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Preface

Growth hormone (GH) is synthesized and secreted daily by anterior pituitary cells
called somatotrophs. GH has a role to play in various physiological processes. It is
fundamental for the normal physical growth of children and, irrespective of the

age of the individual, it is necessary for the proper functionality of the metabolic
responses. GH stimulates the synthesis of proteins and increases the breakdown of
fat mass to generate the energy necessary for tissue growth. It also counterpoints

the action of insulin. While it appears to act on different tissues, part of its effect is
mediated by the release of insulin-like growth factor-1 (IGF-1). IGF-1 can mimic the
action of insulin, but its primary action is also the stimulation of growth.

Some individuals are affected by abnormalities in GH secretion, which can be either
deficient or excessive. Production of GH in individuals can be stimulated by different
types of physical exercises, and GH deficiency can be treated with direct administration
of GH into individuals. GH deficiency is also a cause of short stature and dwarfism in
some individuals. GH deficiency that persists into adulthood is associated with various
undesirable clinical conditions, such as fatigue, decreased energy, decreased muscle
strength, decreased muscle mass, thin and dry skin, increased adipose tissue, which
favors obesity, and decreased bone density. Excess GH production may be due to a
benign tumor of the somatotroph cells of the pituitary gland, as well as tumor of the
lung or of the pancreatic islets. Excess of GH may lead to extreme height (gigantism)
and features of acromegaly.

This book, which is in three sections, introduces the reader to the biochemistry

of growth hormone and its relevance to human beings. Section 1 highlights the
relevance of the relationship between GH, obesity, and physical exercise. Section 2
consists of two chapters: “Growth Hormone Gene Family and Its Evolution” and
“Pituitary Growth Hormone Secretion and Cell Growth Hormone Production:
Regulation of Their Secretion and Their Signaling Pathways”. Section 3 discusses the
types of interventions in three chapters: “Growth Hormone and Insulin-like Growth
Factor-1 in Children with Cholestatic Diseases and Pediatric Liver Transplantation”,
“Carbohydrate Metabolism in Growth Hormone Therapy for Children” and “Obesity:
The Relationship between Growth Hormone and Exercises”

The editors would like to thank Author Service Manager Maja Bozicevic at IntechOpen
for her amazing work, and for her patience and assistance throughout the preparation
of this book.
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Chapter1

Introductory Chapter: Growth
Hormone — Obesity and Physical
Exercise

Mario Bernardo-Filho, Redha Taiar,
Técia Maria de Oliveirva Mavanhdo
and Daniibia da Cunha de Sd-Caputo

1. Introduction

Obesity is one of the most prevalent metabolic diseases in the recent decades
leading to negative effects on health. Obesity has shown a significant global
increase over the past 50 years and this fact would be not desired. The World Health
Organization (WHO) defines obesity as when an individual has a body mass index
(BMI) greater than 30 kg/m?. The epidemic growth of obesity represents a very seri-
ous public health problem, mainly due to its important association with the develop-
ment of serious diseases that can lead to death, such as type 2 diabetes, cardiovascular
diseases, arterial hypertension, metabolic syndrome, chronic kidney disease, hyper-
lipidemia, some types of cancer, asthma, sleep disorders, liver dysfunction, kidney
disease, joint disease, depression, and infertility [1, 2].

Obesity is a universal phenomenon that occurs globally, except for parts of
Asia and sub-Saharan Africa, as well as a few other countries, such as, Sri Lanka,
Indonesia, Sudan, Singapore, and Djibouti [1].

It is known that several complex mechanisms can lead to obesity. The main cause
would be the occurrence of an excess of energy stock when compared with the energy
needed by the body. Excess energy, stored in fat cells, which enlarge, alters metabolic
and hormonal factors responsible for obesity. Studies reveal that the food source and
quality in the diet seem to influence the body mass control more than the amount
ingested. Moreover, growing evidence suggests that obesity is a disorder of the energy
homeostasis system. Furthermore, the lack of balance between food intake and physi-
cal activity, between genetic and epigenetic, environmental, and microenvironmental
factors, the availability of health care services, and socioeconomic status can lead to
obesity [3-5].

It is already well established that the body location of adipose tissue, mainly in the
abdominal region, the so-called central obesity (CO), represents an important risk
factor for metabolic dysfunction. It is significantly correlated with cardiovascular
disease. CO can be classified into subcutaneous abdominal adipose tissue (SAT)
and visceral adipose tissue (VAT). It is suggested that VAT is a metabolic organ that
regulates fat mass, blood glucose, and nutrient homeostasis. Based on this knowledge,
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it would be really important to identify clinical means capable of improving the
therapeutic approach to obesity [1, 5-8].

Diet modifications and physical exercise are always included as a priority in treat-
ments for obesity. Physical exercise would promote changes in lipolytic hormones,
such as growth hormone (GH) and significant reductions in VAT. VAT, regardless of
total BMI, is strongly related to cardiovascular risk [9-12].

The relevance of hormones in controlling body metabolism has been known for a
long time. Among the most kinetically studied hormones is GH. Some aspects of GH
physiology and its relationship with exercise, however, still remain controversial and
unknown, including the knowledge of elements that regulate its synthesis, mecha-
nisms of action and effects on protein and lipid metabolism [13, 14].

GH is secreted by the anterior pituitary in a pustile form, primarily regulated
by the hypothalamic GH-releasing hormone (GHRH) and by somatostatin, neuro-
peptides that respectively stimulate and inhibit the secretion of this hormone. It is
known that GH affects several body systems, regulating the secretion of insulin-like
growth factor-1 (IGF-1), which in turn regulates its secretion. GH is a potent anabolic
hormone with an important role in lipid metabolism in various body sites such as the
liver, muscle skeletal muscle, and adipose tissue [15-17].

