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Abstract

The roles of growth hormone (GH) in male reproductive health are summarized in this
chapter. It has been evident in several studies that GH plays a vital physiological role
in the regulation of male reproductive development and function, while the excessive
release of GH can interfere with male reproductive health, sexual behavior, and fertility
potentials. Several classical functions of GH include cellular proliferation, differentiation,
development, and metabolism, although vast literature specifies their role in reproduc-
tive function in both humans and animals. Moreover, evidence from several studies have
suggested both deficiency and overproduction of GH in adults are associated with several
pathophysiological conditions, viz., metabolic derangements, central adiposity, dyslipid-
emia, and insulin resistance. The GH exerts its beneficial role by binding and activation
to GH-receptors (GH-Rs), expressed at several target tissues, viz., in the hypothalamus
and other parts of the central nervous system, and in the male gonad (testis), including
Leydig and Sertoli cells. The GH may reflect either by local autocrine or paracrine actions
or by the endocrine actions. The release of certain GH such as insulin-like growth factor
1 (IGF-1) plays a crucial role in the regulation of male reproductive physiology, while the
excessive release of GH can interfere with male sexual behavior and fertility.

Keywords: growth hormone, IGF-1, male reproductive health, testicular metabolism,
spermatogenesis, steroidogenesis

1. Introduction

Reproduction is the most essential process for any species to sustain its population. The repro-
ductive health issues along with the infertility problems are observed very frequently nowa-
days. Approximately, 15% of all the couples trying to conceive are recognized as infertile,

© 2020 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.



114 Growth Disorders and Acromegaly

and the male partners are found to be solely responsible for half of all the cases of global
childlessness [1]. In the recent time span, circa 20 years, the empirical developments have
proved that several hypothalamic and pituitary hormones, including gonadotropin-releasing
hormone (GnRH), growth hormone-releasing hormone (GH-RH), gonadotropins, and growth
hormone (GH) and their corresponding canonic receptors, are ubiquitously and differentially
expressed having diversity of biological functions [2]. There are myriad evidences showing
that these vital endocrine hormones are also expressed in extra-hypothalamic and extra-pitu-
itary tissues and are engaged in local synthesis and action, encompassing explicit effects on
reproductive growth, cellular proliferation and survival, tissue repair, immunomodulation,
cellular energy homeostasis and metabolism, antioxidative functions, and neuroregenera-
tion [3-6]. It is manifested that GH synthesis is mainly through the pituitary somatotropes
and is secreted as an endocrine hormone that regulates cellular growth and differentiation
during testicular development [7]. Postnatally, GH pulsatile release is required as a homeo-
static factor that in many tissues is indispensable for cellular proliferation and differentiation
as well as the maintenance of their metabolic actions. The GH exerts its beneficial actions
either by binding and activation to GH-receptors (GH-Rs), expressed at several target tis-
sues, viz., in the hypothalamus and other parts of the central nervous system [8], and in the
male gonad (testis), including Leydig and Sertoli cells [9]. As a pituitary endocrine hormone,
growth hormone has cardinal roles in accentuating reproductive growth in individuals with
GH deficiency [10]. Growth hormone deficiency (GHD) happens to be the most recurrent
endocrinological abnormality, followed by gonadotropin, TSH, and ACTH deficiencies [11].

2. GH actions on the hypothalamic-pituitary-testicular (HPT) axis
and male reproductive physiology

Gonadotropin-releasing hormone is considered to be the primary regulator of the male
reproductive system, specifically controlling the pulsatile secretion of gonadotropins, i.e.,
luteinizing hormone (LH) and follicle-stimulating hormone (FSH) that are essential factors
for proper gonadal activity [12]. Biosynthesis and release of GnRH are under complex excit-
atory and inhibitory control by a number of neurotransmitters and neurotrophic factors [13].
In addition, there are a number of autocrine/paracrine factors, including GH and insulin-
like growth factor-1 (IGF-1), which can also modify the GnRH synthesis and action on the
pituitary gonadotrophs, thereby influencing gonadal activity [10]. Here, we have attempted
to summarize the influential evidence of GH/IGF-1 on male reproductive physiology and
reproductive health. Although the central role of GH in growth and development is very
well established in various tissues, GH'’s influence on male reproductive functions is poorly
understood and requires thorough investigation.

2.1. Impact of GH on testicular growth, development, and pubertal maturation

Puberty is the multifaceted process through which children mature and develop secondary
sexual characteristics and acquires reproductive competence. Normally pubertal transition is
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initiated through central mechanisms, with the gonadal function being driven by increased
GnRH and gonadotropin secretion. Additionally, adequate energy supply and nutritional
balance appear to be requisite for the central initiation of pubertal transition. At the testicular
level, the GH promotes the growth and development of the gonad, in childhood and puberty,
and stimulation of gametogenesis and production of steroid hormones, in puberty and repro-
ductively mature period. The rate of GH synthesis doubles and attains a maximum peak
during the pubertal maturation, and the production rate decreases with advancing age [14].
This mechanism is also supported by the IGF-1 produced in response to circulating GH levels.
This is corroborated by studies that have shown the decrease in testicular volume in patients
with childhood-onset growth hormone deficiency (CO-GHD) and the consequent increase in
the same patients treated with replacement doses of GH [15]. GH also promotes the develop-
ment and differentiation of internal testicular morphology such as seminiferous tubules (ST).
In mammals, GH plays an imperative role to maintain normal sexual maturation, because
puberty is deferred in GH-deficient [16, 17] or GH-resistant [15] humans. Analogously GH
deficiency in rodents is associated with delayed sexual maturation [7, 18], and GnRH immu-
noneutralization delays sexual maturation in rats and reduces testicular mass, spermatogen-
esis, and follicle-stimulating hormone responsiveness [19]. The ability of GH to advance the
pubertal maturation in GH-deficient children [20-23] and in GH-replete normal male rats [24]
further illustrates the importance of GH in pubertal development. In some species, GH acts
directly on androgen action, thereby accelerating the pubertal transition, because GH reduces
the amount of testosterone required to induce secondary sexual characteristics (axillary hair)
in young individuals [25].

