydig cells disappear [58]. This image contrasts with the conservation of the
surrounding parenchyma. In patients with chronic anemia who undergo multiple transfu-
sions, iron accumulates in the cytoplasm of Leydig cells. In acquired hypogonadotropic
hypogonadism, an involution of both the seminiferous tubules and the Leydig cells occurs.
The seminiferous epithelium is reduced to only dedifferentiated Sertoli cells and isolated
spermatogonia. The thickened tubular wall conserves the elastic fibers, and the Leydig
cells involute until they disappear. Estrogen treatment was widely used in the past in pros-
tate cancer, although currently it is only used before proceeding to surgical gender change.
Parallel with the dedifferentiation of the seminiferous epithelium is a rapid involution of
the Leydig cells, which are reduced to small pyknotic cells with retracted nuclei with some
cytoplasmic vacuoles [59].
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Abstract

There is evidence that the mass and metabolic status of the adipose tissue that produces
adipokines significantly affect the activity of the hypothalamic-pituitary-gonadal (HPG)
axis and the synthesis of testosterone. This is due to the fact that adipokines, such as
leptin, adiponectin, visfatin and resistin have an important role in the regulation of the
male HPG axis and steroidogenesis in the testes. The regulation of the HPG axis by adi-
pokines can be carried out both through the changes the plasma levels of adipokines (a
systemic regulation) and through the changes in the expression and activity of adipo-
kines in the pituitary and testes, the components of the HPG axis (an autonomous regu-
lation). This review presents the comprehensive analysis of the involvement of leptin,
adiponectin, resistin and visfatin in the regulation of the male HPG axis and the testos-
terone production, as well as of the possible mechanisms of this regulation. The role of
adipokines in the dysregulation of the male reproductive system and the impaired ste-
roidogenic activity in the testes in obesity and type 2 diabetes mellitus are also discussed.

Keywords: adipokines, testosterone, leptin, hypothalamic-pituitary-gonadal axis,
obesity

1. Introduction

There is much evidence that significant changes in the body and fat weight in men with meta-
bolic disorders, such as severe obesity and type 2 diabetes mellitus (DM2), and with long-
term fasting can lead to the alteration in the hypothalamic-pituitary-gonadal (HPG) axis, as
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illustrated by the changed secretion of gonadotropin-releasing hormone (GnRH) and gonado-
tropins, the reduced testosterone (T) production by Leydig cells and the impaired spermato-
genesis. The alterations in the HPG axis, as a result, lead to infertility [1-3]. The relationship
between the fat content and androgens level has been demonstrated in animals with obesity
and DM2, as well as in fasting conditions [4-6]. All this indicates that adipocyte-produced
factors can play an important role in controlling the HPG axis and in regulating the steroido-
genesis in Leydig cells. Among these factors, the most interesting are adipokines, such as
leptin, adiponectin, resistin and visfatin [3, 7, 8]. It is well known that in metabolic disorders,
the plasma levels of these adipokines and the functional activity of adipokines-regulated sig-
naling systems in the target tissues undergo significant changes, which can be considered to
be one of the key causes of abnormalities in the HPG axis and androgen deficiency [9-11].

There is evidence that adipokines affect the different components of the male HPG axis.
Transferred to the brain through the blood-brain barrier (BBB), adipokines act on the activity
of hypothalamic GnRH-expressing neurons, thus changing the GnRH-stimulated production
of luteinizing hormone (LH), the main regulator of T synthesis, by pituitary gonadotrophs
[12, 13]. The adipokines can directly affect the gonadotrophs producing LH, and in this regu-
lation both the adipokines circulating in the bloodstream and the adipokines synthesized
within the pituitary can be involved [14, 15]. Some adipokines can also directly affect the func-
tions of Leydig cells, as indicated by a high level of adipokines expression in the testes, as well
as detection of the main components of the adipokine signaling, including adipokine-specific
receptors, in testicular cells, including Leydig cells [16-19]. The study of the effects of leptin,
adiponectin and other adipokines on the male HPG axis and their role in the regulation of
steroidogenesis is a major problem of clinical endocrinology and reproductive medicine. The
solution of this problem will allow developing the new approaches for restoring the repro-
ductive functions and androgen status in men with endocrine and metabolic disorders, which
is based on the normalization of the adipokine signaling in the CNS and at the periphery.

This review presents the comprehensive analysis of the involvement of leptin, adiponectin,
resistin and visfatin in the regulation of the male HPG axis and steroidogenesis, as well as of
the possible mechanisms of this regulation. The role of adipokines in the dysregulation of the
male reproductive system and the impaired steroidogenic activity in the testes in obesity and
DM2 are also discussed.

2. Leptin

2.1. Leptin and its signaling system

Leptin, a 167-amino acid polypeptide hormone encoded by the ob gene, is produced prefer-
ably by the adipose tissue and is involved in the regulation of eating behavior, energy expen-
diture and endocrine functions [20-22]. Fasting reduces the plasma leptin level, while food
intake, on the contrary, leads to its elevation. A prolonged increase in the plasma leptin level
leads to leptin resistance, resulting in the impaired metabolism and eating behavior [23, 24].
Along with the adipose tissue, the ob gene expression is detected in other tissues, including
the pituitary and testes [25].
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The regulatory effects of leptin are realized due to its specific interaction with leptin receptors
(Ob-R) that are generated by alternative splicing and include at least six isoforms [26]. The
full-length isoform Ob-Rb is active and expressed in the hypothalamus with high intensity
[27, 28]. The truncated isoforms, Ob-Ra, Ob-R¢, Ob-Rd and Ob-Rf are inactive, but retain the
ability to bind to leptin at its excess. It is assumed that they carry out the receptor-mediated
transport of leptin through the BBB and, possibly, through other tissue barriers [29, 30]. In
the arcuate nuclei (ARC) of hypothalamus, leptin binds to Ob-Rb receptor, which leads to
the phosphorylation of JAK2, a non-receptor tyrosine kinase, that phosphorylates the Tyr*®,
Tyr'”” and Tyr'*® residues located within the intracellular domain of Ob-Rb, each responsible
for the activation of certain signaling cascade [23]. It has been shown that the phospho-Tyr*®
is responsible for activation of Src Homology 2 domain-containing protein tyrosine phos-
phatase 2 (SHP-2) and the mitogen-activated protein kinases (MAPK), such as extracellular
signal-related kinases-1/2 (ERK1/2), c-Jun amino-terminal kinases (JNK) and p38-MAPK,
which are involved in the regulation of cell growth and differentiation. The targets of MAPK
are different transcription factors, including c-Fos, c-Jun and cAMP response element-binding
protein (CREB), which control the expression of a large number of genes [3, 31]. The phos-
pho-Tyr'*® is responsible for activation of the transcription factor STAT3 (signal transducer
and activator of transcription-3) regulating the expression of genes involved in metabolic and
growth processes. In turn, phospho-Tyr'®” induces the activation of the transcription factor
STATS, responsible for the regulation of energy metabolism and endocrine system [23, 32].

Another mechanism of leptin action is the activation of 3-phosphoinositide pathway, which
involves phosphatidylinositol-3-kinase (PI3K) and Akt kinase controlling the activity of the
multi-component kinase mTOR complex 1. Since Akt-mediated inhibition of this complex in the
hypothalamic ARC leads to a decrease in the expression of the Kiss1 gene encoding polypeptide
kisspeptin, there is reason to believe that the mTOR complex 1 is involved in the regulation of
hypothalamic kisspeptin signaling [33]. The leptin-induced activation of the kisspeptin/neuro-
kinin B/dynorphin (KNDy)-neurons leads to the secretion of kisspeptin that triggers the GnRH
secretion by the GnRH-expressing neurons, the main target of kisspeptin [34, 35]. The other
targets of Akt kinase are the transcription factors Nur77 and CREB that are involved in the regu-
lation of the reproduction. Along with the 3-phosphoinositide pathway, leptin activates AMP-
activated protein kinase (AMPK), the most important energy sensor of the cells, and stimulates
protein phosphotyrosine phosphatase 1B and the suppressor of cytokine signaling 3 (SOCS3),
the negative regulators of the leptin signaling that are responsible for leptin resistance [23, 36].

2.2. The mechanisms of leptin action on the male reproductive system and
testosterone synthesis

In the recent years, the evidence has been obtained that leptin plays a very important role in
the control of male reproductive functions and puberty, which is based on leptin-mediated
regulation of the HPG axis [8, 37]. The ob/ob double knockout male mice had severe obesity,
metabolic and hormonal abnormalities, and were infertile. A low-fat diet led to a decrease in
the body and fat weight, but did not allow recovery of fertility in the ob/ob mice [38, 39]. The
administration of leptin to ob/ob male mice, along with the improved energy expenditure and
metabolic processes, led to the onset of puberty and partially restored reproductive functions,
which was due to the normalization of the GnRH and gonadotropins secretion [4, 8, 37]. In
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the prepubertal period, the mutations in the ob gene, along with the early obesity, lead to the
reduced levels of LH and follicle-stimulating hormone (FSH) and induce the signs of hypogo-
nadotropic hypogonadism and the impaired reproductive functions [40-43].

A survey of men from Slovenia, Macedonia and Serbia with three different mononucleotide
mutations within the ob gene showed that infertility was characteristic for men with only a
polymorphism rs10244329 [42]. The polymorphism 2548G/A (genotype AA) in the ob gene
in Iranian men was also associated with reproductive dysfunctions. However, the polymor-
phism with the genotype AG was much more common in men with normal fertility, which
can indicate its protective effect on the male reproductive system [43].

The mutations within the Ob-R gene had a less pronounced effect on the male reproduc-
tion, which was illustrated by the experimental and clinical studies. The polymorphisms in
this gene, as a rule, had a little influence on the male reproductive system and did not cause
infertility [42, 43]. As in the ob/ob mice, the delayed puberty was shown in the db/db double
knockout male mice lacking a functionally active receptor Ob-Rb, but the animals retained
fertility [37]. Unlike men, women with inactivating mutations in the Ob-R gene had the pro-
nounced reproductive dysfunctions and the decreased levels of estradiol, gonadotropins and
GnRH [44, 45].

The effects of leptin on the male HPG axis can be carried out at the level of hypothalamic neu-
rons, pituitary gonadotrophs and testicular cells. It is important to note that the response of the
HPG axis to leptin depends on the dose of this adipokine and the duration of treatment, the
metabolic and hormonal status, as well as the functional state of the leptin signaling system
in the target tissues. This is well illustrated by the data on the influence of leptin on the hypo-
thalamic structures. It is shown that a single i.c.v. administration of leptin to ovariectomized
female rats under starvation conditions, when the leptin level was reduced, led to a rapid
increase in the plasma LH level, which demonstrates leptin-mediated stimulation of secre-
tory activity of the GnRH-neurons [12, 46]. At the same time, under conditions of prolonged
administration of leptin, an increase in LH level [47] or lack of leptin effect on LH secretion
[48] were detected, which may be assumed to be due to varying degrees of leptin resistance in
the case of long-term action of leptin on hypothalamic neurons. This was supported by the fact
that the action of low, nanomolar concentrations of leptin on the ARC and the ventromedial
nuclei of the hypothalamus led to an increase in the GnRH secretion, while high, micromolar
leptin concentrations did not cause this effect [5, 37]. The i.c.v. administration of leptin to
fasting cows led to an increase of both basal and GnRH-stimulated LH secretion, while the
administration of leptin to fed animals with the increased leptin level did not induce signifi-
cant changes in LH level [49, 50]. Thus, the stimulating effect of leptin on the HPG axis at the
hypothalamic level was largely dependent on eating behavior, and was the main mechanism
that mediates the relationship between the satiety and metabolic status, on the one hand, and
the gonadotropins levels and activity of the steroidogenesis system, on the other.

2.2.1. Hypothalamus

The central effects of leptin on the HPG axis are mediated through its interaction with leptin
receptors located on hypothalamic ARC neurons expressing either pro-opiomelanocortin
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(POMC) or agouti-related peptide (AgRP) and neuropeptide Y (NPY). Due to activation of
these neurons by leptin, the positive (POMC-neurons) or negative (AgRP/NPY-neurons) reg-
ulation of GnRH-neurons occurs, especially since these neurons themselves do not contain
the receptor Ob-Rb and, therefore, can not be target for leptin (Figure 1).
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Figure 1. The regulatory effects of the plasma, pituitary and testicular leptin on the male HPG axis and the testosterone
synthesis in the testes in the norm and in the metabolic disorders. Abbreviations: p-Lep and t-Lep, the pituitary and
testicular leptin; LepR, leptin receptor; GnRH, gonadotropin-releasing hormone; GnRH-R, receptor of GnRH; LH,
luteinizing hormone; T, testosterone; AMPK, AMP-activated protein kinase; CREB, cAMP response element-binding
protein; Nur77, c-Jun, c-Fos and Sfl, transcription factors Nur77, c-Jun, c-Fos and Sfl; SREBPI, sterol regulatory
element-binding protein-1; cAMP-PDE, cAMP-specific phosphodiesterase; StAR, steroidogenic acute regulatory
protein; P450scc and P450c17, cytochromes P450_ (P450 cholesterol side chain cleavage enzyme) and P450c17; 33-HSD,
3p-hydroxysteroid dehydrogenase; a-MSH, a-melanocyte-stimulating hormone; AgRP, agouti-related peptide; NPY,
neuropeptide Y; BBB, blood-brain barrier; BTB, blood-testicular barrier.
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Leptin-induced activation of ObRb located on the POMC-neurons leads to an increase in the
production of POMC-derived melanocortin peptides, primarily a-melanocyte-stimulating
hormone (a-MSH), an agonist of types 3 and 4 melanocortin receptors (MC,R and MC R) [51].
The a-MSH binds to MC, R located on GnRH-neurons, and stimulates the GnRH secretion
by them. In favor of this mechanism, there is evidence that the administration of leptin to the
preoptic area of the hypothalamus leads simultaneously to an increase in a-MSH level and
a stimulation of GnRH secretion [52]. The MC, R agonists, such as a-MSH and its analogue
melanotan-II are also effective, increasing GnRH release [53, 54]. It should be noted that at
least 70% of GnRH-neurons are activated by a-MSH [53]. Both MC,R and MC,R are involved
in the effects of melanocortin peptides on GnRH-neurons, since mice lacking only one type of
MCR remain capable of reproduction [55, 56].

Another mechanism for leptin regulation of GnRH secretion, in which the melanocortin pep-
tides also participate, is more complex. In accordance with this, in the first stage the melano-
cortin peptides secreted by POMC-neurons interact with MCR located on the KNDy-neurons.
Kisspeptin released from KNDy-neurons binds to the kisspeptin receptors located on GnRH-
neurons and stimulates GnRH secretion [57]. In the hypothalamic ARC, the outgrowths of
POMC-neurons form the contacts with the bodies of KNDy-neurons, and a release of a-MSH
by POMC-neurons causes a rapid depolarization of KNDy-neurons. Pharmacological inhibi-
tion of MC,R and MC R by the antagonist SHU9119 decreases the expression of kisspeptin by
45%. The stimulating effect of melanotan-II on LH production in mice lacking the kisspeptin
receptor GPR54 was reduced significantly [57].

The AgRP, the endogenous MC, R antagonist, and NPY, both produced by the AgRP/NPY-
neurons, mediate the inhibitory effect of leptin on LH production by pituitary gonadotrophs.
However, the degradation of AgRP/NPY-neurons and the knockout of the Ob-R gene in them,
making these neurons insensitive to leptin, lead to a delay in puberty in mice and reduce
their fertility [58, 59]. The most important in the regulation of reproductive functions is NPY,
which, by binding to the receptors Y1 and Y5 on the GnRH-neurons [60], suppresses GnRH
expression and lowers the plasma LH levels [61, 62]. A prolonged treatment of animals with
NPY suppresses the production of gonadotropins and terminates the puberty [63, 64]. Leptin
suppresses NPY expression, preventing its inhibitory effect on the HPG axis. Insulin also
inhibits NPY expression [63]. The similarity of the leptin and insulin effects on NPY expres-
sion is due to the fact that the main target for leptin and insulin is the 3-phosphoinositide
cascade, which is believed to be involved in positive regulation of POMC production and in
negative regulation of NPY and AgRP production within the ARC [65, 66].