In times of fasting or stress, GH promotes the use of lipids as the first source of
energy in order to preserve carbohydrate and protein stores. Several other physiologi-
cal and pathological conditions interfere with GH secretion, age, gender, pubertal
stage, sleep status, nutritional status, body composition and temperature, fitness,
gonadal steroids, insulin, and IGF-1. In the physiology of GH and its relationship
with the aforementioned factors, much remains to be clarified, and this will be highly
relevant. It is known that abdominal visceral fat increases in obese individuals, which
is why there is a drastic reduction in the GH response in obese individuals, both in
stimulated secretion and in normal release [6, 14, 18, 19].

Since physical exercise is considered a potent stimulator of GH synthesis [20],
factors such as exercise intensity, volume, and frequency may influence in GH con-
centration. However, studies have shown that in obese individuals, the GH elevation
in response to physical exercise is reduced and that with body mass loss the response
returns to that found in individuals with normal BMI [21, 22].

Regular exercise is desirable for health and studies have shown that different kinds
of exercise can aid in the reduction of the body fat as well as protect the individuals
against cardiovascular diseases associated with obesity [23-25].

2. Conclusion

It is known that GH acts directly through its receptor and indirectly stimulates the
production of IGF-1. However, the mechanism through which physical exercise can
be used to increase GH secretion is not completely understood. In this sense, this book
aims to integrate scientific information about the relevance of exercises and/or GH to
the management of individuals with obesity. Moreover, it is expected that this book
might bring new insights into the role of growth hormone in the obesity.
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Chapter?2

Growth Hormone Gene Family
and Its Evolution

Jesiis Devesa and Pablo Devesa

Abstract

In this review, we will analyze the family of growth hormone (GH) genes, the
territories where they are produced, the proteolytic generation of GH isoforms, both
at the pituitary and tissue levels, the biological activity of these molecular forms,
and we will describe the new variant GH-V2 and its effects biological. Finally, we will
analyze the evolution of the hormone from its starting point with a common gene
with PRL to its actions in the most evolved organisms as a true prohormone.

Keywords: GH gene, GH-N, GH-V, GH-V2, evolution of GH

1. Introduction

Just one century ago (1921), it was reported that the administration of bovine
anterior pituitary gland extracts to rats induced greater growth in these thus treated
animals [1]. This fact led to the assumption that a pituitary factor had to be respon-
sible of the longitudinal growth of the organism, something proven some years later
when it was shown that human dwarfs could grow when treated with human pituitary
extracts. This pioneer treatment was introduced by Dr. Maurice Raben at Tufts New
England Medical Center in 1956 [2]. One of the first dwarfs treated in this way, who
reached normal height, was in good health 62 years later [3]. However, the discovery
of the human growth hormone (GH) took place a year earlier, 1955, by Choh Hao
Li, who worked at the University of California, within his studies on the isolation of
pituitary hormones. Li himself developed a method for isolating GH from human
cadavers and purifying the hormone so that it could be administered to children with
GH-deficiency dwarfism. At the program?’ peak in 1973, 82,500 pituitary glands had
been collected for treatment of about 3,000 children. Too many pituitary glands
removed from human cadavers for so few GH-deficient children treated, so that the
program declined. Furthermore, the extraction techniques could not avoid the fact
that some of the pituitaries were contaminated with nerve tissue from the posterior
pituitary lobe. This led to the appearance of several cases of iatrogenic Creutzfeldt-
Jacob disease in patients who had received pituitary extracts in which pathogenic
prions were present in the posterior pituitary lobe, something a priori undetectable.
In 1962, the Li group made the first approach to the amino acid composition of
human pituitary GH [4], a very important finding that allowed him to determine
the structure of human GH and synthesize it in small quantities in 1971. This was a
very important step forward as it paved the way for the production of the hormone
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in genetically engineered bacteria (Escherichia Coli), greatly expanding the offer. The
product was approved in the United States for sale in October 1985, and a new world
began for GH-deficient children, because the advances in the field of genetically
engineering permitted to produce practically unlimited quantities of the hormone,
pure and safe, by DNA recombinant technology. The hormone was first produced
in prokaryotes (Escherichia Coli) and later in eukaryotes (murine fibvoblasts).
Apparently, the hormones produced in these different type of cells were the same in
terms of their effectiveness in producing further growth in GH-deficient children.
However, we suspected that there must be some differences depending on the type
of cells used for production of GH. In fact, similar doses expressed in international
units (IU), corresponded to different weight of the theoretically identical product.
To analyze the reason for these differences, we carried out an electrophoretic study
of the different GHs existing on the market, and we saw that the hormone produced
in murine fibroblasts contained not only the main GH variant GH 22 kDa but also the
minor variant 20 kDa. This is logical, since during the expression of human GH, an
alternative splicing occurs in 10% of the primary transcript, giving rise to the 20 kDa
GH, but this alternative splicing cannot take place in prokaryotes. Initially, these
differences were not considered important in terms of effectiveness at the growth
level; and it took many years until a utility or any physiological action could be found
for this GH 20 kDa. However, different studies carried out in the last years reveal that
this isoform in vivo possesses very important properties. For example, it has been seen
that GH 20 kDa has several GH-like activities in male high-fat-fed rats, lacking, unlike
GH, diabetogenic and lactogenic effects, and failing to increase plasma IGF-I or body
length. Instead, treating mice with GH gene deletion (—/—) leads to clear increases
in plasma IGF-I, femur length, body length, body weight, and lean body mass and
decreased fat mass. These effects are similar to those observed in mice receiving GH
treatment. That is, GH 20 kDa can stimulate IGF-I and longitudinal body growth
in GH-deficient mice in a similar way to GH 22 kDa, but unlike this main form, the
GH isoform promotes growth without inhibiting the actions of insulin and without
promoting (in vitro) growth of cancers presenting prolactin receptor (PRLR). The
authors conclude that this GH isoform may improve current GH therapies especially
in patients at risk for metabolic syndrome or PRLR-positive cancers [5]. Another
recent study indicates that GH 20 kDa can internalize into the cytoplasm, as GH
22 kDa does, but its functions appear to be different from those exerted by the main
form [6]. From these and other studies, it is expected that in the coming years, the
possible beneficial effects of GH 20 kDa on the human body will be better known.
From 1985, when treatments with recombinant GH began, the spectrum of
therapeutic applications of this hormone, initially restricted to children with
proven GH-deficiency, increased significantly, especially in the pediatric popu-
lation [7]. This is the case in children suffering from idiopathic short stature,
or children with growth retardation caused by chronic renal failure, Turner
syndrome, SHOX gene deficiency, Noonan syndrome, but also in adults with GH
deficiency as long as they have any other hormonal pituitary deficiency (with the
sole exception of Prolactin), and in patients with acquired immunodeficiency
syndrome (AIDSS) wasting [8, 9]. This led to GH being considered a hormone
that, in addition to its metabolic properties (hyperglycemic by counteracting the
effects of insulin, lipolytic and protein anabolic), was considered as the growth
hormone. Consequently, the study of its effects was practically restricted to pedi-
atric doctors, whose main interest in GH was to prescribe it for growth in children
with short stature.
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1.1 The new concepts about GH