2.2. Actions of GH on germ cell proliferation, survival, spermatogenesis, and sperm
parameters

The impact of GH on testicular growth consequently influences the proliferation of germ cells.
It is specifically an intricate point as it is a balance mechanism, whereby a decline in the levels
of GH would lead to a simultaneous decrease in sperm count, semen volume, and sperm
motility, respectively. It has been shown that surplus GH exerts the same consequences [24,
26, 27], highlighting the importance of the correct dosage of feasible therapies. Local IGF-1
may imitate GH effects on germ cells since sperm motility and morphology are recorded
to be improved due to IGF-1 production. Receptors for IGF-1 are revealed in more mature
haploid cells of spermatogenesis, i.e., secondary spermatocytes, spermatids, and spermatozoa
as well. However, in some studies, the testicular level functions of these two entities have
emphatically displayed antagonistic effects. Still, GH can act independently of IGF-1 [28].
These results illustrate the co-localization of GH and GH-RH in chicken testis and stimulatory
function of GH-RH in testicular GH secretion along with a proliferation of testicular cells.

Beginning with the onset of puberty, spermatogenesis continues throughout the reproduc-
tively active periods in males. It is a highly complicated and conserved process, basically under
the control of the HPG axis and intratesticular factors produced by Leydig and Sertoli cells.
The hypothalamic decapeptide GnRH participates in the synthesis and release of gonadotro-
pins, LH, and FSH into circulation by stimulating the anterior pituitary. Subsequently, these
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gonadotropins bind with their specific receptors, present/positioned on Leydig and Sertoli
cells, leading to prompt production of steroids and other intratesticular factors required for
spermatogenesis. With the aid of cell-to-cell signaling, these intratesticular factors regulate
germ cell proliferation, survival, and apoptosis-inducing production of high-quality sperma-
tozoa. A study conducted on the chicken elucidated the co-localization of GH and GH-RH in
the testis and stimulatory roles of GH-RH in testicular GH secretion and in the proliferation
of testicular cells. As a primal finding, testicular GH itself promotes testicular proliferation
paving a definitive reason for proliferative action of GH-RH which is likely to be mediated
through the autocrine/paracrine induction of GH secretion.

Improvement of sperm morphology and motility in GH-deficient dw/dw rats [29] and pro-
longed overall equine spermatozoa motility in vitro also hinges upon the GH, obtained pos-
sibly by extending sperm longevity [30]. Moreover, copious indicators of sperm quantity and
quality in bulls are associated with GH gene polymorphisms [31]. Gametogenesis is similarly
boosted up by GH in vitro cultures of eel testicular cells [28].

The spermatogenic actions of GH may be mediated by local IGF-I production since it can
also revamp sperm motility and morphology [29], and GH coordinately augments IGF-I pro-
duction in seminal vesicle and sperm motility [32]. However, few reports exhibit discordant
effects of both GH and IGF-I [33], suggesting that GH may act exclusively of IGF-I. Similarly,
the stimulatory effect of GH on eel spermatogenesis is not dependent on IGF-I and steroid [28].

The diminished, but not abolished, fertility in GH-resistant men and GH-deficient rodents
[17, 19, 34] suggest that a low degree of fertility is felicitated by enough GH-independent
local testicular IGF-I production. This phenomenon in chickens rather appears to be at an
acceptable level to completely restore fertility parameters, since seminal IGF-I concentrations,
sperm motility, morphology, viability, and fertility do not fluctuate between GH-resistant
and GH-replete chickens [35].

2.3. Actions of GH in the modulation of testicular steroidogenesis

Steroidogenesis entails multistep processes that are enzyme-mediated and responsible for con-
verting cholesterol into a biologically active steroid hormone. Regarding the hormonal feature
of testicular function, GH is a potent steroidogenic factor, particularly in vitro. GH stimulates
the production of androgen and/or estradiol by Leydig cells, isolated from rodents, ruminants,
humans, and fish [7, 36], but not horses [37]. The results of in vivo studies are more contentious.
While chronic GH therapy improves chorionic gonadotropin-induced testosterone produc-
tion, some studies of fertile GH-deficient males [24, 38] and the testosterone response to hCG
delineate attenuation in GH-R knockout mice [39]. Apparently, GH treatment in hypopituitary
or moderately obese men actually decreases the concentrations of total serum testosterone [36,
37], potentially due to a stimulatory effect on aromatase activity and the resulting conversion
of testosterone to estradiol observed in healthy young men treated with GH [40].

The reports from in vitro study demonstrate multifarious actions of GH, viz., alteration in
the activity of enzymes involved in the steroidogenic pathway; stimulation of steroidogenic
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acute regulatory protein (StAR) production, which mediates cholesterol translocation across
the inner mitochondrial membrane; and 3p-hydroxysteroid dehydrogenase (3-HSD), which
further converts pregnenolone into progesterone [18], in Leydig cell precursors of rodents.
Similarly, GH upregulates the formation of early steroidogenic intermediates, such as 17-a
20-p dihydroprogesterone in testicular cells of fishes [41].

The gonadotrophic actions of GH may potentiate testicular steroidogenesis by promot-
ing testicular LH sensitivity and enhancing Leydig cell proliferation and development, as
GH-R knockout mice may be scarce in Leydig cells and LH receptors [39]. Similarly, GH is
responsible for upregulation of LH receptors both in GH-replete (as in hamsters [42]) and
GH-deficient (as in dwarf mice [43]) animals.