2.2.2. Pituitary

Leptin can stimulate LH production, acting directly on gonadotrophs (Figure 1). Unlike the
hypothalamus, where leptin is mainly transferred from the bloodstream, its source in gonado-
trophs can be either the plasma leptin or pituitary leptin synthesized by gonadotrophs [67, 68].
There is a good reason to believe that pituitary leptin functions as a paracrine and autocrine reg-
ulator controlling the survival and functional activity of gonadotrophs, since the plasma leptin
can not mediate the complex pattern of pituitary hormone secretion [69]. This assumption is
supported by the data obtained in mice with tissue-specific knockout of the ob gene, either in
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the adipose tissue or in the pituitary. Mice lacking the ob gene in the adipose tissue did not have
leptin circulating in the bloodstream. At the same time, they had functionally active somato-
trophs, which, like gonadotrophs, are targets for leptin and contain Ob-Rb, as well as normal
expression of growth hormone in them. Meanwhile, the plasma level of growth hormone and
the expression of growth hormone receptors in the hypothalamus were decreased, which indi-
cates an impairment of the somatotropic axis. The production of leptin in the pituitary cells did
not lead to its transfer from the pituitary to the bloodstream, indicating the autonomous func-
tion of leptin in the pituitary [70]. These data suggest that for normal hypothalamic-pituitary
regulation, both the levels of plasma leptin and the pituitary production of leptin are important,
and pituitary leptin is mainly involved in the regulation of survival and secretory activity of
pituitary cells, but does not influence significantly the other leptin targets in organism.

The functions of the autonomous leptin system in the pituitary, its participation in gonadotro-
pins production and the relationship between the activity of this system and the physiological
state of the HPG axis are supported by the following facts. The ob gene is expressed in gonad-
otrophs, although the data on the number of pituitary cells that produce leptin and on the co-
expression of leptin and pituitary hormones differ significantly [15, 71, 72]. In adult males and
females, the ob gene is expressed in 30% of gonadotrophs [72]. In rats the pituitary leptin level
varies significantly during the postnatal development, and in female rats it changes at the dif-
ferent stages of the estrous cycle and during pregnancy [15]. It is shown that leptin influences
the production of gonadotropins, changing the GnRH receptor activity and, thereby, control-
ling the sensitivity of gonadotrophs to hypothalamic regulation [73]. The gene Ob-R encoding
leptin receptor is expressed in a large number of gonadotrophs, and this suggests that these
cells are the main target for leptin [8, 37, 67, 68, 74]. The sensitivity of gonadotrophs to leptin
is indicated by the fact that this adipokine at relatively low concentrations, 10° and 10 M,
stimulates the LH and FSH secretion in the hemi-anterior pituitaries of adult male rats. At the
same time, in the in vivo conditions, leptin increases LH level, but does not affect the secretion
of FSH [46]. The expression of pituitary leptin is controlled by steroid hormones, GnRH and
other factors. GnRH and NPY increase the leptin expression by pituitary gonadotrophs, while
the gastrointestinal hormone ghrelin, the regulator of food intake and the functional antago-
nist of leptin, on the contrary, suppresses the ob gene expression [69, 72].

2.2.3. Testes

Currently, there is evidence that leptin not only indirectly affects the steroidogenesis in
Leydig cells through the regulation of the HPG axis but is also capable of directly affecting
the activity of steroidogenesis system [3, 8]. The following facts support this: (1) the transport
of leptin circulating in the bloodstream through the blood-testicular barrier (BTB) and the
synthesis of leptin in the testicular cells; (2) the expression of leptin receptors and the presence
of effector components of the leptin signaling in Leydig cells and (3) the results of the in vitro
experiments demonstrating the leptin effect on steroidogenesis in the cultured Leydig cells.

In 1999, Banks and coauthors showed that leptin circulating in the blood was transported
through the BTB, and the permeability was higher than in the case of the BBB [75]. Based on
high rate of leptin transport through the BTB and high permeability of this barrier to other
proteins, it was concluded that the mechanisms of leptin transport through the BBB and BTB
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differ significantly. However, taking into account the high density of the truncated isoform
Ob-Ra of leptin receptor on the surface of endothelial cells forming the BTB, there is reason to
believe that, like the BBB, leptin transport through the BTB is also a receptor-dependent [37].
In this case, one should expect its dependence on the activity of the leptin signaling system at
the periphery and its decrease in the conditions of leptin resistance. Another source of intra-
testicular leptin was its synthesis in the testes of adult men and animals. The highest level of
the ob gene expression was shown in the seminiferous tubules, spermatocytes and spermato-
zoa [18, 76-79]. In Leydig cells, leptin expression was demonstrated only in pigs [18]. Along
with the truncated isoform Ob-Ra, which may be involved in leptin transport through the
BTB, a functionally active isoform Ob-Rb was detected in the plasma membrane of testicular
cells, preferably Leydig cells, which convincingly demonstrates that activity of these cells is
regulated by leptin [37, 80]. It should be noted that in adult men, Ob-Rb is expressed only
in Leydig cells [78]. The leptin receptors, although to varying degrees, are expressed in the
testes throughout the ontogenesis, including the late embryogenesis [76, 77, 80]. The maximal
expression of leptin receptors is observed during the puberty of rats at the age of 1-3 months,
which positively correlates with the increased T production.

The effectors, whose activity is regulated by leptin through the activated forms of Ob-Rb and
JAK2, control the activity of the transcription factors regulating the expression of steroidogen-
esis genes in different ways [3]. Leptin-induced stimulation of Akt-kinase and MAPK results
in the phosphorylation and activation of the transcription factor CREB that is also activated
by gonadotropins via cAMP-dependent pathways [81]. The activation of p38-MAPK and JNK
leads to the stimulation of the transcription factors Nur77 and c-Jun [82, 83]. The main targets
for these factors are the genes encoding StAR protein responsible for transport of choles-
terol into the mitochondria and P450 cholesterol side chain cleavage enzyme (cytochrome
P450_ ) converting cholesterol to pregnenolone [84] (Figure 1). Along with this, the activation
of MAPK cascade results in an increase in the expression of Sf-1 factor, the coactivator of
expression of the gene encoding StAR and the genes Cyp11al, Cyp17al and Hsd3b1 encod-
ing the steroidogenesis enzymes, cytochromes P450__and P450c17 and 3(3-hydroxysteroid
dehydrogenase (33-HSD) [85-88]. Since the transcription factors Sf-1, CREB, Nur77 and c-Jun
are able to enhance steroidogenesis in Leydig cells, the leptin pathways that stimulate their
activity are the positive regulators of T production [3].

Leptin activation of the STAT3 and STAT5, as well as leptin-induced ERK1/2-dependent activa-
tion of the factor c-Fos lead to the opposite effect and suppress steroidogenesis in Leydig cells.
An increase in ERK1/2 activity may be due to the prolonged leptin effect on the system Ob-Rb/
JAK2 and, as a result, the activation of SHP-2 phosphatase, which affects the activity of MAPK
cascade [89]. A decrease in T production by Leydig cells can be the result of AMPK activation,
which suppresses the activity of sterol regulatory element-binding protein-1 (SREBP1) [90]. As
is well known, SREBP1 positively regulates the Star gene expression [91, 92].

In addition to direct leptin effect on the expression of steroidogenesis genes, this adipokine
can modulate the gonadotropin signaling pathways in Leydig cells, inducing an increase in
gonadotropin-stimulated T production. It is well known that LH and human chorionic gonad-
otropin (hCG) specifically bind to LH/hCG receptors located on Leydig cells and stimulate
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the activity of adenylyl cyclase catalyzing cAMP synthesis, which leads to the activation of
protein kinase A and CREB. Further, the level of intracellular cAMP is reduced due to its
hydrolysis by cAMP-specific phosphodiesterases (cCAMP-PDE), which leads to the attenuation
of signal transduction generated by gonadotropins and inhibits their stimulating effect on
steroidogenesis. Leptin suppresses the cAMP-PDE activity, maintaining the increased level of
intracellular cAMP and thereby potentiates steroidogenic effect of gonadotropins (Figure 1).
This is supported by the data that leptin enhances the stimulating effect of hCG on the cAMP
level in rat Leydig cells [77].

Along with the regulation of T synthesis in Leydig cells, leptin controls the mass and size of
the testes, diameter of the seminiferous tubules and spermatogenesis and affects the survival
of Leydig cells and other testicular cells [26, 93]. Leptin also regulates steroidogenesis in the
ovaries and adrenal glands, and the mechanisms of its regulatory effect are believed to be
similar to those in Leydig cells [37, 94].

2.3. Leptin regulation of the male gonadal axis and steroidogenesis in metabolic
disorders

In men with obesity, metabolic syndrome and DM2, the activity of the male HPG axis and the T
production are decreased, which lead to androgen deficiency [95-97]. Along with this, in diabetic
men the plasma level of estrogens and the ratio of estrogen/T are significantly increased, which
due to the increased activity of aromatase and the altered production of sex hormone-binding
globulin [98-101]. The elevated concentrations of reactive oxygen species and inflammatory fac-
tors lead to the damage in Leydig cells and reduce their steroidogenic activity [97, 102].

In obesity and DM2, the plasma leptin level is significantly increased [103, 104], which leads
to leptin resistance. As a result, the receptor-mediated transport of leptin through the BBB is
reduced, which leads to a decrease in the intrahypothalamic leptin level and to a weakening
of the regulatory effects of leptin on hypothalamic neurons and GnRH secretion (Figure 1).
It is also not possible to exclude the possibility of reducing leptin transport through the BTB,
although such data have not yet been obtained.

The detailed study of the relationships between the leptin signaling and androgen deficiency
in men with obesity and DM2 are not currently available. In rats with diet-induced obesity,
severe hyperleptinemia and leptin resistance was associated with a decrease in the number
of Leydig cells by 30%. This can be caused by the reduced intratesticular levels of leptin or
the decreased sensitivity of testicular cells to this adipokine that participates in the regulation
of survival and proliferation of Leydig cells (Figure 1). Although the plasma T level in obese
male rats did not change, in the testes of animals it decreased by 25%, which was associated
with a decrease in the expression of the Star and Cyp1lal genes encoding StAR and cyto-
chrome P450__[105].

The deterioration of reproductive functions was found in mice with a knockout of the gene
encoding the catalytic p110a-subunit of PI3K in the adipose tissue [106]. In the testes of 30-day
knockout mice with severe hyperleptinemia, the expression of the gene encoding leptin was
increased, while the expression of the genes encoding StAR and P450 _was reduced. Adult
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knockout mice had a severe form of hyperleptinemia, obesity, hepatic steatosis and the impaired
glucose tolerance, and were infertile. It was quite unexpected that in the testes of knockout
animals the expression of the ob gene and the Hsd17b3 gene encoding 17p3-hydroxysteroid
dehydrogenase 3 (173-HSD) was significantly increased, and the plasma level of T was also
increased, indicating a pronounced hyperandrogenemia [106]. A possible cause for this was
the reduced activity of estrogen receptor-a (Esrl), since in animals lacking the Esr1 gene a
similar phenotype with hyperandrogenemia and infertility was described [107, 108].

3. Adiponectin

3.1. Adiponectin and its signaling system

Polypeptide hormone adiponectin is produced mainly by the adipose tissue [109, 110], but
despite this, the plasma adiponectin level is negatively correlated with the body mass index
and the reserves of adipose tissue [111]. The plasma level of adiponectin is characterized by
gender specificity and significantly lowers in males, which is true for humans and rodents
[112]. Adiponectin can be synthesized not only by the adipose tissue but also by the brain,
pituitary, testes and others [17, 113]. Adiponectin is consists of a variable N-terminal domain, a
large globular C-terminal domain and a collagenous domain located between them, containing
22 collagenous Gly-XY repeats [114-116]. Using the collagenous repeats, adiponectin molecules
interact with each other to form the homotrimeric complexes that aggregate into the hexamers
and high-molecular complexes similar to those in the case of tumor necrosis factor-a (TNF-a)
[117]. To form the trimeric complex, hydroxylation of the proline and lysine residues in the col-
lagenous repeats is necessary, since the lack of this modification does not allow the formation
of such complex and leads to a loss in the adiponectin activity [118, 119]. High-molecular com-
plexes of adiponectin are stabilized by disulfide bonds formed between the trimers [120]. The
trimeric, hexameric and high-molecular complexes are present in the bloodstream, while the
monomeric forms are found in trace amounts [115, 121-123]. Post-translational modifications
of adiponectin and its oligomerization significantly affect the bioavailability, binding charac-
teristics and pattern of specific activity of adiponectin [115, 120, 123-125].

The tissues, the targets of adiponectin, express the adiponectin receptors AdipoR1 and
AdipoR2, which bind specifically to various forms of adiponectin with different affinity [111,
125-127]. Despite the fact that both these receptors seven times penetrate the plasma mem-
brane, like classical G protein-coupled receptors, they differ significantly from them in mem-
brane topology, having the extracellular C-terminal domain and the intracellular N-terminal
domain. In addition, the adiponectin receptors interact with APPL proteins (adaptor protein,
phosphotyrosine interacting with plekstrin-homologous domain and leucine zipper), but
not with heterotrimeric G-proteins. The AdipoR1 binds with a high affinity to the truncated
globular form of adiponectin and with a low affinity with the oligomeric and high-molecular
forms of full-length adiponectin, while AdipoR2 binds with an intermediate affinity to both
the full-length and globular forms. The both receptors interact with two isoforms of the APPL
proteins, APPL-1 and APPL-2 [128, 129]. The interaction of adiponectin-activated AdipoR1
with APPL-1 leads to the activation of AMPK and the 3-phosphoinositide and MAPK cas-
cades. The APPL-2 forms a complex with APPL-1 and prevents APPL-1-mediated regulations.
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When adiponectin binds to AdipoR1, the APPL-1/APPL-2 complex dissociates, resulting in
the release of APPL-1 to interact with the downstream effector proteins [116, 130].

3.2. The effect of adiponectin on hypothalamic neurons

Adiponectin is able to control steroidogenic function in the testes directly, acting on Leydig
cells, and indirectly, acting on the HPG axis at the hypothalamic and pituitary levels. To inter-
act with hypothalamic neurons, the main target of adiponectin in the CNS, it is necessary to
transport adiponectin into the brain through the BBB. It is suggested that the receptor-mediated
transport of adiponectin through the BBB can be carried out through the AdipoR1 and AdipoR2
receptors located on the endothelium of cerebral vessels (Figure 2). In addition, a large num-
ber of adiponectin receptors and the components of adiponectin-regulated signaling pathways
have been identified in the ARC and paraventricular nuclei of the hypothalamus [131-134] and
in other brain areas [13]. Adiponectin is easily transferred from the bloodstream to the brain
and cerebrospinal fluid (CSF), although its concentration in the CSF is low, being only 0.1% of
that in the blood [132-135]. In obesity, which was characterized by the reduced plasma level
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and testes on the activity of the male HPG axis and the testosterone production. Abbreviations: AdipoR1 and AdipoR2,
adiponectin receptors of the types 1 and 2; ERK1/2, extracellular signal-regulated kinases 1/2; Sp1, transcription factor
Spl. The other abbreviations are the same as in Figure 1.

35



36 Advances in Testosterone Action

of adiponectin [134, 136, 137], its concentration in the brain areas was also decreased [134]. It
should be noted that, as in the case of circulating adiponectin, a negative correlation was found
between the adiponectin level in the CSF and the body mass [133, 134]. Thus, unlike leptin,
intracerebral adiponectin deficiency in obesity is caused by a reduced level of this adipokine in
the blood. Although there is evidence that adiponectin can be synthesized in the CNS [17, 113],
the greatest, if not all, amount of this adipokine comes from the periphery, and the intracerebral
level of adiponectin depends on the activity of adiponectin-transporting system of the brain.