At that time, relatively few researchers tried to investigate whether the hormone
might could have other actions in the body far beyond those described [10]. Perhaps this
situation changed when a previous study was analyzed in which it had been discovered
that Insulin and Epidermal Growth Factor (EGF) could be internalized in living cells
[11], contrary to the classical concept that protein hormones only carry out their biologi-
cal actions after interacting with specific membrane receptors, that is, without entering
cells, unlike what happens with steroid or thyroid hormones whose receptors are located
in the cytoplasm or cell nucleus. That finding led to the Waters group, in Queensland, to
investigate whether the same could happen with GH [12-14]. They demonstrated that
this hormone, after interacting with its membrane receptor (GHR), is also internalized
along with its GHR through the endosomal pathway. This mechanism allows the trans-
location of GH and GHR to the nucleus of the cell where they induce the transcription
of many different genes. This was a key discovery, as it allegedly implied that GH could
perform many diverse, tissue-specific functions, far beyond its classical known effects.
Therefore, the detection of GHR in the nucleus of a cell indicates that there has been a
previous interaction GH-GHR at the cell membrane. Another important finding that
reinforced the idea that GH exerted many different effects in the organism was the dem-
onstration by our group that internalized GH also undergoes specific tissue proteolytic
processing, influenced by sex and age (in mice), which gives rise to different molecular
forms, whose actions are unknown still [15]. Figure 1 schematizes these concepts.

According to these concepts, it is logical to understand that GH is a hormone
whose actions can affect practically the entire organism, instead of being a mere
metabolic hormone and the hormone for growth. Throughout this chapter, we will

Figure 1.

Interaction GH-GHR and translocation to the nucleus of the cell. (1) Once GH interacts with its membrane
receptor GHR, it is activated (ved color) and induces a cascade of phosphorylation (2) that represents GH
signaling pathways. (3) GH and GHR ave internalized through the endosomal pathway. In endosomes, parts of
GH and GHR are proteolytically degraded, but another part translocates to the nucleus (4), where they induce
gene transcription (5). In endosomes, GH gives rise (6) to different tissue-specific molecular forms (7), whose
actions ave still unknown.

13



Growth Hormone - Impact and Insights in Human Beings

analyze the role of the genes that make up the GH family, as well as how this hormone
is now considered a prohormone given its pleiotropic actions.

2. Family of GH genes
2.1The GH gene locus

The locus of the human genome where the genes belonging to the GH family are
found is located on the long arm of chromosome 17, in the region q22-24 [16-18]
(Figure 2), spanning 48 kb of DNA in the order: 5'-(hGH-1/-hCS-5/hCS-1/hGH-2/
hCS-2)-3’ [19, 20]. These genes encode normal human GH (GH-N) and its variant
(GH-V) as well as the group of chorionic genes: hCS-L, hCS-A, and hCS-B. These are
genes highly conserved in evolution, being the homology among them 5%. The hGH/
hCS gene locus seems that it has been evolved by duplication mechanisms [20]. They
come from a common ancestral gene with that of Prolactin (PRL) from which they
diverged about 300-400 million years ago, although the gene coding for PRL is found
on chromosome 6. All these genes have five exons separated by four introns [20]
(Figure 2). Among them, GH-1 (now known as GH-N) is expressed in the pituitary
gland and peripheral tissues, while the other four seem to be expressed only in the
placenta, although N-glycosylated GH-related peptides have been found in human
pituitary extracts, suggesting that the hGH-2 gene (now known as GH-variant [GH-
V), or other unknown GH-related genes, could be expressed too at the pituitary level,
and perhaps in other tissues, since the hGH-N gene lacks the consensus sequence for
N-glycosylation observed in some nonplacental GH-related products [21, 22].