The bioavailability of free testosterone is curtailed because of the sex hormone-binding globu-
lin (SHBG). Some studies corroborate that GH may potentiate testosterone activity by decreas-
ing SHBG production. For instance, GH therapy minimizes SHBG levels in GH-deficient
adults in some [37, 44], but not all [45] studies, and in hypopituitary adolescents [46]. Since
the age-related decrease in SHBG concentration is not observed in GHD adolescents [47],
therefore the pubertal rise in GH production may potentiate the male pubertal development.

However, ancillary studies in normal men reveal a coordinated decrease in sex hormone-
binding globulin and total serum testosterone production following GH treatment [36],
reduced SHBG but unaltered total serum testosterone [48], or increased LH-induced testos-
terone but unaltered SHBG [38]. These incongruities may reflect differences in subject age and
GH administration protocol.

Some investigators have identified the importance of IGF-I in the steroidogenic actions of
GH. IGF-I can imitate the effects of GH in rat testis [49] and partially reinstate testoster-
one synthesis in GH-resistant men [50]. Moreover, in another study conducted on rodents,
GH-induced steroidogenesis required IGF-I co-administration [51]. However, de novo pro-
tein synthesis is redundant for GH-induced StAR synthesis, suggesting that at least a few
testicular actions are IGF-I independent [18].

The earlier study observed a spontaneous correlation between testicular GH-R expression
and StAR and p450 expression following exposure to nanoparticle-rich diesel exhaust (NR-
DE) in rats [52]. However, much research work remains to be performed in order to identify
a causal relationship between GH and pollutant-induced androgenesis.

2.4. Role of GH and IGF-I on the physiology of penile growth and erection

GH availability is imperative for penile growth since GH deficiency and GH resistance are
frequently associated with micropenis and other penal anomalies [53]. Therefore, GH therapy
improves penile growth in GH-deficient adolescents [54, 55]. IGF-I may mediate this very
effect, since IGF-I administration to GH-resistant adolescents augments penile size, and this
effect ceases when IGF-I therapy is withdrawn [50]. Similarly, in a study conducted on cul-
tured postnatal foreskin fibroblasts cells, a stimulatory effect of IGF-I (but not GH) on the
cellular proliferation of fibroblast was observed, independent to any changes in androgen
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receptors or 5-alpha reductase activity [55], whereas a more recent study, again conducted
on fibroblast, noticed significant cellular growth and proliferation as a result of stimulatory
effects of GH that was at least partially mediated by local IGF-I [56].

Contrarily, the erectile dysfunction may be due to altered autocrine/paracrine actions of GH,
as erection requires relaxation of penile smooth muscle and modulation of blood flow. GH
may facilitate both smooth muscle relaxation and systemic vasoconstriction. During penile
tumescence in healthy men or men with psychogenic erectile dysfunction, the GH concentra-
tion in systemic and cavernous blood increases, but it is not so in the case of sexually aroused
patients with organogenic erectile dysfunction [57-59]. An earlier study, conversely, did not
observe any variations in systemic GH concentrations during sexual arousal and orgasm [60].

By stimulating the expression of neuronal nitric oxide synthase (nNOS) in intracavernosal
nerves, GH is found to improve the erection frequency and maximal intracavernous pressure
in aged rats [61, 62]. Next in order, GH also improves the regeneration of nNOS-expressing
nerves following cavernous nerve neurotomy, accelerating the resumption of erectile func-
tion [63, 64]. This regenerative effect may involve local IGF-I and transforming growth factor
beta-2 (TGF-p2), both of which were increased as a result of GH stimulation [65]. NOS may
mediate important GH effects in humans, since GH, nitric oxide (NO), and cyclic guanosine
monophosphate (cGMP) share a robust nexus in systemic and cavernous blood of individu-
als with erectile dysfunction [60]. GH also induces both relaxation and cGMP production
in human cavernous strips [66]. However, a later study indicated that GH improves cGMP
signaling in human corpora cavernosa (isolated from transsexual patients receiving hormonal

therapy) independently of (NO) [67].

Since the pathophysiological GH concentrations in acromegalics are associated with erectile
dysfunction, erectile effects of GH may be biphasic [68]. As libido is impaired in acromegalics
[68] and boar’s transgenic for the GH gene [69-72] as well as in GH-deficient males [73] and
GH-R-knockout mice [74], the biphasic effects of GH on erectile function may partially reflect
altered libido. Also, GH at optimum concentrations present in acromegalics stimulates con-
traction of dog corpus callosum strips [69].