Upon binding to adiponectin receptors in neurons of the paraventricular nuclei and the peri-
ventricular region of the hypothalamus, adiponectin activates AMPK [13, 138], decreases the
activity of ERK1/2 [13], causes a weakening of the calcium-dependent signaling pathways and
inhibits the hyperpolarization-activated cationic currents responsible for pacemaker activity
of GnRH-neurons [139]. It is important to note that the inhibition of ERK1/2 activity is due to
an increase in AMPK activity [13]. The main result of adiponectin action on GnRH-neurons
is a decrease in the synthesis and secretion of GnRH and, as a consequence, a decreased LH
production by gonadotrophs [13, 139] (Figure 2).

Adiponectin also interacts with the KNDy-neurons expressing kisspeptin. Adiponectin-
induced increase in AMPK activity in these neurons results in the inhibition of AMPK-
dependent transport of the transcription factor SP1 into the nucleus, which is illustrated by
SP1 accumulation in the cytoplasm. As a result, the expression of the KISS1 gene is reduced,
which leads to a decrease of the stimulating effect of kisspeptin on the activity of GnRH-
neurons [140]. There is reason to believe that a decrease in the SP1 activity may be due to
adiponectin-induced inhibition of ERK1/2 activity in the KNDy-neurons [141].

3.3. The effect of adiponectin on pituitary gonadotrophs

The inhibitory effect of adiponectin on LH production can be carried out at the pituitary level,
since both adiponectin receptors were detected in the LH-expressing gonadotrophs of human
and rats [14, 142, 143]. In addition, the expression of the Adiponectin gene was detected in the
pituitary gland [142-144], whereby the regulators of the adiponectin receptors in gonado-
trophs can be both plasma and pituitary adiponectin (Figure 2). A long-term treatment of
the primary culture of gonadotrophs with adiponectin results in a decrease in the AdipoR1
expression, but has a little effect on the expression of AdipoR2, indicating the development of
receptor-specific resistance of gonadotrophs to adiponectin [144]. Adiponectin inhibits both
the basal and GnRH-stimulated LH secretion, and its effect is detected even after a short
exposure with gonadotrophs [14, 144]. This is largely due to adiponectin-induced decrease in
the expression of GnRH receptors in gonadotrophs [144]. As in the hypothalamic GnRH- and
KNDy-neurons, regulatory effects of adiponectin on gonadotrophs are mediated by its ability
to activate AMPK [14]. Although adiponectin inhibits LH secretion [14, 138, 144], it has very
little effect on FSH secretion [14]. This indicates that the targets of adiponectin in the pituitary
are preferably gonadotrophs that produce LH.

3.4. The effect of adiponectin on the testes

Asnoted above, the expression of the Adiponectin gene was found in the testes, which demon-
strates the intratesticular production of adiponectin, and the main source of this adipokine is
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Leydig cells [17]. Three transcripts of the Adiponectin gene, 2.5, 1.8 and 1.2 kb, were detected
in the adipose tissue, while in Leydig cells were only two transcripts, 1.2 and <1.0 kb, and in
both cases the adiponectin isoform with a molecular weight of 30 kDa was dominant [17].
However, the contribution of the adiponectin synthesized in the testes to total pool of intra-
testicular adiponectin is difficult to assess, especially since the plasma adiponectin level is
significantly higher than in the testes and seminal fluid. The concentration of adiponectin in
the seminal fluid of healthy men is 100 times lower than in the bloodstream. The adiponectin
level in the semen of men and bulls is positively correlated with its plasma level [145, 146].
Furthermore, adiponectin level in the seminal fluid positively correlates with the number of
spermatozoa, their mobility and normal morphology [145]. In men with a vasectomy that
excludes the intratesticular sources of adiponectin, this level in the seminal fluid does not
change. These facts suggest that the main, if not the only, source of adiponectin in the semen
is adiponectin, coming from the bloodstream. On the other hand, the source of adiponectin in
Leydig cells can be both plasma and intratesticular adiponectin [116, 123].

The main regulators of the Adiponectin gene expression in the testes are gonadotropins with
LH activity. The production of adiponectin in the testes of hypophysectomized rats is signifi-
cantly reduced, but is completely restored after their treatment with hCG. In rats, during the
neonatal period, when LH level is low, the content of adiponectin in the testes is also very
low. During puberty, when plasma LH concentration and the proliferation of Leydig cells are
increased, the expression of adiponectin also increased rapidly, reaching a maximum in rats
at 2 months of age [17]. There is a positive correlation between the adiponectin levels and the
T production, because the T synthesis also depends on gonadotropins with LH activity [147].
Unlike LH and hCG, FSH has a little effect on the adiponectin content in the testes, which
is due to the fact that the expression of adiponectin in the Sertoli cells, the main target for
FSH, has not been identified. The expression of adiponectin in the testes is also controlled by
thyroid hormones and corticosteroids. An increase in thyroid hormone levels due to therapy
with L-thyroxine causes an increase in the Adiponectin gene expression, while the treatment
with dexamethasone leads to opposite effect [17].

The AdipoR2 was located on the surface of Leydig cells, while AdipoR1 was found in the epi-
thelium of the seminiferous tubules. In spermatozoa there are both types of the adiponectin
receptors [17, 148, 149]. The AdipoR2” mice had the reduced mass and size of testicles, the
atrophy of the seminiferous tubules and the impaired spermatogenesis [150]. The expression of
AdipoR2 in Leydig cells is controlled by gonadotropins with LH activity, and is almost indepen-
dent of FSH. The expression of the AdipoR2 gene in the testes is strongly reduced in hypophy-
sectomized rats, and the treatment of animals with hCG completely restores it [17]. Studying the
male rats, it was shown that during puberty with an increase in plasma LH level the expression
of AdipoR2 in the testes also increases, which positively correlates with an increase in the adipo-
nectin expression. With regard to the adiponectin signaling in spermatozoa, it is shown that, in
addition to adiponectin, both types of adiponectin receptors are expressed in them. The expres-
sion of the Adiponectin, AdipoR1 and AdipoR2 genes in the high-mobility spermatozoa fractions
is 3.5, 3.6 and 2.5 times higher in comparison with the low-mobility fraction [149]. The most
pronounced correlation was found between the mobility and the expression of the Adiponectin
and AdipoR1 genes. These data indicate that AdipoR1 plays an important role in the regulation
of spermatogenesis, while AdipoR?2 is very important for the T synthesis by Leydig cells.
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All of the above indicates that adiponectin positively regulates the T synthesis (Figure 2). Indeed,
treatment of the MA-10 Leydig cells with adiponectin at the concentrations of 50-5000 ng/mL
resulted in an increase in the production of progesterone, a precursor of T, which was associated
with cAMP-dependent activation of StAR and cytochrome P450__[151]. In the earlier studies,
it was shown that adiponectin, acting on the testes, suppressed both the basal and hCG-stimu-
lated T production, although the expression of the steroidogenesis enzymes, such as cytochrome
P450__and dehydrogenases 33-HSD and 17(3-HSD3, did not change [17, 148]. The mechanisms
of adiponectin action on Leydig cells include the stimulation of PI3K and Akt kinase, which
results in the changed expression of Akt-dependent genes, as well as the regulation of ERK1/2,
whose activity decreases at low concentrations of adiponectin and increases at its high concen-
trations [148]. It can be assumed that the dependence of adiponectin effect on ERK1/2 on its
concentration, as well as a set of the effector components of MAPK cascade regulated by adipo-
nectin are responsible for the different mode of the regulation of steroidogenesis by this adipo-
kine. The treatment of Leydig cells with adiponectin did not affect the expression of LH receptor,
and this indicates the preservation of the sensitivity of these cells to gonadotropins [148].

4. Visfatin

Visfatin produced by the adipose tissue is a multifunctional protein that functions as a signal
molecule and as a nicotinamide phosphoribosyltransferase (NAMPT) catalyzing the synthe-
sis of nicotinamide adenine mononucleotide from nicotinamide and 5-phosphoribosyl-1-py-
rophosphate [152-154]. In humans, visfatin includes 491 amino acids and forms a functionally
active homodimer complex [10, 155, 156]. Paradoxically, the receptor for visfatin has not yet
been found. It is known that the main targets of visfatin, as in the case of most other adipo-
kines, are the MAPK and PI3K/Akt pathway, and the activation of Akt kinase occurs 5 min
after treatment of cells with visfatin [156-158].

The highest concentration of visfatin is detected in the white adipose tissue. In obesity and
DM2, the plasma visfatin level is steadily increased, and the degree of this increase varies
greatly, due to both the individual characteristics of patients and the various approaches to
measure the visfatin concentration [2, 155]. The visfatin level is also increases in women with
a polycystic ovary syndrome, for which obesity and insulin resistance are characteristic [155].
Despite an increase in the plasma level of visfatin, its concentration in the CSF decreases, and
this is probably due to the impaired transport of visfatin through the BBB. These data suggest
that, as in the case of leptin and insulin, the transport of visfatin into the brain can be receptor-
mediated, and decreases in the conditions of visfatin resistance.

The data on the involvement of visfatin in regulation of the reproductive system are mainly
related to the female HPG axis, folliculogenesis and steroidogenesis in the ovaries [7]. There
is a positive correlation between the visfatin level in follicular fluid and the quantity and
quality of the follicles [159]. It is assumed that the effect of visfatin on the ovarian steroido-
genesis system can be realized via the mechanisms that lead to an increase in the production
of insulin-like growth factor-1 (IGF-1), a stimulator of steroidogenesis [138]. In this case, the
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effects of visfatin are characterized by species specificity. The introduction of recombinant
human visfatin into chicken did not stimulate, but, on the contrary, suppressed the basal and
IGF-1-stimulated expression of the Star and Hsd3b1 genes, which led to a decrease in estro-
gens production by follicular cells [7].

In the case of the male reproductive axis, the targets for visfatin may be all of its compo-
nents. Information on the central mechanisms of action of visfatin is limited to its effect on the
hypothalamic neurons responsible for control of glucose homeostasis [160]. However, the fact
that visfatin, like leptin, affects the activity of 3-phosphoinositide pathway, supports its pos-
sible participation in the regulation of GnRH-neurons activity. The evidences were obtained
in favor of the regulation of LH-expressing pituitary gonadotrophs by visfatin. Firstly, the
mRNA for visfatin was detected in gonadotrophs, which indicates its synthesis in them and
the role of visfatin in the autocrine and paracrine regulation of the anterior pituitary. Secondly,
visfatin stimulates the AMPK activity in the cultured murine gonadotroph-like cells LBT2,
resulting in a decrease in LH secretion [161].

The ability of visfatin to influence the testicular functions and the T synthesis is supported
by the following data. Visfatin is expressed in Leydig cells, spermatocytes and spermatozoa
[19], and its level in the seminal fluid is much higher than in the blood [162]. When exposed to
Leydig cells, visfatin increases the T production, and the maximal effect of visfatin is achieved
at its concentration of 10 M [163]. The inhibitor of Raf-1 kinase reduces the stimulating effect
of visfatin on steroidogenesis, while the inhibitors of the protein kinases A and C have a little
influence on this effect. It is assumed that the effects of visfatin on steroidogenesis may be due
to activation of insulin receptors [163], which are widely represented in Leydig cells, espe-
cially since previously it has been reported that insulin receptor can interact with visfatin [154,
164]. However, despite the similarity of regulatory effects of insulin and visfatin, in the recent
years the ability of visfatin specifically binds to insulin receptor has been questioned [157].

5. Resistin

Resistin is a polypeptide with a molecular mass of 12.5 kDa, which forms a homodimer stabi-
lized by disulfide bonds [138]. Although resistin is mainly secreted by adipocytes of the white
and brown adipose tissues and macrophages [165, 166], its expression is also shown in the
testes in the Sertoli and Leydig cells, which indicates the participation of resistin in the auto-
crine and paracrine regulation of testicular cells [16]. The expression of the Resistin gene was
detected in the different lines of mouse Leydig cells, and it increased with increasing intracel-
lular level of cAAMP, which indicates the involvement of cAMP-dependent transcription factors
in the regulation of the Resistin gene expression [3]. Currently, a specific receptor for resistin
is not established, but the most acceptable candidate for this is Toll-like receptor 4 (TLR4)
[167]. The functions of receptor proteins for resistin can also be performed by tyrosine kinase-
like orphan receptor 1 (ROR1), adenylyl cyclase-associated protein-1 (CAP-1) and d-decorin.
The TLR4 receptor mediates the regulatory effects of resistin on the 3-phosphoinositide and
MAPK pathways, AMPK and the transcription factors of the STAT family [3].
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The level of resistin in the bloodstream, from which it is able to be transported to the testes, var-
ies greatly depending on the metabolic status, gender and species. Fasting leads to a decrease
in the plasma resistin level and the Resistin gene expression in the adipose tissue, while food
intake increases these indices [9, 16]. In women, the resistin level in the blood is higher than in
men [168, 169]. In male rats, the expression of the Resistin gene in the adipose tissue exceeds
that in female rats [170]. This is believed to be due to the stimulating effect of T and the inhibi-
tory effect of estrogens on adipocytes [171]. There is evidence that resistin is expressed in
adenohypophysis cells [172, 173]. In the pituitary of rhesus monkeys and baboons, the ratio
of the mRNA for resistin, leptin and adiponectin was 1:13:4 and 1:7:3, respectively [174]. The
Resistin expression in the pituitary strongly depends on the age and gender, and was higher in
males as compared to females and increased at the prepubertal stage [172, 173].

Using the primary culture of pituitary cells of rhesus monkey it was shown that resistin acti-
vates a number of signaling pathways, including cAMP-dependent and 3-phosphoinosit-
ide cascades regulating the cell survival and secretory activity. Resistin affects the secretion
of growth hormone and adrenocorticotropic hormone, although LH secretion remains
unchanged. It should be noted, however, that the treatment of pituitary cells with leptin and
adiponectin also did not affect LH secretion, which is probably due to the peculiarities of
cultured cells used in the experiment [174].

Resistin was found in the brain and CSF, and although its concentration was much lower than
in the bloodstream, it can be assumed that resistin affects the activity of hypothalamic neurons
controlling GnRH secretion [116, 133]. One of the mechanisms of this may be the influence of
resistin on the adiponectin signaling in hypothalamic neurons. A prolonged i.c.v. administra-
tion of resistin into rats and mice results in a decrease in the expression of both types of adi-
ponectin receptors, AdipoR1 and AdipoR2, and also reduces the functional activity of APPL-1
protein, thereby weakening the APPL-1-mediated adiponectin signaling. There is reason to
believe that this effect of resistin is implemented through the receptor TLR4, since the inhibit-
ing effect of resistin on the adiponectin signaling was not detected in mice lacking TLR4 [175].

The Resistin gene is expressed in Leydig cells, and the intratesticular expression of resistin was
identified throughout postnatal development with a maximum in adult animals [16]. Resistin
is also expressed in Sertoli cells, but its level in them is significantly lower than in Leydig cells.
Fasting and i.c.v. administration of leptin lead to a significant decrease in the intratesticular level of
resistin, while in diet-induced obesity the expression of resistin in the testes remained unchanged
[16]. These data indicate a positive correlation between the levels of resistin in the blood and in the
testes. This gives reason to believe that, along with intratesticular synthesis of resistin, the plasma
adipokine can be transferred through BTB into the testes, and the receptor TLR4, which are capa-
ble of binding to resistin and widely presented in testicular cells may be involved in this process.