2.2 Molecular GH heterogeneity

Figure 2 is only a schematic description of the hGH gene family, but pituitary
and tissue GH heterogeneity is really high. For example, in the human pituitary,
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Figure 2.

hGH/hCS gene locus localization, expression of the genes of this family and products resulting from it. As noted
above, the hGH/hCS gene family locus is located on the long arm of chromosome 17 (q22—-q24). The figure also
represents the 5'—3' arvangement of the genes that make up this family, of which GH-N is outlined in the upper
rectangle (indicated by a black avvow). In this gene, it can be seen the organization in exons (I-V) separated by
introns (A-D). Note that, although the GH-N gene is expressed practically throughout the body (pituitary and
multiple tissues and ovgans), the other four genes seem to be expressed only in the placenta, although as we will see,
this is not exactly the case, at least for the GH-V gene.
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Figure 3.

Heterogeneity of human pituitary (PIT) GH. Western blot showing the high heterogeneity of GH-N obtained
from a human pituitary extract. Note the dimer 44 kDa formed by GH 22 kDa, as well as the number of GH-N
variants whose biological significance is unknown. The 5 kDa GH form is not shown in this figure.

many isoforms of GH-N can be found. Apart from the main GH products, 22 kDa
and the 20 kDa form of GH, the latter resulting from the alternative splicing of the
mRNA of the GH-N gene, there are several posttranslationally modified forms of GH
(N-acylated, deamidated, and O-glycosylated forms of monomeric GH), as well as
non-covalent and disulfide-linked oligomers up to pentameric GH [23, 24]. The high
heterogeneity of pituitary GH can be seen in Figure 3.

Furthermore, in human pituitary extracts, some significant amounts of GH
variants of lower molecular weight (17 kDa and 5 kDa) can be found. These originate
from the selective cleavage of the bond between amino acids 43 and 44, leading to
the production of fragments 1-43 and 44-191 in the somatotrophic cells themselves
and have also been found in human plasma and tissues and in some different spe-
cies [15, 25-30]. Since these forms can be originated by specific cleavage of the main
22 kDa GH form, it is likely that they appear in tissues as a result of posttranslational
modification of the hormone. Interestingly, while human GH 22 kDa has both
insulin-like and diabetogenic effects, these proteolytically generated fragments show
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opposite effects: the short 5 kDa GH form potentiates the effects of the insulin, while
the 17 kDa form shows diabetogenic activity [28-30]. Since these two isoforms can be
generated under acidic conditions, it has been postulated that they may play a signifi-
cant physiological role because the hormone in cells is exposed to an acidic environ-
ment [25]. Similar conclusions have been drawn regarding the effects of these 17 and
5 kDa GH variants at the end of the last century. According to their data [29-31],
these GH fragments, obtained by recombinant DNA technology, have potent in vivo
effects on glucose homeostasis in rodents, but cannot stimulate body growth.

The great heterogeneity of forms produced from GH-N is due to the fact that in
the main molecule, there are a series of points susceptible of hydrolysis by proteases,
which would be another point in favor of considering GH as a prohormone, which
undergoes selective proteolysis, both in the pituitary and in specific tissues, giving
rise to peptides with specific biological activities. For example, there are two frag-
ments of GH, GH 177-191 and GH 95-133, of which the first shows a lipolytic activity
identical to that of the 22 kDa GH-N form, while the second is a potent mitogen. For
its part, the 24 kDa GH-N form caused by retention of signal peptide, like the 12 kDa
form originating from the previous one, shows greater somatogenic and lactogenic
potency than the 22 kDa GH-N itself.

The alternative splicing of the major pituitary GH-N form 22 kDa occurs in
approximately 10% of the transcripts in eukaryotes (Figure 4).

As a consequence of the cleavage of part of intron III in the 20 kDa GH-N form,
the amino acids located from position 32 to 46 have disappeared (Figure 5).

The pituitary expression of these two proteins (GH-N 22 kDa and 20 kDa) reflects
the alternative utilization of a major (B) and a minor (B’) splice acceptor site in
exon 3 of the hGH-N transcript, although it has been postulated that, in addition to
the importance of sequences in the immediate vicinity of the two alternative splice

ranscription|
Factors

bRovoTER ) ----------------------- = = Mg
= 1 500 1000 1500

TRANSCRIPTION

Primary transcript
v (pre mRNA)
D
- ST AAAAAAAAA

ALTERNATIVE
SPLICING
2% 10%

I I I v

I I 1 w A\
550 M s IRV aarsaans

l TRANSLATION l
GH-N 22 kDa GH-N 20 kDa

Figure 4.
Alternative splicing of the GH-N gene. After transcription of the GH-N gene, a part of intron III is cleaved (in
10% of transcripts, white rectangle), giving vise to a shorter GH-N form: The 20 kDA GH-N form.
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Figure 5.