2.5. Impact of GH/Insulin/IGF-1 signaling in the regulation of testicular metabolic
and energy status

The GH stimulates the production of a family of proteins, viz., IGFs in several extrahepatic tis-
sues including testis [75]. The IGFs composed predominantly of insulin, IGF1, IGF2, and their
respective canonic receptors which upon activation provide signals to regulate a variety of
cellular activities including cellular survival, proliferation, differentiation, and cellular metab-
olism [76, 77]. Importantly, testicular IGF-1 exerts its beneficial role by binding with its respec-
tive receptor and simultaneously activating it, in an autocrine/paracrine manner, and hence
contributes to the maintenance of normal male reproductive physiology. Moreover, the earlier
study utilizing IGF-1 null male mice showed infertile dwarf characteristics and also exhibit a
reduction in both spermatogenic activity and serum levels of testosterone by ~80% [78]. This
not only suggests the primary importance of GH/insulin/IGF signaling in body growth and
development but also highlights its critical role in male reproductive health (Figure 1).
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Figure 1. A schematic representation of GH/insulin/IGF signaling in the testicular axis. Both centrally (pituitary) and
locally (testicular) secreted GH binds to the GH-receptors (GH-Rs) expressed in the Leydig cell and directly activates,
releases secondary messenger i.e. cyclic adenosine monophosphate (cAMP), and stimulates (+) the activity of various
steroidogenic enzymes (viz., StAR, p450scc, and 3p-HSD). Also it enhances the expression and abundance of luteinizing
hormone receptor (LH-R) in the testis. The insulin/IGF1 signaling is mediated by a multifaceted, highly integrated
network that regulates various crucial physiological processes. Two major signaling pathways are triggered by insulin/
IGF1 activation, the ERK/MAPK pathway, and the ATK/PI3K/GLUTS8 pathway, which are involved in numerous cellular
processes such as cellular metabolism, cellular growth and proliferation, and self-renewal process of spermatogenic
cells. Activation of the InsR/IGF-R signaling by insulin/IGF1/2 binding, respectively, leads to InsR (§ subunits) as well
as receptor tyrosine kinase phosphorylation, and this subsequently phosphorylates IRS proteins on their tyrosine
residues, thereby activating the AKT/PI3K/GLUTs pathway. It is mainly responsible for the metabolic actions of insulin/
IGF1 signaling (which activates the ERK/MAPK pathway and primarily regulates a variety of different downstream
biological effects including mitogenesis, gene expression, and energy homeostasis by glucose and lactate transport to
the developing germ cells).

Interestingly, GH-induced insulin/IGF family of growth factors activates glucose transporter
8 (GLUTS) which helps in chronological conversion of glucose into lactate by mature Sertoli
cells [79, 80]. Notably, lactate is a preferred energy metabolite serving the energy requirement
for proper testicular functioning and development of spermatogenic cells [81-83]. Also, the
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lactate production increases, as the Sertoli cell differentiates during pubertal development. It
has been reported that the concentrations of lactate are low in the testes of the cryptorchid
rat and intratesticular supplementation of lactate into the rats improves the development of
haploid spermatozoa [84].

3. Therapeutic potentials of GH on reproductive health and male
infertility

Male subfertility/infertility is a grave problem in the field of reproductive medicine. The
growth hormone contributes to the restoration of sperm concentration, morphology, and
motility in GH-deficient rats [85] and in men as well. The conventional remedy encom-
passing gonadotropin or pulsatile LH therapy may at times fail to generate the desired
response. GH therapy proves to be a non-conventional adjuvant therapy which can be
used to induce spermatogenesis in such non-responsive patients suffering with hypogo-
nadotropic hypogonadism. A detailed study conducted on nine oligozoospermic and nine
asthenozoospermic men treated with GH for 12 weeks reported increased sperm motility
in both the groups, and three pregnancies were determined in asthenozoospermia, but not
in oligozoospermia [86].

The administration of GH has been carried out as a possible treatment for infertility, due to the
just mentioned potential to increase seminal volume and sperm motility [87], but there is still
insufficient evidence that it can ameliorate sperm quality in patients with asthenozoospermia
and oligozoospermia.

However, animal breeders and scientists focus mainly on the role of GH in milk and meat
production; it also acts as a stimulant in anabolic processes. In modern research, the func-
tions of the GH in human and animal reproduction have become an area of immense
interest. As has already been empirically established, the process of gametogenesis in both
sexes involves a vital role of GH, as it stimulates gamete production and maturation and
embryo development as well. Although the GH activity modus operandi is still anony-
mous, GH therapy causes a considerable increase in sperm cell concentration, their motil-
ity, and IGF-1 content in the blood. The IGF-1 has proved to be the main GH mediator.
Furthermore, tests have acknowledged an association between the rate of morphologically
normal spermatozoa as well as IGF-1 concentration in seminal plasma. The discovery of
active receptors in porcine testis and in bovine spermatozoa cells has ratified the action
of GH and IGF-1 on sperm cells [88]. It is essentially required for determining the onset of
puberty and the induction of sexual maturation. The regulation of growth and actions of
secondary sexual organs and activation of the uterus in females and the seminal vesicles
and prostate in males are its other spheres of activity. Its sphere of activity in adults consists
of modulation of gonadotropin secretion and its exertion of gonadotropin-dependent and
gonadotropin-independent actions on the local gonadal function, including steroidogenesis
and gametogenesis.
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4. Conclusion

GH is intimately involved in regulating reproductive physiology and maintenance of repro-
ductive health in both the sexes. Although GH and IGFs are conventionally associated with
growth and gonadotropin secretion, it has proven a pivotal role in several crucial processes
associated with male reproductive health, i.e., sexual growth and differentiation, pubertal
transition, spermatogenesis, gonadal steroidogenesis, metabolism, and sexual behavior.
Besides being somatotropin, it is therefore considered as gonadotropin, integrally involved in
male reproductive health. Despite plenteous reports showing the physiological functions of
the somatotropic axis in male reproduction, the therapeutic implications are still very much
obscure. The GH administration has been a pertinent approach in small groups of infertile
males, but no controlled trial exists. However, the diagnosis of adult GHD is underestimated;
it cannot solely be based on the measurement of circulating IGF-1 levels but requires exhaus-
tive tests. In the case of reduced GH secretion, the replacement therapy can be proposed,
especially in patients with oligozoospermia and low semen and testicular volume, which are
passive towards gonadotropin administration. The role of GH as a modulator of testicular
growth, differentiation, steroid synthesis, metabolism, and oxidative status is still a very
interesting area to be explored. All these actions potentiate fertility status in both sexes and
partially exhibit the neuroendocrine roles of pituitary GH, but as reproductive tissues are
not just sites of GH action but also sites of local GH synthesis, they may reveal autocrine/
paracrine actions of GH produced within the male reproductive system.