6. Conclusion and future perspectives

The regulation of the male gonadal axis by adipokines can be carried out both through the
changes in the plasma level and bioavailability of adipokines produced (a systemic regulation)
and through the changes in the expression and specific activity of adipokines in the target
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tissues, the components of the HPG axis, such as the hypothalamus, pituitary and testes (an
autonomous regulation). In the case of systemic adipokines regulation, the changes in the
plasma level of adipokines that are associated with feeding behavior, physiological condi-
tions, and also with an imbalance of adipokines and a resistance to them in obesity, DM2 and
other metabolic disorders directly affect the functional activity of the male HPG axis and T
production. Of great importance is the activity of the adipokine-transporting system, which
transfers the adipokines through the BBB into the brain, where they regulate the GnRH- and
KNDy-neurons involved in GnRH secretion, and also through the BTB into the testes, where
they control the steroidogenesis system and the synthesis of T, the main effector hormone of
the male HPG axis. In the case of autonomous regulation, the adipokines synthesized in the
pituitary and testes function as the autocrine and paracrine factors and to a large extent deter-
mine functional activity of the components of the HPG axis. On the one hand, they regulate
proliferation and survival of gonadotrophs and testicular cells, primarily Leydig cells, and on
the other, affect their ability to produce gonadotropins and steroid hormones. It is important
to note that between the systemic and autonomous adipokine-mediated regulation of the male
HPG axis there are the complex integrative relationships and interactions that are realized at
different levels of this axis. As a consequence, the changes in the pattern and levels of adipo-
kines in the bloodstream can be differently associated with activity of the hypothalamic, pitu-
itary and testicular components of the HPG axis, since in this case it is necessary to take into
account the functional state of autonomous adipokine systems. The ratio of different adipo-
kines in the blood and in the tissues, the components of the HPG axis, contributes significantly
to the resulting effects of adipokines on the reproductive system, since their effects on the male
HPG axis, including the testicular steroidogenesis system, may be synergistic or antagonistic.

The study of the role of adipokines in the regulation of the male HPG axis is of great interest,
since it will allow in the future to develop the effective approaches for monitoring functional
activity of the male reproductive system and correcting the dysfunctions in this system in
metabolic and endocrine disorders, including obesity and DM2. The adipokines and their
analogues, as well as regulators and modulators of their signaling cascades in the hypotha-
lamic neurons and testes, can be used as potential drugs to improve the reproductive func-
tions and to normalize the steroidogenesis in men. It is also important how the treatment of
men with GnRH analogous, gonadotropins with LH-like activity and androgens will affect
the systemic and autonomic regulation of the GPH axis by adipokines. This should be taken
into account when developing the approaches to improve metabolic status in obese and dia-
betic patients and in elderly men with an androgen deficiency using the activators of the HPG
axis and androgens. The study of the interaction between the male HPG axis and the adipo-
kine system will allow us to decipher the fundamental mechanisms that determine the rela-
tionships between the eating behavior, hunger and satiety, on the one hand, and the sexual
behavior and aggression, on the other.
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Abstract

Prostate cancer is the most commonly diagnosed cancer in men all over the world.
Localized cancers in the early stages can be well managed by surgical or radiation ther-
apy. Metastatic prostate cancer is treated with androgen deprivation therapy because
androgen signaling is essential to the prostate tumor growth and anti-apoptotic ability.
However, resistance develops quickly in the clinical course and leads to castration-resis-
tant prostate cancer (CRPC). Androgen receptor (AR) functions as a nuclear receptor to
facilitate ligand-dependent transcriptional activation in the nucleus. AR interacts with
several tissue-specific transcription factors such as forkhead box protein A1 (FOXAI) and
regulates epigenetic status by recruiting epigenetic factors. In addition, AR transcriptional
activity is modulated by interacting directly or indirectly with non-coding RNAs such as
long non-coding RNAs (IncRNAs) and micro RNAs (miRNAs). Notably, enhanced AR
signaling in CRPC has been documented in several studies; however, which of these
factors are important for the biological function it remains poorly understood. Here, I
review our current knowledge of the mechanistic roles of AR involved in prostate cancer
progression and discuss the importance of the prostate cancer-associated signals.

Keywords: androgen receptor, prostate cancer, non-coding RNA, transcription,
epigenetic

1. Introduction

Released hormone to an entire body is responsible for the development of various human diseases
and physiology. Androgens, male sex hormones, mediate their effects predominantly by bind-
ing to the androgen receptor (AR), a member of the ligand-dependent nuclear receptor super-
family. Two major androgens, testosterone and dihydrotestosterone (DHT), bind and activate
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AR to regulate target gene expression [1]. Testosterone produced in the testes is the most abun-
dant androgen. After diffusing into cells, testosterone is converted to dihydrotestosterone (DHT)
by the enzyme 5a-reductase [2]. DHT directly binds to and activates AR even more tightly than
testosterone [3]. Androgens play a key role in the development of the male genital tract favoring
differentiation and external genitalia during fetal life and sexual characteristic during puberty
and are required for the establishment of adult sexual function. In addition to the classical activi-
ties in the male reproductive system, androgens also have anabolic functions in other tissues
such as bone, muscle and central nervous systems [4]. Notably, AR has a central role in prostate
cancer progression. In this review, we focus on AR functions through epigenetic factors and
non-coding RNAs that have been shown to play a role in prostate cancer progression.

2. De-regulation of AR during the progression of prostate cancer

AR is a member of the nuclear receptor superfamily [5] and plays a key role in androgen signaling
(Figure 1A). In the absence of ligand, AR is expressed mainly in the cytoplasm forming a complex
with molecular chaperones and co-chaperones from the heat shock protein (Hsp) family. Upon
androgen treatment, a conformational change in the complex leads to nuclear translocation of
AR. In the nucleus, AR binds as a dimer to specific DNA sequences called androgen respon-
sive elements (AREs), which are found in the vicinity of AR target genes [6]. AR activates gene
expressions by modifying the epigenetic condition of AR binding regions [7]. Generally, nuclear
receptors including AR have multiple domains called DNA binding domain, a ligand-binding
domain (LBD), and an N-terminal domain (NTD), [2, 8, 9]. In the NTD, the transcriptional activa-
tion function 1 (AF1) domain promotes transcriptional activation with or without ligand bind-
ing [10], which is associated with enhanced AR function. AF2 domain in the LBD interacts with
co-regulators with LXXLL motif [3]. Point mutations mapped to the LBD have been identified
to have relevance with the treatment-resistance to drugs targeting AR in prostate cancer [11, 12].

Prostate cancer is one of the leading causes of cancer morbidity and mortality in developed
countries. Androgens induce proliferation of prostate epithelial cells or prostate cancer tumor
growth [13]. Early diagnosis of prostate cancer is currently based on the measurement of
serum prostate-specific antigen (PSA), a representative AR target gene. Treatment of localized
prostate cancer is determined based on clinico-pathological factors such as Gleason score,
initial PSA level, patient’s age and clinical tumor stage [14]. Because AR and its downstream
signaling are essential for the development and progression of both localized and advanced
metastatic prostate cancer, hormone therapy is a first-line and initially successful strategy for
treating advanced prostate cancer. Androgen deprivation therapy decreases the circulating
testosterone levels to a very low amount, a condition called chemical castration of men [15].

However, most of these tumors relapse and progress to hormone therapy resistant prostate
cancer (HRPC) or castration-resistant prostate cancer (CRPC). To overcome CRPC/HRPC, new
AR inhibitors have been developed. Abiraterone acetate, a potent inhibitor of CYP17 reduces
testosterone synthesis from cholesterol [16]. Despite suppression of circulating testosterone,
castration does not decrease androgens enough from the prostate tumor microenvironment
and residual androgen levels are well within the range capable of activating AR. Accordingly,
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Figure 1. Epigenetic regulation of AR binding regions. (A) Androgen receptor (AR) translocates into the nucleus. By
collaborating with FOXA1, AR is recruited to specific loci called androgen responsive elements (AREs) to activate its
target genes. (B) Upon androgen treatment, several histone modifying enzymes were recruited to AR binding sites.
PKCpB1-mediated histone H3T6 phosphorylation directs LSD1 for not H3K4 but H3K9 demethylation by cooperating
with JMJ2D. H3T11 phosphorylation also accelerates WDR5-mediated MLL recruitments and LSD1 activity. MLL
complex interacts with AR through menin and promotes histone H3K4 methylation to enhance AR dependent gene
expression. SRC family and CTBP1/2 are AR interacting cofactors for histone acetylation or deacetylation.

therapeutic strategies effectively targeting production of intratumoral androgens are necessary.
Clinical studies showed that abiraterone improved overall survival, progression free survival,
delayed initiation of chemotherapy and doubled the time to first skeletal event. Enzalutamide
(MDV3100) is another novel endocrine treatment with reported significant anti-tumor activ-
ity [17]. It is an AR-receptor-signaling inhibitor, blocking nuclear translocation, DNA binding,
and co-activator recruitment. Enzalutamide significantly prolonged the survival of men with
metastatic CRPC after chemotherapy [18]. Although these new types of drugs bring impressive
results, the duration of response is variable, and a majority eventually progress with a rising
PSA. While the mechanisms determining resistance have not been fully elucidated, persistent
AR activation provides a compelling rationale for developing more strategies to inhibit AR [19].
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Enhanced AR downstream signals are caused by AR gene amplification, point mutation, AR
variants (particularly AR-Vs), hypersensitivity to androgens, or intratumoral steroidogen-
esis [20-23]. AR mRNA is alternatively spliced to AR-Vs and results in prematurely termina-
tion of the full AR protein. Most AR-Vs are missing LBD, however, retain the NTD to drive
transcription androgen-independently. Among these variants, AR-V7 is expressed in HRPC/
CRPCs most frequently and could be the therapeutic target of tumors resistant to existing
therapies directed to androgen/AR [24, 25]. In addition, elevated AR expression increased the
reactivity of prostate cancer cells to castrate levels of androgens and promotes resistance to
AR-targeting drugs. Increased AR expression in CRPC is often mediated by AR gene amplifi-
cation. Thus, it is critical to investigate AR downstream-signaling or regulatory mechanisms
by AR to understand how CRPC develop among the patients.

3. Investigation of AR-regulators and target genes

Chromatin immunoprecipitation (ChIP) and sequencing studies have revealed locations of
AR bindings have been found in prostate cancer cells [26-28]. AR target genes such as ADP-
ribosylation factor GTPase-activating protein 3 (ARFGAP3) [29], Amyloid Beta Precursor Protein
(APP) [30], Acyl-CoA Synthetase Long Chain Family Member 3 (ACSL3) [31], claudin-8 [32]
and Transforming acidic coiled-coil-containing protein 2 (TACC2) [33], which promotes tumor
growth by regulating cell cycle, intratumoral steroidogenesis, cell structure, have been identified
in my research. Calcium/calmodulin-dependent protein kinase kinase 2 (CAMKK?2) is overex-
pressed in prostate cancer and regulates cancer cell growth via its unexpected role as a hormone-
dependent modulator of anabolic metabolism, contributing to prostate cancer progression [26].
Ubiquitin-conjugating enzyme E2 C (UBE2C) was identified to be a CRPC-specific AR target
gene and promoted G2/M mitotic cell division in prostate cancer cells [27]. Interestingly, andro-
gen regulates p53 localization by inducing GTPase-activating protein-binding protein 2 (G3BP2),
which is an AR target gene [34]. G3BP2 associates with p53 and SUMO E3 ligase RAN bind-
ing protein 2 (RanBP2), promoting p53 nuclear export via increased p53 sumoylation. Elevated
G3BP2 expression repressed docetaxel-mediated apoptosis and promoted CRPC tumor growth.

3.1. Epigenetic factors

In prostate cancer, deregulation of AR interaction with its coregulators within nucleus is com-
mon and activation of coregulators is frequently observed. AR has a role in the ligand-depen-
dent epigenetic changes by interacting with various coregulators such as histone-modifying
enzymes. DNA, histones and other proteins formed chromatin as a highly ordered structure.
Chromatin forms a unit called the nucleosome consisting of a histone octamer (H2A, H2B,
H3 and H4, two pairs of each) and DNA. Both DNA methylation and histone modification
patterns have also been investigated in prostate cancer. Histone modifications affect the inter-
action of DNA with histones, transcription factors or other proteins binding to DNA, thus
playing a role in the epigenetic control of biological events. Lysine, arginine, serine and threo-
nine residues enriched in N-terminal histone tails serve as substrates for post-translational
modifications such as acetylation, phosphorylation, methylation, ubiquitination, sumoylation
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and deamination. Histone H3, one of the major histones, is most representative for epigenetic
regulation. The methylation of lysine on position 9 (H3K9) and H3K27 is an epigenetic mark
of condensed chromatin and silent loci. The methylation of H3K4 and H3K36 is associated
with open chromatin structures. Acetylation of lysine residues of H3 is also correlated with
enhanced enhancer/promoter activation. [5].

In a recent report, the potential for BET bromodomain protein inhibitors as a novel epigenetic
approach to treatment of CRPC has been shown [35]. In prostate cancer cell lines, BET bromo-
domain inhibitor, JQ1, was demonstrated to induce apoptosis and down-regulate AR target
gene expression. Bromodomain and the extra-terminal (BET) subfamily of human bromodo-
main proteins (BRDs), with a focus on BRD4, were found to play a major role in AR signaling
and interact with AR via bromodomain 1/2. JQ1 inhibits this BRD4-AR bond, resulting in
removal of RNA polymerase II from AR target genes [35]. This study suggests for the first
time that modulating epigenetic function of AR could be a useful strategy to overcome clinical
problems associated with AR signals.

Histone acetylation loosens the nucleosome packing within chromatin to increase DNA acces-
sibility, resulting in the recruitment of chromatin remodeling factors that lead to enhanced
transcriptional activity. The BRD has the ability to recognize acetylated lysine residues [36].
This activity allows BRDs to play a vital role in histone acetylation-mediated gene transcrip-
tional regulation in chromatin. Such BRDs included Tripartite motif containing 24 (TRIM24),
which interacts with AR and are highly expressed in CRPC [37]. Other studies revealed that
E3 ubiquitin ligase substrate binding adaptor speckle-type POZ protein (SPOP) binds to and
induces ubiquitination of BRD4 for degradation. In many prostate cancer tissues, SPOP is the
most frequently mutated to enhance the expression level of BRD4 [38].

AR regulates the histone modifications in AR binding sites (ARBSs) and promotes enhancer
activity by directly interacting with many co-regulators including steroid receptor coactivators
(SRCs) or other histone-modifying enzymes [6, 39] (Figure 1B). Methylations of H3K4 (mono-,
di- or tri-methylation) indicate the active promoter/enhancer regions [40] and promoted by
the SET1/MLL histone methyltransferase (HMTase) complex. Menin protein binding to the
N-terminus of MLL is important for MLL target gene expressions. Menin directly binds to AR
and recruited MLL complex. Menin is highly expressed in CRPC tissues and associated with
castration-resistant tumor growth [41]. Importantly, small molecule inhibitors against menin-
MLL interaction could be the new useful drugs for CRPC. MLL complex plays an important
role for androgen-mediated gene induction and its activity is regulated finely. After androgen
stimulation, protein kinase C-related kinase 1 (PRK1) promotes histone H3 threonine 11 phos-
phorylation (H3T11P) [42]. WD repeat containing protein 5 (WDR5), a subunit of the SET1/
MLL complex, associates with H3T11P and then promotes the recruitment of the MLL com-
plex for H3K4 tri-methylation (H3K4me3) in ARBSs [43]. WDRS5 is a critical epigenetic integra-
tor and is overexpressed in prostate cancers. PRK1 kinase activity facilitates demethylation of
H3K9 by cooperating with lysine-specific demethylase 1 (LSD1) [42, 44]. In addition, Protein
kinase C beta 1 (PKC{1) phosphorylates histone H3T6 to prevent lysine specific demethylase
including LSD1 from histone H3K4 demethylation [45]. Moreover, C-terminal binding protein
2 (CTBP2) is an androgen-responsive cofactor of AR. CTBP2 repressed tumor-suppressor genes
and AR corepressors in prostate cancer cells, such as Nuclear receptor co-repressor (NCOR)
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and receptor-interacting protein 140 (RIP140), by binding with AR to the promoter enhanc-
ers of these genes. Moreover, global gene-expression analyses revealed a positive effect on
androgen-mediated gene expression, and CTBP2 silencing was found to increase AR interac-
tions with corepressors that limit histone modification [46]. Thus, these findings have a clinical
relevance to develop new drugs for treatment by regulating epigenetic status [41].