Sc%ematic description of the primary structure of GH-N 22 kDa. The molecule is a polypeptide formed by 191
amino acids arvanged in a single chain in which there ave two disulfide bridges (S-S) that join the cysteines
located at positions 53 and 182 with those located at positions 165 and 189 (red lines). The alternative splicing
removes amino acids 32—46 (represented by yellow circles) giving rise to the GH-N 20 kDa form.

acceptor sites, additional sequences further away in the transcript also contribute

to this alternative splicing selection. These more distal sequences would not act
individually, but instead would interact in such a way that the net level of alterna-
tive splicing in exon 3 would be dictated by the overall higher-order structure of the
hGH-N transcript [32]. Curiously, a recent study concludes that although there is an
important GH-N expression in retina, no splicing variants have been detected [33].
Our group found expression of GH and its receptor in hippocampal neural stem

cells, but we did not differentiate whether the main GH form or the GH 20 kDa or
both [34] were expressed. In the case of retina, it seems to be a particular situation,
because both GH-N 22 kDa and 20 kDa bind and activate the same receptor (GHR);
both forms exhibit similar, but not identical physiological activities, although the
kinetics of signaling by GH-N 22 kDa and 20 kDa is different being weaker that of

20 kDa than of the major form, which can justify the different biological activities
exhibited by these GH-N forms [35]. Furthermore, in humans, 20 kDa GH is a weaker
agonist for the receptor of PRL than 22 kDa GH [36]. Other differences between both
GH-N forms are related to their half-life in plasma. GH 20 kDa has a lower affinity for
GH-binding proteins (GHBP) than GH 22 kDa [37] and fails to form a 1:1 complex
with this binding protein [37]. The internalization rate of GH 20 kDa is less than that
of GH 22 kDa [38]. Lastly, GH 20 kDa shows a stronger tendency to aggregate than
GH 22 kDa [38-40]. The amplitude of GH secretory bursts is negatively correlated to
percentage of body fat while testosterone plasma levels positively affect the secretory
burst mass of the hormone [41]. Regarding the existence of the C-terminal disulfide
bridge of GH, we know that it has been conserved throughout the evolution, although
its role is unknown [42], but they seem to be fundamental for the maintenance of the
active conformation of the hormone.
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Figure 6.

Strgucture of 22 kDa GH-N showing the disposition of its 4 a-helix. Site 1 (outlined in a circle) is the one that
first binds to the extracellular domain (ECD) of GHR-1, allowing the veceptor to dimerize and Site 2 (outlined
in a dotted line circle) of GH can bind to this second receptor (GHR-2). After that, the biological effects of the
hormone begin.

GH has a complex tertiary structure, like other polypeptide hormones. Tertiary
structure plays a role in how the hormone regulates receptor activation. GH is a long
chain four a-helix bundle proteins (Figure 6).

A notable feature of their tertiary structure is that it contains no symmetry that might
support equivalent binding environments for the receptors. How the two receptors bind
to the asymmetric hormone was first revealed from the crystal structure of human growth
hormone bound to the ECD of its receptor (hGHR). The characteristic arrangement of
the four antiparallel a-helix is essential when it comes to produce the binding of GH to
its receptor. Since this binding occurs in 1:2 ratio (one GH molecule and two receptor
molecules) in each molecule of GH there are two receptor recognition epitopes, located at
opposite ends of the nucleus of a-helix, site 1, and site 2. The structure shows that the two
ECDs binding to site 2 and site 1, respectively, use essentially the same set of residues to
bind to two sites on opposite faces of the hormone (Figure 6). This binding is character-
ized by extraordinary local and global plasticity at the binding surfaces. The two binding
sites have distinctly different topographies and electrostatic character, leading to different
affinities for the receptor ECDs. The high-affinity site, site 1, is always occupied first by
ECD1. This sequence of events is required because productive binding of ECD2 at site 2 of
the hormone requires additional contacts to a patch of the C-terminal domain of ECD1.
The binding of ECD2 is the programmed regulatory step for triggering biological action,
and it involves a set of highly tuned interactions among binding interfaces in two spatially
distinct binding sites. The energetic relationships between the ECD1-ECD2 contacts and
the hormone-ECD?2 site 2 interactions are known to be important.

In the case of the 20 kDa GH-N, the reduced affinity exhibited by the receptor
of the 22 kDa form suggests that conformational changes occurring in it affecting
recognition epitopes.

As Figure 2 shows, another form of GH, the GH variant or GH-V is expressed
primarily in the placenta. This GH-V has an identical size that the pituitary 22 kDa
GH-N, although both differ from each other by 13 amino acids dispersed throughout
GH-V. However, the differences between GH-N and GH-V in terms of their somato-
genic and metabolic activities are small. While secretion of pituitary GH-N is pulsatile
under control from the hypothalamus, the secretion of placental GH-V is tonic and
increases progressively in maternal blood during the second and third trimester [24].
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Despite its placental expression, GH-V has been found in human testis [43-45], where
most likely it plays an auto/paracrine function in reproduction (spermatogenesis). In
addition to the testis it is likely, as indicated above, that GH-V, or some unknown gene
related to it, can be expressed in other territories, including the pituitary.