Author details

Mayank Choubey
Address all correspondence to: choubeymayank48@gmail.com

Department of Zoology, Institute of Science, Banaras Hindu University, Varanasi,
Uttar Pradesh, India

References

[1] Inhorn MC, Patrizio P. Infertility around the globe: New thinking on gender, repro-
ductive technologies and global movements in the 21st century. Human Reproduction
Update. 2015;21:411-426. DOI: 10.1093/humupd/dmv016

[2] Martinez-Moreno CG, Calderon-Vallejo D, Harvey S, Aramburo C, Quintanar JL. Growth
hormone (GH) and gonadotropin-releasing hormone (GnRH) in the central nervous sys-
tem: A potential neurological combinatory therapy?. International Journal of Molecular
Sciences. 2018;19:375. DOI: 10.3390/ijms19020375

121



122 Growth Disorders and Acromegaly

3]

[4]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Cheung LW, Wong AS. Gonadotropin-releasing hormone: GnRH receptor signaling in
extrapituitary tissues. The FEBS Journal. 2008;275:5479-5495

Skinner DC, Albertson AJ, Navratil A, Smith A, Mignot M, Talbott H, et al. Effects of
gonadotrophin-releasing hormone outside the hypothalamic-pituitary-reproductive
axis. Journal of Neuroendocrinology. 2009;21:282-292

Aguilar-Rojas A, Huerta-Reyes M. Human gonadotropin-releasing hormone receptor-
activated cellular functions and signaling pathways in extra-pituitary tissues and cancer
cells (review). Oncology Reports. 2009;22:981-990

Harvey S. Extrapituitary growth hormone. Endocrine. 2010;38:335-359

Sirotkin AV. Control of reproductive processes by growth hormone: Extra- and intracel-
lular mechanisms. Veterinary Journal. 2005;170:307-317

Nyberg F, Burman P. Growth hormone and its receptors in the central nervous system —
Location and functional significance. Hormone Research. 1996;45:18-22

Lobie PE, Breipohl W, Waters MJ. Growth hormone receptor expression in the rat gastro-
intestinal tract. Endocrinology. 1990;126:299-306

Hull KL, Harvey S. Growth hormone and reproduction: A review of endocrine and auto-
crine/paracrine interactions. International Journal of Endocrinology. 2014;2014:234014.
DOI: 10.1155/2014/234014

Schoenmakers N, Alatzoglou KS, Chatterjee VK, Dattani MT. Recent advances in central
congenital hypothyroidism. The Journal of Endocrinology. 2015;227(3):R51-R71. DOI:
10.1530/JOE-15-0341

Marques P, Skorupskaite K, George JT, Anderson RA. Physiology of GNRH and gonad-
otropin secretion. In: Feingold KR, Anawalt B, Boyce A, et al., editors. Endotext. South
Dartmouth (MA): MDText.com, Inc.; 2000

Ciechanowska M, Lapot M, Mateusiak K, Przekop F. Neuroendocrine regulation of
GnRH release and expression of GnRH and GnRH receptor genes in the hypothalamus-
pituitary unit in different physiological states. Reproductive Biology. 2010;10:85-124

Arsenijevic Y, Wehrenberg WB, Conz A, Eshkol A, Sizonenko PC, Aubert ML. Growth
hormone (GH) deprivation induced by passive immunization against rat GH-releasing
factor delays sexual maturation in the male rat. Endocrinology. 1989;124:3050-3059. DOI:
10.1210/end0-124-6-3050

Rivarola MA, Heinrich JJ, Podesta EJ, De Chwojnik MF, Bergada C. Testicular function
in hypopituitarism. Pediatric Research. 1972;6:634-640

Van-der-Werff-ten-Bosch JJ, Bot A. Growth of males with idiopathic hypopituitarism
without growth hormone treatment. Clinical Endocrinology. 1990;32:707-717. DOI:
10.1111/§.1365-2265.1990.tb00917.x



[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

Growth Hormone and Insulin-like Growth Factor-I: Novel Insights into the Male Reproductive Health
http://dx.doi.org/10.5772/intechopen.90710

Stanhope R, Albanese A, Hindmarsh P, Brook CG. The effects of growth hormone
therapy on spontaneous sexual development. Hormone Research. 1992;1:9-13. DOI:
10.1159/000182563

Darendeliler F, Hindmarsh PC, Preece MA, Cox L, Brook CG. Growth hormone increases
rate of pubertal maturation. Acta Endocrinologica (Copenhagen). 1990;122:414-416. DOI:
10.1530/acta.0.1220414

Balducci R, Toscano V, Mangiantini A, Bianchi P, Guglielmi R, Boscherini B. The effect
of growth hormone administration on testicular response during gonadotropin ther-
apy in subjects with combined gonadotropin and growth hormone deficiencies. Acta
Endocrinologica. 1993;128:19-23. DOI: 10.1530/acta.0.1280019

Zachmann M, Prader A. Anabolic and androgenic affect of testosterone in sexu-
ally immature boys and its dependency on growth hormone. The Journal of Clinical
Endocrinology and Metabolism. 1970;30:85-95. DOI: 10.1210/jcem-30-1-85

Satoh K, Ohyama K, Nakagomi Y, Ohta M, Shimura Y, Sano T, et al. Effects of growth
hormone on testicular dysfunction induced by cyclophosphamide (CP) in GH-deficient
rats. Endocrine Journal. 2002;49(6):611-619. DOI: 10.1507/endocrj.49.611