Histone modification is also important for increased AR expression in CRPC [47]. Recent
studies showed that both transcriptional and epigenetic changes are important for AR upreg-
ulation in prostate cancer. To introns of the AR gene, recruitments of AR and its associated
cofactors such as LSD1, which represses transcription by inhibiting histone H3K4 methylation
are induced by androgen. This feedback loop mechanism regulates AR expression negatively
by androgen. Interestingly, after long-term incubation in castration level of androgens, AR
expression increases in prostate cancer cells and then low levels of androgens can activate AR
regulated genes in CRPC without repressing genes such as the AR itself.

3.2. Collaborative transcription factors

Functional ARBSs were not only determined by sequence motifs but also chromatin accessi-
bility. ChIP-sequence (ChIP-seq) analyses using next-generation sequencers have been devel-
oped as a high-throughput strategy to identify transcription factor binding regions [48]. For
instance, AR ChIP-seq was performed in two LNCaP-derived prostate cancer cell lines with
higher AR expression [49]. Interestingly, more ARBSs were obtained in these cell lines when
they were treated with low concentrations of androgen. These data indicate that the higher
expression of AR sensitizes the receptor binding to genome, thus illustrating the mechanism
that the AR signaling pathway is enhanced in CRPC.

Furthermore, by analyzing enriched motifs around ARBSs, AR-associated transcription part-
ners such as forkhead box protein A1 (FOXA1) [50], ERG, GATA2 [51], Octl1 [31], RUNX1 [52]
and NKX3-1 [50] have been mapped to the prostate cancer genome and these studies sug-
gested the global role of these factor to activate AR-driven transcriptional program. Among
them, a chromatin-opening transcription factor, FOXA1, is able to directly bind to the chro-
matin to open up the local nucleosomal domain (Figure 1A). In prostate cells, FOXA1 protein
has been shown physically interact with the AR protein and plays critical roles in regulating
the transcription of prostate genes [7]. Moreover, ARBSs in CRPC tissues were found by ChIP-
seq and most of them could not been identified in cell lines. Many adjacent genes were in vivo
restricted set of AR-regulated genes. Transcription factor motifs such as E2F, Myc and STAT
were significantly enriched in these CRPC-specific ARBSs [53]. Another study revealed the
colocalization of FOXA1 and homeobox B13 (HOXB13) at a set of ARBSs in human tumor
tissues. These ARBSs were consistently reprogrammed for prostate tumor development [54].

4. The roles of non-coding RNAs in AR action and prostate cancer
biology

Recent advances in DNA sequence technology have demonstrated that more than 90% of the
human genome is actively transcribed. The encyclopedia of DNA elements (ENCODE) project
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has shown that only 2% of these transcripts are translated into proteins [55]. The non-coding
RNAs (ncRNAs), that occupy the majority of transcripts in the nucleus, were initially thought
as the “dark matter.” Non-coding RNAs are broadly categorized into short and long transcripts.
Short non-coding RNAs with a length within 200 nucleotides include such as transfer RNA,
microRNA (miRNA), and snoRNA. miRNAs play important roles in cancer by post-transcrip-
tional modification of target mRNA or protein expression. Long non-coding RNAs (IncRNAs)
represent most of the transcribed ncRNA in the human genome longer than 200 bp. GENCODE
v27 includes 15,778 human IncRNA-related genes, which produce 27,908 IncRNAs [56].

4.1. IncRNA

LncRNAs exhibit similar structure and biogenesis as mRNAs. They are polyadenylated and
may function in either nuclear or cytoplasmic compartments. Growing number of evidences
have shown that IncRNAs are involved in numerous human diseases including cancer [57].
Global nuclear run-on sequencing (GRO-seq) was developed as a new technology to detect
androgen-induced transcripts including IncRNAs [58]. This study has demonstrated that the
production of enhancer-templated non-coding RNAs (eRNAs) is important for nucleosome
remodeling to induce enhancer/promoter interaction by looping and gene activation. It was
also shown that androgen promotes both transcriptional initiation and elongation. These
active enhancers are tuned dynamically to modulate gene expression network in prostate can-
cer. AR is widely recruited to these eRNA-bound enhancer- promoter regions for activating
the genes in the vicinity. Interestingly, knockdown of eRNA represses androgen-dependent
enhancer promoter interaction and gene activation [59]. DNA nicking activity of topoisomer-
ase I (TOP1) was found to produce robust eRNA for enhancer activation. Furthermore, DNA
damage repair machinery is recruited kinetically to the AR-regulated enhancers [60].

LncRNAs are able to fold into secondary and tertiary structures by which they perform their
function (Figure 2A). Direct regulation of AR epigenetic function by IncRNA is strikingly
receiving attention among all. Prostate cancer gene expression marker 1 (PCGEM1) was found as
an androgen-regulated and prostate tissue-specific IncRNA [61]. Overexpression of PCGEM1 in
prostate tumors were observed and associated with the anti-apoptotic activity by inhibiting p53
and p21 induction [62]. Prostate cancer noncoding RNA 1 (PRNCR1) was identified by investigat-
ing the surrounding region of SNPs (single nucleotide polymorphisms) correlated with pros-
tate cancer susceptibility. Importantly, both PCGEM1 and PRNCR1 cooperatively functions for
AR-mediated gene expression [63]. The association of PCGEM1 and PRNCR1 with AR was
shown to be essential in the process of AR activation. Moreover, PCGEM1 was found to interact
with pygopus homolog2 (Pygo2) and PRNCR1 with DOT1-like histone H3 methyltransferase
(DOT1L). By modulating AR proteins with such interacted enzymes, these two IncRNAs were
shown to be responsible for AR-associated loop formation between enhancer and promoter.

Another IncRNA, steroid receptor RNA activator (SRA) modulates the functions of various
nuclear receptors, such as AR, estrogen receptor (ER), progesterone receptor (PR), glucocor-
ticoid receptor (GR) and thyroid hormone receptor (TR). SRA associates with a coactivator
SRC-1 (steroid receptor coactivator) and six stem-loop motifs in SRA are required for co-acti-
vation. Interestingly, overexpression of SRA was found in various tumors including prostate
cancer compared with normal tissues [64, 65].
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Figure 2. The role of non-coding RNA in AR-mediated transcription. (A) The role of enhancer RNA (eRNA) or other
AR interacting IncRNAs. These IncRNAs (eRNA, PCGEM1, PRNCR1 or SRA) promotes loop formation for promoter/
enhancer interaction. HOTAIR enhances AR protein stability by inhibiting ubiquitylation of AR. SOCS2-AS1 regulates
cofactor recruitments to AR. (B) Androgen-induced miRNA mediated TET2 repression inhibits 5-hmC modifications in
FOXA1 occupied enhancer regions. By removal of 5-hmC, FOXA1 is activated and induce FOXA1 or ARregulated genes
such as mTOR.

HOX Antisense Intergenic RNA (HOTAIR) is an IncRNA transcribed in the antisense direction
from the HOXC gene cluster. HOTAIR associates with the polycomb repressive complex 2
(PRC2) for acting as a transcriptional regulators in trans. PRC2 is recruited to the HOXD locus
HOTAIR-dependently, leading to silenced transcription across a 40-kb region. Moreover,
HOTAIR associates with LSD1/CoREST/REST complex. This interaction coupled PRC2 and
LSD1 to induce histone H3K27 methylation and K4 demethylation for gene silencing [66].
Thus, IncRNAs interacts with chromatin remodeling complexes to promote heterochromatin
formation in specific loci, resulting in target gene expression changes. In addition, HOTAIR
expression is correlated with the disease progressions of breast and prostate cancer [67, 68].
HOTAIR high expressions in these cancers are correlated with poor prognosis. This finding
reflects the regulation of steroid hormone function by HOTAIR. HOTAIR is negatively regu-
lated by androgen treatment and induced by depleting androgen. Mechanistically, HOTAIR
blocks the association of E3-ubiquitine ligase MDM2 with AR by binding to AR. This binding
inhibits ubiquitin-mediated degradation and stabilizes AR protein level to activate the AR
mediated transcription for driving CRPC development [68].

Suppressor of cytokine signaling 2-antisense transcript 1 (SOCS2-AS1) was found in our direc-
tional RNA-seq and ChIP-seq analysis [69]. SOCS52-AS1 is highly expressed in castration-
resistant model cells and promotes cell proliferation and inhibits apoptosis induced by
docetaxel. SOCS2-AS1 repressed apoptosis-related genes such as TNFSF10/TRAIL, which are
AR target genes. For molecular mechanism in this gene regulation, SOCS2-AS1 is involved
with AR activation by promoting the recruitments of coregulators to AR-occupied regions by
interacting with AR (Figure 2A).
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Global transcriptome analysis showed that most of the genome can be transcribed from both
sense and antisense strands. More than 1000 pairs of sense/antisense transcripts were obtained
and antisense transcription is involved in such bidirectional gene regulation [70, 71]. Sense-
transcript is regulated by antisense through several mechanisms. For example, post-transcrip-
tional degradation is caused by antisense transcript. Another mechanism is recruitments of
antisense RNA associated transcription factors for epigenetic regulation. In prostate cancer,
an IncRNA, Prostate cancer antigen 3 (PCA3), was found to be an overexpressed in prostate can-
cer tissues. In 95% of the prostate tumors, the expression of PCA3 is upregulated compared
with adjacent normal prostate tissues. PCA3 RNA levels can also be measured by urinary test
more specifically than prostate specific antigen (PSA) measurement [72]. Therefore, it can be
a helpful biomarker to diagnose prostate cancer [73]. AS an antisense transcript, PCA3 func-
tions as an oncogenic IncRNA by inhibiting its overlapped gene Prune Homolog 2 (PRUNE2),
which is a tumor suppressor gene. PCA3 represses PRUNE2 expression by formation of a
double-stranded RNA with PRUNE2 mRNA for reducing post transcriptionally [74].

Genome-wide androgen-regulated transcriptome analysis identified a new androgen-responsive
IncRNA, CTBP1-AS [75]. C-terminal binding protein 1 (CTBP1) functions as a transcriptional
repressor for AR and negatively regulates AR downstream signals. It was demonstrated
that CTBP1-AS is regulated by AR-bindings to its promoter region. In addition, CTBP1-AS
associates with a RNA binding protein, PSF (PTB-associated splicing factor) to transcription-
ally repress its target genes such as CTBP1 via histone deacetylation [75]. Then androgen-
regulated IncRNAs mediates AR function by modulating epigenetic status and gene expres-
sion. Moreover, CIBP1-AS promotes prostate cancer cell cycle progression by repressing cell
cycle regulators such as p53 and SMAD3 globally [75]. Thus, CTBP1-AS and PSF modulate
global gene expression transcriptionally and post-transcriptionally to promote AR and pros-
tate cancer-associated signals. These findings suggest that targeting CTBP1-AS and PSF may
represent a useful therapeutic strategy to overcome castration-resistance in prostate cancer.

Interestingly, another report has shown that PSF binds to another CRPC-associated IncRNA,
Second Chromosome Locus Associated with Prostate 1 (SChLAPI) [76], and mRNAs of various
AR target genes to enhance their stability. In CRPC model cells, pathway analysis showed
that PSF primarily targets spliceosome genes for enhancing their expressions. Interestingly,
in addition to PSF, these wide-range of spliceosome genes are overexpressed in metastatic
prostate cancer tissues, suggesting the importance of splicing factors in the disease progres-
sion. PSF also binds to AR mRNA promoting AR splicing such as AR-V7 and expression
[76] in CRPC. In addition to PSF, heterogeneous nuclear ribonucleoprotein L (HNRNPL)
was identified by CRISPR/Cas9 knockout screen to be required for prostate cancer growth.
HNRNPL also regulates the alternative splicing of a set of RNAs, including AR transcript [77].
Collectively, these recent studies revealed the novel roles of RNA processing factors in modu-
lation of AR splicing and expression. Aberrant expressions of splicing factors would induce
the diversity of oncogenic gene expressions for promoting prostate cancer.

Growth arrest-specific 5 (GAS5) was originally identified as a gene that is preferentially expressed
in growth arrested cells [78]. In prostate cancer cell lines, overexpression of GAS5 induced apop-
tosis [79] and cell cycle arrest via enhanced expression of p27, a tumor suppressor [80]. GAS5
associates with steroid receptors including AR and forms a structure that blocks the DNA-
binding site of the steroid receptor, resulting in repression of steroid-mediated transcription [81].
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These analyses of IncRNA functions revealed a novel transcriptional regulatory mechanism.
Several IncRNAs such as SRA and SOCS2-AS1 associate with AR protein and promote recruit-
ment of cofactors (Figure 2A). Other mechanisms contain loop forming between promoter and
enhancer (eRNA, PCGEM1 and PRNCR1) or enhancing AR protein stability (HOTAIR) to acti-
vate AR action. Regulation of genes related with cancer development or cell cycle controls by
interacting with RNA-binding transcriptional repressor (CTBP1-AS) would be another mech-
anism to promote cancer progression. Androgen-regulated IncRNAs (PCGEM1, HOTAIR,
CTBP1-AS and SOCS2-AS1) have important roles in these gene expressions. Moreover, recent
analyses have shown the importance of RNA-binding proteins (PSF/NONO, HNRNPL) in
prostate cancer progression. Because only a limited number of IncRNA functions have been
demonstrated, we should investigate molecular functions of more IncRNAs in tissue and spa-
tial specific manner in the future.

4.2. miRNA

MicroRNAs (miRNAs) are evolutionally conserved single-stranded small non-protein
Generally miRNAs binds to the 3" untranslated region (UTR) of mRNAs to inhibit their
translation. For examples, dysregulation of miRNA expression profiles during the progres-
sion of prostate cancer have been discussed [82]. In these studies, miR-21, miR-29a/b, miR-32,
miR-99a, miR-148a, miR-125b and miR-141 were found to be androgen-regulated miRNAs
and dysregulated in prostate cancer. Upregulated miR-21 enhanced AR-dependent cell pro-
liferation and associated with development of CRPC [83, 84]. Another androgen regulated
miRNA, miR-125b targets apoptosis inducing factors regulated by p53 (PUMA and BAKI1)
[85]. Thus, by repressing these genes, overexpression of miR-125b in tumors collapses the bal-
ance between pro- and anti-apoptotic processes. It was shown that miR-148a is also regulated
by androgen and highly induced in AR positive prostate cancer cells. miR-148a targets cullin-
associated and neddylation dissociated 1 (CAND1), a cell cycle regulator, to promote cell pro-
liferation [86]. Moreover, miR-32 inhibits apoptosis by targeting BIM, a pro-apoptotic member
of the BCL2 family [87]. Both miR-32 and miR-148a were overexpressed in CRPC tissues, indi-
cating that these miRNAs have important roles in the promotion of castration-resistance [87].

DNA methylation is also the representative epigenetic mark adding a methyl group to the 5’
position of cytosine (5-mC). DNA methylation is added or removed in a spatially and tem-
porally defined context throughout the genome including enhancer/promoter regions. DNA
methyltransferases (DNMTs) contributes to the process as enzymes. DNMTs include DNMT3A/
DNMTS3B for de novo and DNMT1 for maintenance of methylation. The ten-eleven translocation
(TET) family proteins catalyzed the production of 5-hydroxymethylcytosine (5-hmC), an oxida-
tion product of 5-mC. Several studies have demonstrated that 5-hmC is not only an intermediate
product of a demethylation process, but can also function as a stable epigenetic mark [88].