2.3 The new GH-V variant

As with 22 kDa GH-N, the GH-V also undergoes alternative splicing during gene
transcription, resulting from a 45 bp deletion produced by the use of an alternative
acceptor site within exon 3 [46]. This group studied the effects of a 7-day treatment
with 22 kDa hGH-N or 20 kDa hGH-V, administered subcutaneously (sc) in the same
dose on the body composition and the endocrine and metabolic profiles in young male
Wistar rats fed either with chow or a high-fat (HF) diet for 4 weeks post-weaning.
Total body growth in the 20 kDa hGH-V-treated animals was intermediary between
that of control and hGH-N-treated animals. Both 22 kDa hGH-N and 20 kDa hGH-V
significantly reduced total body fat mass compared with control animals, and there
were no differences between the GH isoforms in anti-lipogenic activity in animals
fed the HF diet. Fasting plasma insulin and C peptide were significantly increased in
animals on the HF diet and further increased by hGH-N but were unchanged in 20 kDa
hGH-V-treated animals compared with saline-treated controls. Plasma volume was
increased in hGH-N-treated animals but was unchanged in 20 kDa hGH-V-treated
animals compared with controls. Furthermore, 20 kDa hGH-V had reduced lactogenic
activity characteristic of hGH-N as tested in vitro compared with the 20 kDa hGH-N
and 22 kDa hGH-N variants [46]. In summary, placental 20 kDa hGH-V retains some
of the growth-promoting and all antilipogenic activities of pituitary 22 kDa hGH-N
but has diminished diabetogenic and lactogenic properties compared with the native
22 kDa hGH-N [46]. These results indicate that some clear differences exist between
20 kDa GH-N and 20 kDa GH-V, perhaps indicating the different metabolic needs
existing between not pregnant and pregnant women. A further very recent study was
conducted to better characterize the in vivo activities of GHv (current name for this
20 kDa GH-V variant) in both sexes of a GH-deficient model of mice (GH—/— mice).
GHv-treated GH—/— mice had significant increases to serum IGF-1, femur length,
body length, body weight, and lean body mass and reduced body fat mass similar to
mice receiving usual GH treatment. GH-N treatment increased circulating insulin
levels and impaired insulin sensitivity; in contrast, both measures were unchanged in
GHv-treated mice. The study also tested the ability of GH-N and GHv to stimulate the
proliferation of human cancer cell lines and found that GHv has a decreased prolifera-
tive response in cancers with high PRLR (GHv is unable to bind to prolactin receptor)
[5]. Their findings demonstrate that GHv can stimulate IGF-I and subsequent longitu-
dinal body growth in GH-deficient mice similar to GH-N, but unlike it, GHv promoted
growth without inhibiting insulin action and without promoting the growth of
PRLR-positive cancers in vitro. Thus, GHv may represent improvements to current GH
therapies especially for individuals at risk for metabolic syndrome or PRLR-positive
cancers [5]. These results are surprising, especially if we think that this GHv comes
from the placenta. What is the reason for showing such improved effects compared
with those produced by the classic pituitary GH-N? Is GHv also expressed in tissues
other than the placenta? Hopefully in the coming years we will have the answer to this
question and, perhaps, many more surprises regarding this variant of GH, although it
must be taken into account that these two studies have been carried out in two species,
rats and mice, quite different from humans, including the GH that they produce.
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3. The evolution of GH gene family

Growth hormone is a classic molecule in the study of the molecular clock, exhibiting
arelatively constant rate of evolution in most orders of mammals, except primates and
artiodactyls, where a dramatically enhanced rate of evolution (25-50-fold) has been
reported. The rapid evolution of primate growth hormone occurred after the divergence
of tarsiers (prosimians from Southeast Asia, with four extant species, living in tropical
rain forests and included in the prosimian group, although some researchers see them
asa link between prosimians and simians) and simians, but before the separation of old
world monkeys (OWM) from new world monkeys (NWM). This event of rapid sequence
evolution coincided with multiple duplications of the growth hormone gene, suggesting
gene duplication as a possible cause of the accelerated sequence evolution. Multiple gene
duplications and several gene conversion events both occurred in the evolutionary history
of this gene family in OWM/hominoids. GHN genes in both hominoids and OWM are
under strong purifying selection, while GHV genes in OWM and hominoids evolved at
different evolutionary rates and underwent different selective constraints [47]. A key
question is how hormone-receptor preferences have arisen among the duplicates, given
that GH and PRL came from the same common gene from which they split 300-400
million years ago, moreover when both receptor genes (GHR and PRLR) show a surpris-
ing asynchrony in hormone and receptor gene duplications [48, 49].

Growth hormone exhibits a rare episodic pattern of molecular evolution char-
acterized by sustained burst of rapid changes that are imposed very slow evolution
on long periods. For example, there was a remarkable period of rapid change in the
evolution of GH in primates or an ancestor and gave rise to the species-descending
specificity [50, 51]. This pattern, also seen in placental growth hormones, are a
consequence of selection, may reflect changes in the functions of GH additional to its
basic growth-inducer effects [50, 51].

The biological specificity of GH is accompanied by significant differences in
amino acid sequences, signifying an unusual episodic pattern of molecular evolution
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Ph%/-;:)genetic tree for mammalians GH (modified from vef. [53]). Y-axis vepresents million years in evolution; o is the
current moment. Numbers of substitutions are indicated along the branches of the tree. Thick line indicates a period
of vapid evolution for GH. There was another period of rapid evolution, which occurred earlier and gave vise to GH
in alpaca, deer, and sheep, but this was omitted to simplify the figure, as a number of species were also omitted. Note
the differences between rat and mouse, as well as between slow Loris, marmoset, and rhesus and man.
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in which long periods wherein the sequence is markedly conserved (near-stasis) are
interrupted by occasional bursts of rapid changes [50-53]. This is likely caused by
positive Darwinian selection [52].

The burst of rapid changes on GH in the lineage leading to higher primates is
particularly marked with substitution about 35% of all amino acid residues. This
burst occurred before the separation of lineages leading to man and OWM (in fact,
sequences of GHs of man and rhesus monkey are very similar) (Figure 7). However,
there are not evidences for duplications of the GH gene in non-primate mammals.

The episode of rapid change seen for GH evolution in primates appears to be spe-
cific to the coding sequence for the mature protein hormone; the pattern of evolution
seen for other components of the GH gene is different. Thus, when sequences of the
signal peptide, 5" untranslated region (Figure 2), or introns are analyzed, the burst
of rapid evolution seen for the hormone is not present. The burst of change is specific
to the protein-coding component of the gene indicating that its cause relates to the
protein, resulting from adaptive change in response to selection, or loss of selective
constraints due to loss of function. The episode of rapid acceleration is particularly
marked for residues associated with receptor binding. There are evidences for an
episode of rapid change in the GH receptor during primate evolution [53].