Nouri HS, Azarmi Y, Movahedin M. Effect of growth hormone on testicular dys-
function induced by methotrexate in rats. Andrologia. 2009;41(2):105-110. DOI:
10.1111/j.1439-0272.2008.00897.x

Figueiredo MA, Fernandes RV, Studzinski AL, Rosa CE, Corcini CD, Junior AS, et al. GH
overexpression decreases spermatic parameters and reproductive success in two-years-
old transgenic zebrafish males. Animal Reproduction Science. 2013;139(1-4):162-167.
DOI: 10.1016/j.anireprosci.2013.03.012

Miura C, Shimizu Y, Uehara M, Ozaki Y, Young G, Miura T. Gh is produced by the
testis of Japanese eel and stimulates proliferation of spermatogonia. Reproduction.
2011;142(6):869-877. DOI: 10.1530/REP-11-0203

Vickers MH, Casey PJ, Champion Z], Gravance CG, Breier BH. IGF-I treatment increases
motility and improves morphology of immature spermatozoa in the GH-deficient
dwarf (dw/dw) rat. Growth Hormone & IGF Research. 1999;9:236-240. DOI: 10.1054/
ghir.1999.0114

Champion ZJ, Vickers MH, Gravance CG, Breier BH, Casey PJ. Growth hormone
or insulin-like growth factor-I extends longevity of equine spermatozoa in vitro.
Theriogenology. 2002;57(7):1793-1800. DOI: 10.1016/s0093-691x(02)00640-4

Pal A, Chakravarty AK, Chatterjee PN. Polymorphism of growth hormone gene and its
association with seminal and sexual behavioral traits in crossbred cattle. Theriogenology.
2014;81:474-480. DOI: 10.1016/j.theriogenology.2013.11.002

Miao ZR, Lin TK, Bongso TA, Zhou X, Cohen P, Lee KO. Effect of insulin-like growth fac-
tors (IGFs) and IGF-binding proteins on in vitro sperm motility. Clinical Endocrinology.
1998;49:235-239. DOI: 10.1046/j.1365-2265.1998.00517 .x

123



124 Growth Disorders and Acromegaly

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

Rowland JE, Kerr LM, White M, Noakes PG, Waters M]. Heterozygote effects in mice with
partial truncations in the growth hormone receptor cytoplasmic domain: Assessment of
growth parameters and phenotype. Endocrinology. 2005;146:5278-5286. DOI: 10.1210/
en.2005-0939

Vergara M, Smith-Wheelock M, Harper JM, Sigler R, Miller RA. Hormone-treated snell
dwarf mice regain fertility but remain long lived and disease resistant. The Journals
of Gerontology. Series A, Biological Sciences and Medical Sciences. 2004;59:1244-1250.
DOI: 10.1093/gerona/59.12.1244

Zheng JX, Liu ZZ, Yang N. Deficiency of growth hormone receptor does not affect male
reproduction in dwarf chickens. Poultry Science. 2007;86:112-117

Singh MS, Joy KP. Effects of ovine LH, GH and prolactin, and testosterone on serum
testosterone and estradiol-17p levels, and seminal vesicle and testicular activity in the
catfish Clarias batrachus. Indian Journal of Experimental Biology. 2001;39:52-56

Hess MF, Roser JE. A comparison of the effects of equine luteinizing hormone (eLH),
equine growth hormone (eGH) and human recombinant insulin-like growth factor
(hrIGF-I) on steroid production in cultured equine Leydig cells during sexual matura-
tion. Animal Reproduction Science. 2005;89:7-19

Carani C, Granata ARM, De-Rosa M, et al. The effect of chronic treatment with
GH on gonadal function in men with isolated GH deficiency. European Journal of
Endocrinology. 1999;140:224-230

Deaver DR, Bryan KA. Effects of exogenous somatotropin (ST) on gonadal function in
ruminants and swine. Domestic Animal Endocrinology. 1999;17:287-297

Oscarsson ], Lindstedt G, Lundberg PA, Edén S. Continuous subcutaneous infusion of
low dose growth hormone decreases serum sex-hormone binding globulin and testos-
terone concentrations in moderately obese middle-aged men. Clinical Endocrinology.
1996;44:23-29

Giavoli C, Ferrante E, Ermetici F, et al. Effect of recombinant hGH (thGH) replacement
on gonadal function in male patients with organic adult-onset GH deficiency. Clinical
Endocrinology. 2006;65:717-721

Andreassen M, Frystyk ], Faber ], Kristensen LY, Juul A. Growth hormone (GH) activ-
ity is associated with increased serum oestradiol and reduced anti-Miillerian hor-

mone in healthy male volunteers treated with GH and a GH antagonist. Andrology.
2013;1:595-601

Chandrashekar V, Bartke A, Awoniyi CA, Tsai-Morris CH, Dufau ML, Russell LD, et al.
Testicular endocrine function in GH receptor gene disrupted mice. Endocrinology.
2001;142:3443-3450. DOI: 10.1210/end0.142.8.8298

Kanzaki M, Morris PL. Growth hormone regulates steroidogenic acute regulatory
protein expression and steroidogenesis in Leydig cell progenitors. Endocrinology.
1999;140:1681-1686. DOI: 10.1210/end0.140.4.6661



[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

Growth Hormone and Insulin-like Growth Factor-I: Novel Insights into the Male Reproductive Health
http://dx.doi.org/10.5772/intechopen.90710

Gac FL, Loir M. Control of testis function in fish: in vitro studies of gonadotropic regula-
tion in the trout. Reproduction Nutrition Development. 1988;28:1031-1046

Bex F, Bartke A, Goldman BD, Dalterio S. Prolactin, growth hormone, luteinizing
hormone receptors, and seasonal changes in testicular activity in the golden hamster.
Endocrinology. 1978;103:2069-2080