Interestingly, recent study has demonstrated that miR-29 family and miR-22 are highly
induced by androgen in hormone-therapy resistant prostate cancer [89]. In prostate can-
cer clinical samples revealed that the expression level of miR-29a/b is negatively associated
with that of TET2. Interestingly, in situ hybridization (ISH) study of clinical samples indi-
cated that miR-29a/b is highly expressed in a subset of prostate cancers with poor prognoses.
Mechanistically, TET2 repression decreased 5-hmC levels, which is correlated with FOXA1
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transcriptional activity. FOXA1 activation induced expressions of prostate cancer related
genes. One of such 5-hmC regulated genes was mammalian target of rapamycin (mTOR)
(Figure 2B). These experimental and clinical data suggested a novel oncogenic role of miR-29
family in prostate cancer progression [89]. The roles of miR-29 family in cancer are still con-
troversial because their expressions are reduced in several cancer tissues in comparison with
normal [90]. However, their overexpression inhibits apoptosis in lung cancer as oncogenic
miRNAs [91]. Exome sequencing analysis revealed that somatic mutations of TET2 exon are
involved in metastatic CRPC development [92]. Rare variation in TET2 is also associated with
the development of prostate cancer [93]. TET2 could directly regulate AR-signaling by bind-
ing to AR [94]. Thus, the role of TET2 and 5-hmC-modification in prostate cancer deserves
additional analysis and may define a subset of metastatic disease.

Studies of non-coding RNAs in AR signals are mainly reported in the research field of pros-
tate cancer. However, knockout of the miRNA processing enzyme, Dicer 1, Ribonuclease III
(DICER), in mice inhibited AR function tissue specifically in muscle. In addition, castration
in rats inhibited the expression of a large set of miRNAs in prostate and muscle, suggesting
the importance of miRNAs in the physiological functions of androgens in other tissues [95].

5. Conclusion and perspective

The majority of prostate cancer and CRPC tumors are driven by AR signaling. AR-mediated
resistance to hormone therapy can be acquired by multiple mechanisms. AR mutation, ampli-
fication and truncated variants have been identified to explain aberrant AR activation in pros-
tate cancer progression. AR coregulators and collaborating transcription factors are essentials
for AR to exert its transcriptional activity. Recently the role of non-coding RNAs such as
IncRNAs and miRNAs has been realized to play a critical role in AR activation and prostate
cancer progression. Such alterations of AR function lead to positive or negative regulation
of the growth and invasion ability of cancer cells. Although AR-targeting drugs have been
developed, we could not eliminate CRPC due to the adaptive evolution of the disease during
the treatment. Combinational therapies are required to overcome CRPC problems. Therefore,
it is urgent to find better predictive biomarkers or therapeutic targets which have an efficacy
for diagnosing and treating prostate cancer and CRPC.
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Abstract

There is still no clear consensus on the poor responder (PR) definition, however, the
European Society of Human Reproduction and Embryology (ESHRE) suggested, in 2011,
the Bologna criteria, which includes, for a poor ovarian response definition, at least two of
the following three characteristics: age > 40 years, the number of oocytes previously
recovered equal to or less than three, and low ovarian reserve tests score. It is noticed that,
despite the use of different effective ovulation stimulation protocols, clinical pregnancy
rates remain low in PR. In recent years, however, many authors, including Casson et al.,
reported the beneficial of DHEA supplementation on ovarian response in this group.
Dehydroepiandrosterone (DHEA), a precursor of estradiol (E2) and testosterone (T), orig-
inates from the reticularis adrenal zone and from ovarian theca cell. In this chapter, we
intend to demonstrate the potential benefits of DHEA supplementation in women with
poor response in IVF outcomes.

Keywords: dehydroepiandrosterone, poor ovarian response, in vitro fertilization, clinical
pregnancy rate, ovulation stimulation protocol

1. Introduction

Female infertility increases dramatically with age. The delay in the decision of having children
is no longer a simple trend, but a reality among women today [1, 2]. At least 20% of women
choose to establish their families after the age of 35. This is mainly due to the expectation of the

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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modern woman to wish for, in the foreground, professional and financial stability, waiting for
a stable relationship that would give her security [1-4].

Under the physiological aspect, the function of the ovary is to generate mature oocytes and
produce steroid hormones that create a conducive environment to fertilization and embryonic
implantation, and the aging of the ovaries is demonstrated by reduced oocyte reserve,
decreased fertility as well as adverse reproductive events, such as gestational losses and
pregnancy with aneuploidy. With age, the remaining eggs age and become less able to be
fertilized by sperm [5].

2. Poor responder patients

The clinical management of the poor responders in the in vitro fertilization (IVF) processes is
still a challenge for specialists in the field, since there is a lack of standardization in the
definition of these patients classified as “poor responders.” It is found that in such patients, a
small number of follicles are developed during treatment and, as a consequence, a small
number of oocytes are recovered through IVF [6-8].

The European Society for Human Reproduction and Embryology (ESHRE) [9] proposed in
2011 the so-called Bologna criteria that establish as a poor ovarian response, that is, a decrease
in the quantity of eggs available for fertilization available in the ovaries to stimulation in IVF
cycles, with at least two of the following three characteristics:

e Age above 40.

¢ The number of oocytes previously recovered in previous cycles of IVF less than or equal to
three.

e Low ovarian reserve test scores.

According to different studies, 9-24% of patients who have undergone IVF and embryo
transfer (IVF-ET) have been poor responders, resulting in low pregnancy rates, or between 2
and 4% [4, 10, 11].

The main causes are numerical and structural chromosomal changes, as well as mutations or
variability in specific genes of reproductive aging, pelvic infections, chlamydia trachomatis
infections, endometriosis, chemotherapy, and other factors that may lead to the reduction of
ovarian reserve [12, 13].

In addition, there is an evident lack of data to identify the best intervention to achieve
treatment success in poor responders, due to the heterogeneity of this group of women. Old
age is considered the most relevant risk factor, but on the other hand, young women are not
free of this condition and may also have a diminished ovarian reserve [3, 4, 14].

Thus, different protocols have been suggested to improve outcomes in those patients, such as:
the use of nitric oxide, formed in vivo from L-arginine, which may play a role in follicular
maturation and ovulation. Growth hormone is also employed to regulate the effect of FSH,
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increasing the synthesis of insulin-like growth factor and consequently ovarian function,
quality, and embryo implantation [15-17].

In this way, the purpose of this chapter is to describe the effect of dehydroepiandrosterone
supplementation (DHEA) as an adjunct in ovarian stimulation procedures.

3. Steroidogenesis

Steroidogenesis occurs through a cascade of events in the adrenal, ovary, and peripheral
tissues. The set of reactions is triggered by hormonal stimuli specific for each organ, such as
adrenocorticotrophic hormone (ACTH) that acts on the adrenal and luteinizing (LH) in the
ovaries [12].

These hormones bind to a specific receptor on the cell membrane of the effector organ,
activating an intracellular enzyme, the adenylyl cyclase, responsible for converting adenosine
triphosphate (ATP) into cyclic adenosine monophosphate (cAMP). The cAMP, in turn, binds to
a cytoplasmic protein (guanine nucleotide binding proteins—G protein), and this newly
formed complex is responsible for the activation of the enzymes involved in steroidogenesis
[17, 18].

The action of specific enzymes, which are distinct in the steroidogenic organs, is what
determines the pathway to be followed. Thus, the combined action of two groups of
enzymes on steroidogenesis is: enzymes of the superfamily cytochrome P450 and the
hydroxysteroid dehydrogenases. The ovary undergoes the action of the 17a-hydroxylase
or 17,20-lyase that guides the estrogen production pathway and in the adrenal, the 21-
hydroxylase which is responsible for the production of glucocorticoids and mineralocorti-
coids [18-21].

3.1 Stages of steroidogenesis from cholesterol

According to Geber, Valle, and Sampaio [20], the raw material of steroidogenesis is choles-
terol. Virtually, all cells of steroid-producing organs, with the exception of the placenta, are
able to produce cholesterol from acetates in the smooth endoplasmic reticulum. However,
this production is insufficient, and most of this precursor hormone is of serum origin.
Cholesterol is transported in the bloodstream by low-density lipoproteins (LDL) which bind
to specific receptors on the cell membrane of the steroid-opioid organs, allowing cholesterol
to enter the cell.

After its entry into the cell, the cholesterol has its side chain broken in C20-C22, by the action of
oxidizing desmolase, originating pregnenolone, which in turn, undergoes the action of the
enzyme 3-hydroxysteroid dehydrogenase converting it into progesterone.

Pregnenolone and progesterone then pass two parallel pathways: delta 5 and delta 4,
respectively. Immediate reactions are common to both sequences, originating different
products.
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Figure 1. Steroidogenesis biochemical pathways.

Both pregnenolone and progesterone will undergo 17a-hydroxylase or 17,20-lyase action,
resulting in 17-hydroxypregnenolone and 17-hydroxyprogesterone, respectively. These sub-
stances may be followed by a biochemical pathway that will originate the androgens and
estrogens or the one that will give rise to the hormones of the adrenal cortex. 17-hydroxypreg-
nenolone and 17-hydroxyprogesterone under the action of 17a-hydroxylase will give origin to
dehydroepiandrosterone (DHEA) and androstenedione, respectively.

Subsequently, DHEA and androstenedione by the stimulation of the enzyme 173-hydroxysteroid
dehydrogenase will transform into androstenediol and testosterone, which are the terminal
androgens. Androstenedione and testosterone undergo the action of a set of enzymatic reactions
called aromatization and give rise to estrone and estradiol.

Figure 1 briefly describes the biochemical pathways of steroidogenesis [18, 20].

The action of all these hormones is on the general metabolism, thus, they participate in the
glucose regulation and ionic balance of sodium and potassium in the body, among others [18].

4. Dehydroepiandrosterone (DHEA)

Dehydroepiandrosterone (DHEA) and its sulfated form (SDHEA) are androgenic hormones
mainly produced by the reticular zone of the adrenal glands, from cholesterol. This gland
accounts for 90% of DHEA production and 100% of SDHEA production. Other sites of pro-
duction of this hormone are testicles, ovaries, adipose tissue, brain, and skin [1, 12, 21].
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In addition to precursors of the sex hormones, they act on the secretion of all other hormones
secreted by the adrenal (Figure 2).

It is worth mentioning that DHEA is converted peripherally into its sulfate and vice versa.
SDHEA is the most abundant C19 steroid, being an excellent marker of cortical adrenal
function [12].

According to Rosenthal and Glew [18], DHEA plays an important role in protein metabolism,
since it is considered the main anabolic agent, but has an androgenic activity, considered to be
weak, representing less than 10% of testosterone potency. On the other hand, the production of
weak androgens, such as DHEA and androstenedione, cannot be deprecated because more
than about 50% of testosterone levels result from the peripheral transformation of these weak
androgens. The daily secretion of the hormone DHEA is about 30 mg in the young man and
20 mg in the young woman, considering both in the resting condition. Food factors such as the
consumption of proteins and fats have increased production, while carbohydrates interfere
reducing production.

During female reproductive life, the two hormones circulate in the human body in large
quantities, with SDHEA having a longer serum half-life than DHEA [18, 20].

DHEA is secreted by the adrenal in a pulsatile way, accompanying the diurnal rhythm similar
to that of cortisol, being stimulated by corticotrophin releasing hormone (CRH) and adreno-
corticotrophic hormone (ACTH) [22].

Throughout the life of man and woman, adrenal cortisol production increases, and conversely,
DHEA, Melatonin, and Growth Hormone (GH) decrease. During the first year of life, the
adrenals produce little DHEA. Around 6-7 years of age, there is an increase in levels of this
hormone, so that at the age of 20, it is the most abundant hormone in circulating blood [1, 20].

From 30 to 40 years of age, a drop-in level of this hormone begins, and by the age of 70, there is
only 25% or less of the amount of the hormone present at age 20. Table 1 shows the levels of
DHEA found in the human body over the years distributed by gender and age group [1, 23].

Due to their higher bioavailability, serum levels of SDHEA are used as a benchmark in clinical
exams. Most DHEA, before it is released into circulation, is converted into DHEA sulfate, and
that sulfated form can be transformed back into DHEA as the body needs it. In turn, DHEA is
rapidly transformed into testosterone and estrogen.

Figure 2. Molecular structure of cholesterol and DHEA, respectively.
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Age Women Men

18-19 145-395 pig/dL (3.92-10.66 pmol/L) 108-441 pg/dL (2.92-11.91 pmol/L)
20-29 65-380 ug/dL (1.75-10.26 pmol/L) 280-640 pg/dL (7.56-17.28 umol/L)
30-39 45-270 ug/dL (1.22-7.29 umol/L) 120-520 pg/dL (3.24-14.04 umol/L)
40-49 32-240 pg/dL (0.86-6.48 pmol/L) 95-530 pg/dL (2.56-14.31 pmol/L)
50-59 26-200 ug/dL (0.70-5.40 umol/L) 70-310 pg/dL (1.89-8.37 umol/L)
60-69 13-130 ug/dL (0.35-3.51 umol/L) 42-290 pg/dL (1.13-7.83 pumol/L)
69 and older 17-90 ug/dL (0.46-2.43 umol/L) 28-175 ug/dL (0.76-4.72 umol/L)

Compiled from: Medical Encyclopedia DHEA-sulfate test.

Table 1. The DHEA-sulfate test measures the amount of DHEA-sulfate in the blood.

The decline of DHEA observed after 30 years leads to a decrease in peripheral production of
sex hormones in both sexes. This fact coincides with the appearance of age-related diseases
such as obesity, cardiovascular disease, cancer, diabetes mellitus, immune system disorders,
rheumatic diseases, viral infections, and depression [1].

Like this, Antonio et al. [1] related that several studies indicate that a replacement of these
hormones could have anti-aging effect as well, and some scientific evidence indicates that
DHEA also plays other beneficial functions in the body as: increased insulin sensitivity, aiding
in the improvement of glucose uptake, mainly by skeletal muscle, liver, and adipose tissue.
There is also evidence of the positive effects of DHEA on bone density because low levels of
this hormone have been found in patients with osteoporosis.

Researches have shown that DHEA reduces the levels of interleukin-6 and alpha tumor
necrosis factor, decreasing proinflammatory cytokines and kappa-beta nuclear factor, which
is the central factor of the inflammatory cascade. In relation to stress and exercise, it reduces
the production of TNF-alpha, increases glucose tolerance, improves lipid profile, and has a
complementary action to exercise, increasing the production of T lymphocytes [24].

Data from the literature report that the concentration of DHEA in Alzheimer’s disease is lower
when compared to the controls. There have been reports that showed an inverse relationship
between DHEA levels and cardiovascular disease and mortality in men as well as breast
tumors [1]. Therefore, DHEA is closely related to greater well-being and better physical fitness.
In this approach, DHEA has also been used by athletes as a supplement to better muscle
performance as a substitute for classic anabolic steroids used for this purpose [24].

Synthetic DHEA is produced from diosgenin, which is found and extracted from wild yam
and soya. The dose of DHEA indicated for men is between 50 and 100 mg/day, but there is a
danger of aromatization when the dose is close to 100 mg. In women, the dose ranges from
12.5 to 25 mg. Thus, testosterone and estrogen levels need to be monitored regularly in patients
who are using DHEA supplements [6, 25].

In women, several side effects have been reported even with the use of physiological doses of
DHEA, including acne, hair loss, hirsutism, and alteration of voice tone, the latter two of which
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may be irreversible processes. In the short term, in addition to its virilizing effects, the use of
DHEA may result in the reduction of high density lipoprotein (HDL), interfering with the
uptake of cholesterol. Other side effects such as hepatic dysfunction, hypertension, psychotic
symptoms, seizures, and palpitations have also been described. In vitro, DHEA inhibits cyto-
chrome p450 3A4 and may therefore increase the serum concentrations of many drugs metab-
olized by this isoenzyme [26].

5. Therapeutic effects of DHEA supplementation in patients with
diminished ovarian response

The possible therapeutic effects of DHEA supplementation in poor responders were first
reported in 2000 by Casson et al. [27]. From that date, up to now, about 26% of IVF clinics in
different countries have used DHEA supplementation protocols in women with diminished
ovarian reserve, and favorable results have been observed most of the time.