Of interest is the fact that regulatory sequences involved in the transcription of
the gene are also affected by evolutionary changes. For example, a negative regulatory
element (NRE3) is conserved in most mammals, including slow loris and marmoset.
Two binding sites for the transcription factor Pit-1 are in the corresponding position
for other mammalian GH genes [53]. It is notable that the distal and proximal sites in
slow loris are much closer than in all other mammalian species, reflecting a deletion
of about 14 nucleotides in the slow loris gene, which removes the site of the cyclic
ANP response element existing in the GH gene. This region is not deleted in other
mammalian GH genes, with the exception of marmoset and rabbit, but its different
sequence makes it unlikely its functioning as a CRE [54]. A glucocorticoid response
element, present in the first intron of the human GH gene, does not appear to be
present in the marmoset or the slow loris gene. However, a number of putative nega-
tive thyroid hormone responsive elements exist in the human GH gene appear in the
marmoset gene, but not in the slow loris gene. Therefore, these differences between
these regulatory elements in human, marmoset, and slow loris GH genes indicate that
the regulation of GH in these primate species shows significant differences. Of the
many differences between non-primate and human GHys, that at position 169 (His in
in pig and other non-primates, Asp at the equivalent position, 171, in man) appears to
be most important in determining species specificity [55].

As we have seen, although in summary form, there are many changes in the
molecular form of GH throughout the evolution, much more marked the more phylo-
genetically the species are apart from each other [56].

These changes seem to be related to the acquisition of new properties of GH,
which leads the original gene to participate only in the regulation of growth. This
would explain why GH has such high multiple actions in the body, rather than simply
acting for growth, for which the initial gene seemed to emerge.

4. Conclusions

GH is a pleiotropic hormone produced mainly in the pituitary gland and the placenta,
although the molecular forms of the hormone depend on the territory where they are
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produced. From an evolutionary point of view, GH comes from a common gene with
PRL, from which it diverged millions of years ago, this may explain why GH and PRL
share some physiological actions. All GH genes have five exons separated by four introns.
Although GH has traditionally been considered a product of pituitary expression, today
we know that the hormone can be produced in practically any territory and cell, the
brain, retina, and gonads being particularly important. Currently, we can consider GH as
a true prohormone, given the large number of forms that can be generated by proteolytic
processing, both in the pituitary itself and in the tissues, processing that is tissue and sex-
specific. Although it has been considered that only the classic GH-N can be generated in
the pituitary, GH N-glycosylated products have been identified in this gland, suggesting
that they may have similarities with placental GH-V. Regarding this, a new placental vari-
ant has been identified, GH-V2, which seems to play important roles, even antagonistic
to those of pituitary GH-N. The original ancestral GH has undergone many structural
changes throughout evolution, which has allowed the number of actions of the hormone
to increase as the complexity of organisms increases. This leads to the fact that its initial
effect as merely a growth hormone has been increased in a species-specific way.
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Chapter 3

Pituitary Growth Hormone
Secretion and Cell Growth
Hormone Production: Regulation
of Their Secretion and Their
Signaling Pathways

Jesiis Devesa and Pablo Devesa

Abstract

Growth hormone (GH) performs very diverse functions in the organism, and
this is the reason by which the regulation of the secretion of this hormone is very
complex; although the primary regulators are growth hormone-releasing hormone
(GHRH) and somatostatin, it is in turn regulated mainly by adrenergic and cholin-
ergic pathways, and other factors can act directly on its secretion, particularly on the
somatostatin, thus affecting the pituitary secretion of GH. In this chapter, we will
analyze the transcription of GH gene and how GH release is affected by different
neurotransmitters, metabolic substrates, feeding and fasting, and other hormones,
placing special emphasis on why pituitary secretion of GH is sexually dimorphic.

Keywords: GH, GHRH, somatostatin, Pit-1, neurotransmitters and GH secretion,
metabolic substrates and GH secretion, hormonal regulation of GH

1. Introduction

Growth hormone (GH) is produced mainly in the anterior pituitary gland (AP),
but its expression also takes place in many other territories, such as the brain, the
gonads, retina, adrenals, where this hormone, or its derivatives formed by enzymatic
cleavage, performs very diverse and specific roles, although how GH is regulated at
these levels is not well known.

In the anterior pituitary gland (AP), GH is the most abundant hormone, and it is
synthesized in eosinophilic cells, the somatotrophs developed due to the action of the
transcription factor Prop-1 (homeobox protein prophet of Pit-1), whose expression
leads to the pituitary development of Pit-1-specific lineages. The Pit-1 t transcription
factor determines the specific cellular expression of GH (and also prolactin (PRL)
and thyroid-stimulating hormone (TSH)).

GH can be found in the pituitary as early as 8 weeks of fetal development, being
a key factor for the development and maturation of multiple organs and tissues,
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Figure 1.

Changes in growth velocity throughout life. Note that when puberty approaches and sex stevoids increase, they act
on the synthesis and release of pituitary GH, so the growth velocity increases with respect to childhood. However,
from the end of puberty, GH secretion progressively decreases with aging.

such as the brain. This fetal GH does not seem to play any role in the growth of the
fetus, despite the high growth velocity during the fetal period. In fact, anencephalic
fetuses are of normal height at birth. A high growth rate also occurs after birth, up
to 6-10 months of age, after which growth slows down; these changes after birth are
shown in Figure 1.