Chatelain PG, Sanchez P, Saez GM. Growth hormone and insulin-like growth factor I
treatment increase testicular luteinizing hormone receptors and steroidogenic respon-
siveness of growth hormone deficient dwarf mice. Endocrinology. 1991;128:1857-1862

Gafny M, Silbergeld A, Klinger B, Wasserman M, Laron Z. Comparative effects of GH,
IGF-I and insulin on serum sex hormone binding globulin. Clinical Endocrinology.
1994;41(2):169-175

Juul A, Andersson AM, Pedersen SA, et al. Effects of growth hormone replacement ther-
apy on IGF-related parameters and on the pituitary-gonadal axis in GH-deficient males.
A double-blind, placebo-controlled crossover study. Hormone Research. 1998;49(6):
269-278

Belgorosky A, Martinez A, Domene H, Heinrich JJ, Bergada C, Rivarola MA. High
serum sex hormone binding globulin (SHBG) and low serum non-SHBG-bound tes-
tosterone in boys with idiopathic hypopituitarism: Effect of recombinant human
growth hormone treatment. The Journal of Clinical Endocrinology and Metabolism.
1987;65:1107-1111

Rudd BT, Rayner PH, Thomas PH. Observations on the role of GH/IGF-1 and sex hor-
mone binding globulin (SHBG) in the pubertal development of growth hormone defi-
cient (GHD) children. Acta Endocrinologica Supplementum. 1986;279:164-169

Edén Engstrom B, Burman P, Johansson AG, Wide L, Karlsson FA. Effects of short-term
administration of growth hormone in healthy young men, women, and women taking
oral contraceptives. Journal of Internal Medicine. 2000;247:570-578

Handelsman D], Spaliviero JA, Scott CD, Baxter RC. Identification of insulin-like growth
factor-I and its receptors in the rat testis. Acta Endocrinologica. 1985;109:543-549

Laron Z, Klinger B. Effect of insulin-like growth factor-I treatment on serum androgens
and testicular and penile size in males with Laron syndrome (primary growth hormone
resistance). European Journal of Endocrinology. 1998;138:176-180

Laron Z, Sarel R. Penis and testicular size in patients with growth hormone insufficiency.
Acta Endocrinologica. 1970;63:625-633

Ramdhan DH, Ito Y, Yanagiba Y, Yamagishi N, Hayashi Y, Li C, et al. Nanoparticle-rich
diesel exhaust may disrupt testosterone biosynthesis and metabolism via growth hor-
mone. Toxicology Letter. 2009;191:103-108. DOI: 10.1016/j.toxlet.2009.08.013

Laron Z, Mimouni F, Pertzelan A. Effect of human growth hormone therapy on penile
and testicular size in boys with isolated growth hormone deficiency: First year of treat-
ment. Israel Journal of Medical Sciences. 1983;19:338-344

125



126  Growth Disorders and Acromegaly

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

Levy JB, Husmann DA. Micropenis secondary to growth hormone deficiency: Does
treatment with growth hormone alone result in adequate penile growth? The Journal of
Urology. 1996;156:214-216

Dykstra KD, Payne AM, Abdelrahim M, Francis GL. Insulin-like growth factor 1, but not
growth hormone, has in vitro proliferative effects on neonatal foreskin fibroblasts with-

out affecting 5-alpha-reductase or androgen receptor activity. Journal of Andrology.
1993,14(2):73-78

Lee SW, Kim SH, Kim JY, Lee Y. The effect of growth hormone on fibroblast prolifera-
tion and keratinocyte migration. Journal of Plastic, Reconstructive & Aesthetic Surgery.
2010;63(4):e364-e369. DOI: 10.1016/j.bjps.2009.10.027

Hamed EA, Meki AR, Gaafar AA, Hamed SA. Role of some vasoactive mediators in
patients with erectile dysfunction: Their relationship with angiotensin-converting enzyme
and growth hormone. International Journal of Impotence Research. 2003;15(6):418-425.
DOI: 10.1038/sj.ijir.3901059

Becker AJ, Uckert S, Stief CG, Scheller F, Knapp WH, Hartmann U, et al. Serum lev-
els of human growth hormone during different penile conditions in the cavernous

and systemic blood of healthy men and patients with erectile dysfunction. Urology.
2002;59(4):609-614

Kriiger T, Exton MS, Pawlak C, von zur Miihlen A, Hartmann U, Schedlowski M.
Neuroendocrine and cardiovascular response to sexual arousal and orgasm in men.
Psychoneuroendocrinology. 1998;23(4):401-411

Zhang XS, Wang YX, Han YF, Li Z, Xiang ZQ, Leng ], et al. Effects of growth hormone
supplementation on erectile function and expression of nNOS in aging rats. Zhonghua
Nan Ke Xue. 2005;11(5):339-342

Huang X, Hu LQ, Tian BQ. Growth hormone enhances regeneration of nNOS-containing
nerve fibers in the aged rat penis. Zhonghua Nan Ke Xue. 2005;11(2):98-100

Cui DS, Zhang KL, Pei F, Wei SZ, Hu LQ. Growth hormone enhances regeneration of
cavernous nerves after their transplantation in rats. National Journal of Andrology.
2006;12:784-790

Jung GW, Spencer EM, Lue TF. Growth hormone enhances regeneration of nitric oxide
synthase-containing penile nerves after cavernous nerve neurotomy in rats. Journal of
Urology. 1998;160(5):1899-1904

Jung GW, Kwak JY, Yoon S, Yoon JH, Lue TF. IGF-I and TGF-beta2 have a key role
on regeneration of nitric oxide synthase (NOS)-containing nerves after cavernous neu-
rotomy in rats. International Journal of Impotence Research. 1999;11(5):247-259

Becker AJ, Uckert S, Stief CG, Truss MC, Machtens S, Scheller F, et al. Possible role
of human growth hormone in penile erection. The Journal of Urology. 2000;164(6):
2138-2142



[66]

[67]

[68]

[69]

[70]

[71]

[72]
[73]

[74]

[75]

[76]

[77]

[78]

[79]

Growth Hormone and Insulin-like Growth Factor-I: Novel Insights into the Male Reproductive Health
http://dx.doi.org/10.5772/intechopen.90710

Uckert S, Scheller F, Stief CG, Knapp WH, Sohn M, Becker AJ, et al. Potential mechanism
of action of human growth hormone on isolated human penile erectile tissue. Urology.
2010;75(4):968-973. DOI: 10.1016/j.urology.2009.05.046.