In studies with SDHEA, the authors report their performance as a pre-hormone testosterone,
responsible for 48% of this hormone in circulating follicular fluid in patients treated with this
androgen. That is, SDHEA acts as a prohormone relevant for ovarian follicular sexual steroido-
genesis. Experimental investigations with laboratory animals revealed that androgens could
potentiate the effect of FSH on folliculogenesis. The authors reported that the use of testoster-
one or dihydrotestosterone in these animals increased the number of FSH receptors in the
plasma membranes of granulosa cells. There was then a stimulus for the initial growth of the
follicles, recruiting the primordial follicles early, and consequently developing a greater num-
ber of preantral and antral follicles [3, 10, 21].

These findings corroborate the two-cell theory (Figure 3), which postulates that androgens
play a critical role in the proper regulation of steroidogenesis [10, 21].

DHEA supplementation can rescue atresic follicles, promote preantral follicle growth, and
suppress apoptosis, thereby increasing ovarian reserve levels [10, 21].

Blood
Thecaced [ Granulosa cell

Baseme&nt membrans

Figure 3. Teak cells have numerous (R) LH receptors and when binding occurs between them, results in the activation of
cyclic AMP and androstenedione synthesis from cholesterol. Androstenedione crosses the basement membrane of the
teak cells and enters the granulosa cells of the ovary. At this site, under activation of FSH and the enzyme aromatase,
androstenedione is converted into estrone and estradiol.
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Figure 4. Schematic of the mechanism of possible effects of DHEA in patients with diminished ovarian reserve.

Some researchers reported a transient increase in Insulin-like growth factor 1 (IGF-1) in
patients undergoing ovarian stimulation with gonadotropin after 8 weeks of pretreatment
with DHEA. The hypothesis was that the effect of DHEA on ovulation induction may
have been mediated by increased IGF-1. Thus, IGF-1 is shown to have positive effects on
the embryos development, with an improvement in oocytes and embryo quality with
DHEA therapy. Administration of this hormone also elevates the levels of the IGF-I
binding protein type 3 (IGFBP-3), possibly mediated by increased levels of androgens.
Thus, the IGF-I/IGFBP-3 ratio may be indicative of oocyte quality and maturity (Figure 4)
(1, 4,78, 28].

Currently, androgens are often being used in assisted human reproduction as an option
to improve the ovarian response of women considered to be more responsive. Thus,
androgens have been given prior to ovarian induction in order to improve the response
to stimulation with exogenous FSH in patients previously classified as having low ovar-
ian reserve. Researches have described that treatments with moderate doses of androgens
in patients with low antral follicle counts can increase both the quantity and quality of
oocytes and embryos, leading to favorable results in assisted human reproduction treat-
ments. However, it is important to observe that some studies have shown that DHEA
supplementation for IVF in women with decreased ovarian reserve did not increase the
clinical rate of pregnancy. It is therefore noted that the mechanism of action of this
steroid hormone remains obscure and that there are several controversies about it [28-
31, 33-35].

The data in Table 2 show the reported results of using DHEA in more responding women.
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Author/Year Sample Age Study objectives Results
size

Gibson [32] 16 447 +£2.3 Use of DHEA in endometrial Increased pregnancy rate
receptivity and embryo implantation

Keane [17] 387 39.2 4+ 4.1 To search for three groups of patients, =~ The combination of GH and DHEA did
who were given GH, DHEA and GH+ not bring significant benefits in the birth
DHEA as a supplement rate

Lin [33] 72 39.4 + 3.5 To evaluate the effect of DHEA It confirmed the beneficial effects of

Tavares [11]

Casare [10]

Nearkwichean

(4]

Gleicher [8]

Wiser [6] 17
Barad [7] 89
Barad [2] 25

Systematic review

369 £4.7

416 £0.4
404 +£0.8

administration on the improvement of
ovarian intracellular function

Effect of DHEA on assisted
reproduction

To analyze the peak of estradiol in the
day of the HcG; the quality of the
embryo; the birth rate after the use of
DHEA

Clinical pregnancy rate

To analyze the peak of estradiol in the
day of the HeG; number and quality of
oocytes and embryos; number of
transfers using DHEA

DHEA on mitochondrial function and
on the reduction of apoptosis in
cumullus cells

There was an increase in the number of
recruited follicles, of selected oocytes;
better embryo quality; lower risk of
aneuploidies; higher rate of clinical
pregnancy and live births.

DHEA did not contribute to significant
differences in the studied parameters

DHEA does not improve quantitatively
the ovarian response nor the pregnancy
rate

Improves ovarian function; increases
the pregnancy rate by reducing
aneuploidies and the rate of gestational
losses

Confirmed the beneficial effects of
DHEA on ovarian function

Table 2. Main results of DHEA use in more responding women.

6. Conclusion

The potential benefits of DHEA supplementation in poor responders with diminished ovarian
reserve still require further large scale multicenter randomized controlled studies required to

clarify such benefits.

The different methodologies and protocols of stimulation and the dose and duration of DHEA
supplementation are varied in the evaluated studies. The small population sample and the
different clinical interpretations of poor ovarian response may lead to the impairment of the
analysis and the accuracy of the results on the use of DHEA.
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Abstract

The Brahman cattle is mainly used for breeding and the meat industry. The present
chapter had the objective of evaluating the physical and testicular development, and the
serum testosterone level of 8-18 months old male Brahman cattle on grazing weight gain-
ing performance tests. In Bos indicus, puberty usually occurs between the ages of 16 and
18 months. Variables such age, weight, and scrotal circumference were equally important
in the estimation of sexual maturity in male Bos indicus. An increase in serum testosterone
level occurred between 12 and 14 months of age, followed by testicular and body growth.
An elevation in testosterone levels is an indicator that an acceleration in physical and tes-
ticular growth is approaching. The variables body weight and scrotal circumference which
are important in the estimation of sexual maturity are dependent on testosterone levels in
zebu cattle according to literature. It is recommended to calculate body mass index and tes-
ticular volume to follow male growth due to the high correlation between these variables.

Keywords: hormone, Bos indicus, body measurement, scrotal circumference,
testicular volume

1. Introduction

Brahman cattle are known for their extreme tolerance to heat and are widespread in tropical
regions. The rapid physical development and acceleration of weight gain during the puberty
of male specimens of beef cattle breeds stems from the increase in testosterone [1]. Zebu beef
cattle breeds exhibit greater adaptability to tropical climates, as their relative testosterone
decrease is smaller than that of European breeds during the summer [2]. The study of puberty
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in young zebus is of great importance, due to selection of sexually precocious (i.e. below the
average herd age) future breeders [3]. In Bos indicus, puberty usually occurs between the ages
of 16 and 18 months [4, 5], but these males are seldom used for breeding purposes before the
age of 2 [6, 7]. Variables such as age, weight, and scrotal circumference were equally impor-
tant in the estimation of sexual maturity in male Bos indicus [8]. The variables body weight and
scrotal circumference which are important in the estimation of sexual maturity are dependent
on testosterone levels in zebu cattle according to literature.

The American Brahman was the first beef cattle breed developed in the United States. The
Brahman is mainly used for breeding and the meat industry. It has been crossbred extensively
with Bos taurus taurus (European) beef breeds of cattle.

The climatic factors has been studied with a focus on physical characteristics and sperm mor-
phology in cattle in the tropics, describing the decline in semen quality can occur due to ther-
mal discomfort of the animals on high temperatures [9]. The decrease in semen motility, the
reduction of concentration and increase the percentage of abnormal spermatozoa are caused
by a moderate elevation of scrotal temperature [10]. In Brazil, a higher percentage of abnor-
mal sperm after high temperature and relative humidity observed a higher ejaculate volume
in the rainy season [11]. Studying the Nellore cattle concluded that semen characteristics may
be affected by environment, by high ambient temperature, air humidity and photoperiod
[12]. Studies on the environmental influence on semen quality in bulls have been conducted
in farmers with bulls in permanent regime of semen collection [8]. There was a positive cor-
relation between serum testosterone concentration and potentia coeundi of bulls, it was also
found that animals with higher sperm motility showed, on average, higher concentration of
testosterone [13]. Considering the predominance of extensive farming and natural mating
in Brazil becomes important to investigate the seasons influence on semen characteristics of
bulls raised on tropical climate.

The study of bovine physical development involves serial data collection of body and tes-
tes biometrics associated with hormonal concentrations [14]. The male reproductive organs
develop rapidly during puberty in cattle [15]. Physical development studies of zebus mainly
evaluate body weight and average weight gain [16, 17]. For proper sperm production, trans-
port, maturation and storage, one of the factors that should be considered is the preserved
anatomy of the organs of scrotal contents, which is associated with the proper production of
testosterone. In [18], reported that the temperature of the testes of cattle should be below body
temperature for the production of morphologically viable sperm cells and that elevated ambi-
ent temperatures cause a reduced quality of semen from bulls with incompetent testicular
thermoregulation.

For the Nellore males, a decrease in testosterone levels in hot summer, possibly due to the
freedom of bulls to physical activity, associated with a higher ambient temperature (26.8°C).
In winter season, with ambient temperature lower (21.1°C), associated with decreased quality
of pasture, testosterone levels were lower similar to [19]. The level of individual adaptation to
climate can influence testosterone levels, being studied by this consideration in male bovines
[20], reporting different levels of testosterone with 24.04 + 5.89 ng/dL for the ambient tem-
perature group and 49.85 + 6.83 ng/dL for the thermal stress group. The results of this study
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in Brahman raised in Brazil were similar to [21] who performed measurements of testoster-
one levels in cattle, describing the winter average of 50 ng/dL, in the fall 70 ng/dL, and in the
spring and summer of 130 ng/dL.

According to [14], the testicular volume (TV) is one of the important variables when studying
reproductive performance of male cattle. In [22] suggested measuring the scrotal circumfer-
ence in beef cattle from weaning as a way to assist the selection of future breeders. In [14]
reported that testes grow rapidly during bovine puberty due to the significant increase in
serum testosterone concentration.

The importance of the present chapter on young male Brahman cattle stems from the need to
expand knowledge inherent to this breed, as the use for natural breeding in extensive farm-
ing system increases, from the transfer to females returning to estrus after hormonal protocol
for fixed time with artificial insemination, and from the need to sexual precocity. Many beef
cattle breeders still select animals for natural breeding by measuring scrotal circumference
and weight gain, without knowledge of variables related to body morphometry, reproductive
system, and testosterone level that add helpful information in the choice of these bulls for
breeding. In Brazil, the study of body morphometry, the reproductive system, and the serum
concentration of testosterone from weaning to the age of 1 year old in the Brahman breed is
still underdeveloped.

1.1. Description of the animal model

Male Brahman cattle (n = 40) with a mean age of 259.76 + 26.15 days and body weight (BW)
of 239.71 + 33.94 kg were evaluated simultaneously during a collective grazing weight gain-
ing performance (WGP) tests, maintained with Brachiaria brizantha, mineral mixture and
water ad libitum (Capacity 0.8-1.0 AU ha™). The WGP was held on a rural property belong-
ing to the municipality of Uberaba-MG, latitude 19°44'52"S, longitude 47°55'55"W, altitude
of 823 m, with high altitude tropical climate, between the months of June and April, for a
total of 294 days.

We have previously published part of this work [19]. The present chapter had the objec-
tive of studying the morphological and testicular development, and the serum testosterone
concentration of 8-18 months old Brahman males on grazing weight gaining performance
tests, to assist in the selection of young bulls. The results could be extrapolated from a
global context.

2. Correlation of testosterone with body weight and morphometry of
the reproductive system

An increase in serum testosterone level occurred between 12 and 14 months of age, followed
by testicular and body growth. An elevation in testosterone levels is an indicator that an accel-
eration in physical and testicular growth is approaching. For body weight (BW), scrotal cir-
cumference (5C) and girth (G), there were differences (P < 0.05) between the ages of 12, 14, and
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16 months, with increasing values (Table 1 and Figure 1). At 10 months of age, all variables
exhibited similar behaviors, with increase observed between 12 and 16 months.

The behavior emphasizes the importance of verifying the correlation between these variables,
which can be seen in Table 2.

Collection  Age (menths) Weight (kg) SC {em) G (m)
1 8 23Ti+3zmaC . L.
2 10 261.76+29.76 C 21.31£1.83C 1.46 +0.06C
3 12 25238+ 3016 C 2211%£214C 1.48+0.06C
4 14 29846+ 2778 B 2396+ 2558 1.55+0.06 B
5 16 353,60 £ 29.66 A, 26,76 £ 258 A 1.65£0.05 A
(5 18 3TB16 £ 3149 A 2FITL2TTA 1,70 £ 0.08 A

Legend: A, B, C - Capital letters in different columns differ among themselves (P <0.05).

Table 1. Mean values and standard deviations for body weight (W), scrotal circumference (SC) and girth (G) measured
every 56 days in male Brahman breed animals aged between 259 days (1st collection) and 497 days (6th collection),
created extensively in collective grazing weight gaining performance tests, Uberaba-MG.
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Figure 1. Polynomial models of body weight (W) (quadratic), scrotal circumference (SC) (linear) and girth (G) (quadratic)
as a function of animal age. (A) Weight, (B) SC and (C) G.
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sC G WH BL BMI ADG RTL RTH LTL LTH v 5T

Weight 0.83 - - - 076 036 064 O0B1 05 075 071 056
sSC - - - 065 050 079 091 075 090 081 04
TP 1 1 -0.46 - - - - - - 0.34
WH 1 -0.48 - - - - - - 0.29
BL -0.46 - - - - - - 0.40
BMI 062 043 061 042 082 052 040
ADG 054 065 045 0568 057 -

RTL 074 085 070 089 -

RTH 068 093 087 023
LTL 072 087 -

LTH 087 021
™ 0.22

Legend: variable pairs with a positive correlation coefficient tend to increase together; variable pairs with
negative correlation coefficients, one variable tends to decrease as the other increases. For pairs with the
"" gymbol, there iz no relationship between the two variables, P <0.05,

Table 2. Significant correlations (P < 0.01) between the physical and testicular biometric characteristics measured every
56 days in male Brahman cattle aged between 259 days (Ist collection) and 497 days (6th collection), raised extensively
in collective grazing weight gaining performance tests, Uberaba-MG. 2012/2013.

The same table shows correlation between these variables, between scrotal circumference and
body weight (0.85). Thus, a curve for the prediction of scrotal circumference as a function of
body weight can be generated, creating a prediction model to help producers and researchers
determine scrotal circumference as a function of body weight (Figure 2a). It is worth mention-
ing the correlation between the variables body weight and testosterone level (ST), the highest
correlation (0.56) found for the latter variable, which similarly justified a testosterone level
prediction curve as a function of body weight (Figure 2b).

As the Brahman bulls kept growing, several significant positive correlations between body
morphometry and reproductive organs variables were expected. According to Table 2, there
was a high correlation between testicular volume (TV) and body weight (r = 0.70; P < 0.01);
TV x scrotal circumference (r = 0.90; P < 0.01), and TV x body mass index (r = 0.93; P < 0.01).
Positive correlations (P < 0.01) were also observed between scrotal circumference and age
(r=0.72), body weight (r = 0.83), testicular length (r = 0.74), and testicular height (r = 0.89).

Positive correlations asserted the influence of testosterone on body morphometry: testosterone
ST x G (r =0.38; P < 0.01); testosterone ST x weight WH (r = 0.38; P < 0.01); testosterone ST x
right testicle RTH (r = 0.23; P < 0.05); testosterone ST x left testicle LTH (r = 0.21; P < 0.01); and
testosterone ST x testicular volume TV (r = 0.22; P < 0.008) (Table 2).