Jadresic A, Banks LM, Child DF, Diamant L, Doyle FH, Fraser TR, et al. The acromegaly
syndrome. Relation between clinical features, growth hormone values and radio-
logical characteristics of the pituitary tumours. The Quarterly Journal of Medicine.
1982;51(202):189-204

Ra S, Aoki H, Fujioka T, Sato F, Kubo T, Yasuda N. In vitro contraction of the canine
corpus cavernosum penis by direct perfusion with prolactin or growth hormone. The
Journal of Urology. 1996;156:522-525

Rejduch B, Stota E, Sysa P, Rozycki M. Reproductive performance of a transgenic
boar carrying the bovine growth hormone gene (bGH). Journal of Applied Genetics.
2002;43(3):337-341

Pursel VG, Bolt DJ, Miller KF, Pinkert CA, Hammer RE, Palmiter RD, et al. Expression
and performance in transgenic pigs. Journal of Reproduction and Fertility. Supplement.
1990;40:235-245

Pinkert CA, Kooyman DL, Dyer TJ. Enhanced growth performance in transgenic swine.
Biotechnology. 1991;16:251-258

Fujita K, Terada H, Ling LZ. Male sexual insufficiency. Nippon Rinsho. 1997;55:2908-2913

Bartke A. Role of growth hormone and prolactin in the control of reproduction: What are
we learning from transgenic and knock-out animals? Steroids. 1999;64:598-604

Liu JL, Yakar S, LeRoith D. Conditional knockout of mouse insulin-like growth factor-1
gene using the Cre/loxP system. Proceedings of the Society for Experimental Biology
and Medicine. 2000;223(4):344-351

Griffeth R, Bianda V, Nef S. The emerging role of insulin-like growth factors in testis
development and function. Basic and Clinical Andrology. 2014;24:1-10. DOI: 10.1186/
2051-4190-24-12

Efstratiadis A. Genetics of mouse growth. The International Journal of Developmental
Biology. 1998;42:955-976

Nakae J, Kido Y, Accili D. Distinct and overlapping functions of insulin and IGF-I recep-
tors. Endocrine Reviews. 2001;22:818-835

Baker J, Hardy MP, Zhou ], Bondy C, Lupu F, Bellve AR, et al. Effects of an Igf1 gene null
mutation on mouse reproduction. Molecular Endocrinology. 1996;10:903-918

Escott GM, de Castro AL, Jacobus AP, Loss ES. Insulin and IGF-I actions on IGF-I
receptor in seminiferous tubules from immature rats. Biochimica et Biophysica Acta.
2014;1838(5):1332-1337. DOI: 10.1016/j.bbamem.2014.02.002

127



128 Growth Disorders and Acromegaly

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

Rato L, Alves MG, Socorro S, Duarte Al, Cavaco JE, Oliveira PF. Metabolic regulation
is important for spermatogenesis. Nature Reviews. Urology. 2012;9(6):330-338. DOI:
10.1038/nrurol.2012.77

Choubey M, Ranjan A, Bora PS, Baltazar F, Krishna A. Direct actions of adiponectin
on changes in reproductive, metabolic, and anti-oxidative enzymes status in the testis
of adult mice. General and Comparative Endocrinology. 2019;279:1-11. DOI: 10.1016/;.
ygcen.2018.06.002

Choubey M, Ranjan A, Bora PS, Baltazar F, Martin L], Krishna A. Role of adiponectin as
a modulator of testicular function during aging in mice. Biochimica et Biophysica Acta—
Molecular Basis of Disease. 2019;1865(2):413-427. DOI: 10.1016/j.bbadis.2018.11.019

Choubey M, Ranjan A, Bora PS, Krishna A. Protective role of adiponectin against testicu-
lar impairment in high-fat diet/streptozotocin-induced type 2 diabetic mice. Biochimie.
2019;168:41-52. DOI: 10.1016/j.biochi.2019.10.014

Courtens JL, Ploen L. Improvement of spermatogenesis in adult cryptorchid rat testis
by intratesticular infusion of lactate. Biology of Reproduction. 1999;61(1):154-161

Gravance CG, Breier BH, Vickers MH, Casey PJ. Impaired sperm characteristics in post-
pubertal growth-hormone-deficient dwarf (dw/dw) rats. Animal Reproduction Science.
1997;49:71-76

Ovesen P, Jorgensen JO, Ingerslev ], Ho KK, Orskov H, Christiansen JS. Growth hor-
mone treatment of subfertile males. Fertility and Sterility. 1996;66:292-298

Ovesen PG, Jorgensen JO, Ingerslev ], Orskov H, Christiansen JS. Growth hormone
treatment of men with reduced sperm quality. Ugeskrift for Laeger. 1998;160:176-180

Machnik G, Lechniak D. The impact of growth hormone (GH) on male reproduction.
Medycyna Weterynaryjna. 2000;56:218-221