For height at the withers (WH), body length (BL), and body mass index (BMI), the behavior
is analogous to mean differences with male age, with differences (P < 0.05) between 14 and
16 months (Table 3 and Figure 3). It is worth noting that the only correlation with scrotal
circumference is given by the body mass index variable (r = 0.76) (Table 2). This result is
expected, since body mass index is obtained directly from the body weight, and also by the
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Collection Age (months) WH (m) BL (m) BMI (kg. m*)
1 s ..
2 10 1.16 £ 0.03 B 119+ 004 B 19315+ 16.74B
3 12 1172003 B 1212004 B 181,55+ 16.80 B
4 14 118 +0.03 B 1214+004B 21205+ 15608
5 16 1.24 2004 A 1.292003 A 22T 80 £17.05 A
G 15 1.26 £ 0.03 A 1.29+ 004 A 236,87 £18.02 A

Legend: A, B, C - Capital letters in different columns differ among themselves (P <0.05).

Table 3. Mean values and standard deviations for height at the withers (WH), body length (BL), and body mass
index (BMI) measured every 56 days in male Brahman cattle aged between 259 days (1st collection) and 497 days (6th
collection), raised extensively in collective grazing weight gaining performance tests, Uberaba-MG.
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Figure 2. Linear models of scrotal circumference (SC) and testosterone (ST) as a function of weight. (A) SC and (B) ST.

similarity of these variables according to the Dendrogram of Figure 4. The correlation of the
latter variable with scrotal circumference greater than that between body mass index and
scrotal circumference, which does not justify the need to create a model for scrotal circumfer-
ence prediction at this point.

The analysis of the Dendrogram (Figure 3) emphasizes the similarity of the cluster of vari-
ables related to the weight (weight, body mass index BMI, ADG), with the group of variables
related to the morphology of the reproductive tract (scrotal circumference SC, testicular vol-
ume TV, right testicle RTH, left testicle LTH, right testicle length RTL, left testicle length LTL)
and the group of variables related to physical morphometry (G, WH, BL); the lack of similarity
of testosterone (ST) to any other variable is also noted. Thus, correlations between variables
of different groups are of great interest as they reveal relationships that, unlike the correlation
between body mass index and weight, are not obvious.

Specifically, it is possible to relate the four groups. Multiple polynomial regression was
employed to predict the level of testosterone (ST) using one (1) variable from each group,
in search of the one with the highest correlation to ST. According to Table 2, such variables
and their correlations are weight (0.56), scrotal circumference (0.41), and body length (0.40),
thereby generating the polynomial:
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ST = 9236-21.8x, —271x,-9545x,+0.01 7 + 0.6 x7 + 9522 + 0.46 x, x, + 18.8x, x, +282x,x, - 0.61 x, x,x, (1)

With R*=0.23 (P <0.001), and x, x, and x, representing the variables weight, scrotal circumference
SC, and body length BL, respectively. Figure 5 shows the ST behavior upon variation of two (2)
independent variables, with the third kept constant. It is thus possible to observe that in males
with high scrotal circumference and low weight, or in males with low scrotal circumference and
high weight, higher levels of testosterone were observed (Figure 5a). One can also observe that
higher body length values correlate with higher testosterone levels (Figure 5b). The same figure
shows that testosterone levels remain mostly unchanged with weight. Finally, it is worth noting
that high body length values imply increased levels of testosterone (Figure 5c).

With respect to the height of the testes (horizontal axis), there were differences (P < 0.05)
between 12, 14 and 16 months of age. Testes length (vertical axis) differed (P < 0.01) between
12 and 16 months (Table 4 and Figure 6).
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Figure 3. Polynomial (quadratic) models for height at the withers (WH), body length (BL) and body mass index (BMI) as
a function n of animal age. (A) WH, (B) BL and (C) BML
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Figure 4. Dendrogram generated by multivariate analysis of variables between the body and testicular biometric
characteristics in Brahman cattle males aged from 379 days (third collection) to 497 days (sixth collection).
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Figure 5. Surface contour maps generated by the multiple polynomial regression function at the clipping planes (a)
weight =324.5, (b) SC =25.3, and (c) BL = 1.26.
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Collection Age (months). RTL (cm) RTH (cm) LTL {cm) LTH (cm)
1 8 — e
2 10 —
3 12 779+ 103B 374+056C T774+106B 390:049C
4 14 B2T+144B 460+064B B811+142AB 457:+064B
& 186 915+ 1.3TA 5112060 A 8.84£1.21A 5032059 A
6 18 935+1.33A 544 + 068 A 2.09+1.36A 529+0T1A

Legend: A, B, C - Capital letlers in different columns differ among themselves (P <0.05),

Table 4. Mean values and standard deviations for right testicular length (RTL), right testicular height (RTH), left
testicular length (LTL) and left testicle height (LTH) measured every 56 days in male Brahman cattle aged between 259
days (Ist collection) and 497 days (6th collection), raised extensively in collective grazing weight gaining performance
tests, Uberaba-MG.

3. Relation of testosterone with testicular volume

The daily weight gain (ADG) increased between 8, 10, 12 and 14 months of age (P < 0.05),
but not between 14, 16 and 18 months of age (P > 0.05). Testicular volume differed (P < 0.05)
between 14 and 16 months. The serum testosterone level differed (P < 0.05) between 10 and
12 months (Table 5 and Figure 7).

Collection  Age (months) ADG (g/day) TV (em?®) Testosterone (ngf dL)
1 B o008 L 3297 £19.31B
2 10 o900 0 33401827 B
3 12 056+007C 15468 + 4759 B 226,80 £ 117.60 A
4 14 069+005B 189380+ T7480B 22940 £ 11640 A
5 16 0.73+£0,04 AB 263,10 £ BB.E0 A 3788022140 A
(] 18 069 +0078 288,80 + 96.10 A 398.00 £ 224 50 A

Legend: &, B, C - Capital letters in different columns differ among themselves (P <0.05).

Table 5. Averages and standard deviations for average daily gain (ADG), testicular volume (TV) and testosterone (ST)
measured every 56 days in male Brahman cattle aged between 259 days (1st collection) and 497 days (6th collection),
raised extensively in collective grazing weight gaining performance tests, Uberaba-MG.

4. Considerations and practical application

Studies of body growth in zebu cattle focus mainly on body weight and daily weight gain
evaluations [16, 17]. Body morphometry, although subjected to fewer studies, is useful in the
assessment of physical growth and development [17]; body development in bulls must be
assessed by testicular volume increase [14].

Assuming that the set of physical morphometry measurements opens more possibilities to
evaluate body growth in young bulls, the present study measured data from regions of the
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Figure 6. Polynomial models of the right testicular length (RTL) (linear), right testicular height (RTH) (quadratic), left
testicle length (LTL) (quadratic) left testicular height (LTH) (quadratic) as a function of animal age. (A) RTL and (B) RTH,
(C)LTL and (D) LTH.

body of Brahman bulls. Body weight and girth (G) differed (P < 0.05) between 12, 14 and
16 months (Table 1) in Brahman bulls; these differences were only observed from 14 months
of age onwards in Nellore males [15]. The body weight and girth of Brahman cattle at 12 and
14 months of age (Table 1) were higher in Brahman males than in Nellore males [15, 23] and
in dual-use Guzerat zebus [17] in the same age groups.

The body weight was lower (P < 0.05) at 12 months of age, compared to 10 months of age,
probably due to the exclusive feeding on grazing: the quality of grass varies throughout the
different seasons, and in the present study the dry season coincided with this age group,
in agreement with [23] who evaluated Nellore in grazing weight gaining performance tests.
However, there was no difference (P > 0.05) between 10 and 12 months of age for the scrotal
circumference. Sexual precocity is more related to body weight than to the chronological age
of bovines; thus, the analysis of several morphometric characteristics is important to guide
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Figure 7. Polynomial models of the average daily gain (ADG), testicular volume (TV) and testosterone (ST) as a function
of animal age. (A) ADH, (B) TV and (C) ST.

the selection for genetic improvement purposes [1, 3, 19]. Sexual precocity was described
in Nellore cattle aged between 500 and 580 days and between 620 and 740 days of age [8].
The different studies suggest that weight differences at similar ages in young Zebus may be
related to the feed composition and distinct genetic lineages.

The scrotal circumference is the body morphometry variable that best estimates the puberty
phase in Bos indicus males [8]. Mean SC values differed (P < 0.01) at 12, 14 and 16 months of
age (Table 1), similar to the report by [16] in similarly-aged Nellores. However, scrotal cir-
cumference values were higher in the present study than in [8, 15, 22]. The significant increase
of scrotal circumference from 12 to 16 months in Brahman cattle is similar to that observed in
Nellore cattle, probably because both are zebu breeds. On the other hand, the results of the
present study revealed that significant scrotal circumference increases occur at a later age than
that reported by [24] in Nellore, who reported a significant increase from nine to 12 months of
age. Also in Nellore, puberty occurred at a mean age of 526 days with a mean weight of 280 kg
and mean scrotal circumference of 22 cm in young bulls classified as sexually precocious [8].
There is a wide variation in scrotal circumference in relation to the age of the Zebu bulls; in the
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present study, Brahman males with an average weight of 240 kg at 12 months of age reached a
mean scrotal circumference value of 22 cm, suggesting satisfactory sexual precocity.

There was a positive correlation between weight and scrotal circumference (r = 0.83; P < 0.01)
(Table 2), similar to that reported by [23, 25, 26, 27] in Nellore cattle; in Brahman cattle [28, 29];
and in Guzerat cattle [30].

A correlation (r = 0.90; P < 0.01) was found for scrotal circumference x testicular volume
(Table 2), in agreement with [31] for growing cattle, suggesting that scrotal circumference is
influenced by race, body condition score, age at puberty, and breeding system; the increase
in testicular weight is proportional to the increase of body weight. [32] recommended mea-
suring the scrotal circumference to follow testicular growth in Brahman cattle. Due to the
elongated shape of testes in Brahman, the calculation of the testicular volume was efficient:
although the males may have slightly lower scrotal circumference, the testicular volume is
compensated by the length of the gonad.

The testicular volume variable correlated with body weight (r = 0.70; P < 0.01), justifying the
importance of successive weightings at fixed time intervals in growing male animals. The
present study also revealed a high positive correlation (r = 0.93; P < 0.01) between testicular
volume and body mass index, with the calculation of the latter being useful in monitoring
animal growth, for identifying average height individuals with increased testicular volume,
which can positively influence in the semen concentration. This reasoning derived from the
present study, which supports and complements the report by [31] relating body weight and
testicular weight; the present study supports the inclusion of the height at the withers variable
to track the growth of Brahman males.

With the expansion of Fuzzy logic studies aimed at breeding animals [33, 34], one can
mathematically model physical morphometric variable studies, attempting to predict how
that variable behaves with time. Thus, the present study calculated the body mass index.
In Brahman cattle, the body mass index suffered a significant increase between 14 and
16 months. The variable is easy to obtain, as it requires only body weight and measurement
of height at the withers as the animal is contained in the cattle crush. By using the body
mass index scoring nomenclature for the age of the animals in the present study, adopt-
ing the score published for adult zebu cattle with application of the fuzzy logic system
according to [33, 34], the mean body mass index at ages 10 and 12 months (Table 3) fall in
the “very low body mass index” category; the age of 14 months is classified as “low body
mass index”; and the ages of 16 and 18 months are classified as “high body mass index”.
Brahman animals in the present study were young, with continuous increase in body mass
index due to the increase in height at the withers in conjunction with gains in body weight.
Fifteen animals in the present study had a body mass index greater than 242.8 kg m™ at
the age of 18 months (Table 3). The body mass index was easily accessible, requiring only
a scale and a graduated metric tape; it is recommended to calculate the body mass index
of young bulls, where 15 animals from a total of 40 showed a body mass index score above
average, suggesting a good weight-height ratio. The collection of body mass index data for
growing zebu bulls must be expanded, to allow the construction of an ideal physiological
variation for each age group.
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Body length, like height at the withers and body mass index, showed a significant increase
between 14 and 16 months due to the rapid increase of those variables. Testes length and
height showed differences (P < 0.05) between 12, 14 and 16 months (Table 4). These differ-
ences were obtained at younger ages than those reported by Freneau et al. [15] in Nellore
(15-17 months old).

Zebu physical development studies mainly evaluate body weight and average weight gain
[16, 17, 35]. The average daily weight gain of the present study was similar to that described
by [35] in Brahman cattle in the same age groups, and higher than the daily weight gain
reported in Nellore by [36]. The present study showed differences (P < 0.05) between 12,
14 and 16 months of age for body weight, and between 12 and 14 months for daily weight
gain. Body weight values were achieved at a younger age than those reported in Nellore by
[29], who exhibited a significant increase in body weight between 15 and 16 months of age.
Although both the Brahman and Nellore breeds are zebu breeds, the difference may stem
from the different geographical locations of the studies.

Testicular volume was described as a suitable variable for the evaluation of post-pubertal Bos
indicus males [8]. Measurements of the length, width and height of the testes axes are useful
for evaluating testicular symmetry and calculating testes volume [23, 37]. At 12 and 18 months
of age, the length, width and volume of testes were higher than the values reported in Nellore
cattle by [23] at the same age groups. The testicular volume differed (P < 0.05) between 14
and 16 months (Table 5). This difference was obtained later than in the studies by [26], who
described larger testicular development between 10 and 16 months of age, with a significant
development between 10 and 11 months, and [29] who observed a greater variation of the SC
from 10 months of age. Since the scrotal circumference is used in the calculation of the testicu-
lar volume, the former influences testicular volumetry; thus, In [23] suggested that in Zebus,
who generally exhibit elongated testes, testicular volume and scrotal circumference should be
adopted simultaneously to evaluate growth.

The rapid body development and acceleration of weight gain in the puberty of male beef
breed cattle is associated with the increase in testosterone production [1]. Zebu breeds exhibit
greater adaptability to the tropical climate, with a lower relative testosterone decrease in the
summer compared to European breed bulls [38].

The serum testosterone differed (P < 0.05) between 10 and 12 months (Table 5), preceding
a significant increase in morphological variables. At 12 months of age, the serum testoster-
one concentration in Brahman males was similar to that found in Nellore cattle aged 31 and
35 months by [37], and in crossbred Holstein x Thaparkar males between 9 and 12 months
of age by [3]. In the present study, Brahman males produced similar levels of testosterone
at younger ages than Zebus [37], and in the same age group as crossbred cattle [3], revealing
sexual precocity.

High correlation (r = 0.74) between scrotal circumference and serum testosterone was observed,
highlighting the hormonal influence on the development of testes. In agreement with [14, 29], the
elevation of testosterone occurs prior to the rapid growth of the testes. Testicular development
occurs slowly before the significant increase of the testosterone; gonad growth peaks during
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puberty, followed once more by slow growth, indicative of sexual maturity. In the present study,
the high positive correlation between the concentration of testosterone and scrotal circumference
renders measurement of the latter a good indicator of puberty, confirming reports by [1, 2, 8].

In growing Brahman males, the evaluated morphometric variables were useful to follow the phys-
ical development. From 12 to 14 months, body weight, scrotal circumference and girth increased
rapidly, while the other variables rose significantly at 14 months of age. Due to the growth of the
animals, high positive correlations were found between physical and testicular morphometric
variables. There was a correlation between age and weight (r = 0.80; P < 0.01), similar to that
described in Brahman cattle [32]. At the ages of 16 and 18 months, scrotal circumference and body
weight values were similar to and higher than those reported in Nellore by [38], respectively.

5. Conclusions

In young Brahman bulls an increase in serum testosterone level occurred between 12 and
14 months of age, followed by testicular and body growth. An elevation in testosterone levels
is an indicator that an acceleration in physical and testicular growth is approaching. The tes-
ticular development and the serum testosterone concentration differ between Brahman and
Bos taurus. In view of the results presented herein, the present chapter contributes with the
Brahman breed with mean values and significant correlations on body and reproductive tract
morphometry variables, which are useful in practical use and in the selection of young bulls
bred in extensive management feeding on grass and mineral mix. Regarding puberty, it is
clear that the increase in serum testosterone occurs to prepare the reproductive tract for rapid
anatomical development. The results of this study provide new knowledge and should be
considered in the field of bovine reproduction.
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