Growth hormone secretion is pulsatile in nature; this is related to the optimal
induction of physiological effects at the peripheral level: target tissues for GH appear
to be more sensitive to the frequency at which this hormone arrives during a period of
time than to the total amount of GH secreted during a similar period [1]. A clear pulsa-
tility of GH only appears after birth; the majority of the GH pulses are associated with
slow wave sleep, a period in which the amplitude of GH secretion reaches the maxi-
mum [2]. However, sleep processes do not appear to exert a predominant influence
on GH release, since when sleep and circadian processes are misaligned, the blunting
of the sleep-related GH pulse is counteracted, as in individuals deprived of sleep, by a
compensatory mechanism that promotes GH pulses during wakefulness [3].

GH secretion is sexually dimorphic from the puberty, due to gender-related free
estradiol (fE;) levels in the brain [4]. In humans, plasma fE,, but not testosterone
(T), levels were shown to be strongly correlated with total and pulsatile GH release
rates [5]. However, it cannot be ruled out whether there is an imprinting effect of sex
steroids on the hypothalamic structures that govern the underlying hypothalamic-
somatotrophic rhythm (HSR), as occurs in rat [6]. In women, the episodic secretion
of GH is more frequent, but of a lower amplitude, while plasma GH values during
trough periods are slightly higher than in men. Therefore, the fraction of GH secreted
in peak episodes is lower in women, although it changes according to the phase of the
menstrual cycle once puberty is established, reaching higher values in the late follicu-
lar phase of the menstrual cycle.

2. Regulation of pituitary GH secretion

In 1985, Plotsky and Vale demonstrated in rats that the episodic secretion of GH
was under a dual hypothalamic control exerted by growth hormone-releasing hormone
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(GHRH) and somatostatin (SS) [7]. According to this model, the determinant of pulsatile
GH secretion would be the rhythmic alternate release of hypothalamic GHRH and SS. The
existence of a similar intrinsic hypothalamic-somatotroph rhythm (HSR) that governs
the pituitary GH secretion was also demonstrated by our group in normal humans [8].
Intrinsic HSR most likely remains functionally active throughout life. However, plasma
GH levels are highly age-dependent and show a different pattern of secretion in men and
women. Both age and gender physiologically modify the standard pattern of activity, as
plasma GH changes reflect. In addition, a number of factors, such as neurotransmitters,
other hormones, and metabolic intermediates (amino acids, glucose, and free fatty
acids), mainly acting at on the hypothalamic or pituitary level, or both, but also on the
pituitary, can modify, both acutely and chronically, the pattern of GH release. Therefore,
GH control has traditionally been classically considered as extraordinarily complex,
although its complexity has increased over time due to the discovery of new factors that
contribute significantly to modify the pituitary secretion of GH, as we will see more
ahead. This also reflects the complexity of the multiple actions that GH exerts in the
organism, far beyond its role in growth.

2.1 GHRH

Reichlin [9] was the first to propose the existence of a hypothalamic GHreleasing
factor. However, it took several years to isolate and characterize this putative factor
[10, 11]. The initial isolation of GHRH was facilitated by the existence of human
tumors ectopically producing growth hormone-releasing activity [12, 13].

GHRH is a peptide that belongs to the brain-intestinal peptides family, the gluca-
gon secretin family. Two main GHRH forms of GHRH, composed of 40 and 44 amino
acids, have been described in the human hypothalamus, occurring as a result of the
alternative processing of RNA during the transcription of a GHRH gene located on
chromosome 20. These are the result of alternative processing of RNA from the tran-
script of a single GHRH gene located on chromosome 20. Once it was demonstrated
that the GH-releasing activity of GHRH was located between amino acids 1-29, it was
possible to produce shorter forms of the peptide (e.g., GHRH-29, known as GRF-29)
to be used in clinical applications, such as a provocative test. Since the removal of
amino acids 30-44 does not affect the GH-releasing activity of the peptide, shorter
forms (e.g., GRF-29) have been synthesized for clinical purposes. On the contrary,
modifications at the N-terminal end of the molecule markedly decrease its biologic
activity. The half-life of GRF-29 in plasma is very short, about 2 minutes, as it is very
rapidly inactivated by circulating proteases. This has been led to the development of
potent GHRH agonists and antagonists., as it will be shown later.

GHRH-producing neurons involved in GH control are located primarily in the
arcuate nucleus of the hypothalamus from where they reach the median eminence
and release the peptide into the primary plexus of the hypothalamic-pituitary portal
vascular system. In the pituitary, GHRH binds to its receptor on somatotrophs and
induces a rapid, dose-dependent release of GH, but also the transcription of the GH
gene as well as the differentiation, growth, and proliferation of these cells.

In addition to this, GHRH-producing cells have also been found in other hypotha-
lamic and extra-hypothalamic structures. These cells, however, do not project to the
median eminence but to several other hypothalamic and extrahypothalamic regions.
This suggests that apart from its GH-releasing activity, the peptide also plays a neuro-
modulator role in the central nervous system. In addition, there is GHRH production
in numerous tissues and organs, such as the gonads.
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GHRH is encoded by a gene located in chromosome 20 (20q11.2), which consists
of five exons separated by four introns. Exon I is not coding; exon II codes for the
signal peptide and a small N-terminal connecting peptide; exon III encodes the
majority of the mature GHRH molecule (including the biologically active peptide);
exon IV encodes most of the C-terminal peptide; and exon V encodes the rest of the
C-terminal peptide and also contains 3’ untranslated sequences [14] (Figure 2).

A variant of the GHRH precursor has been described. It is formed by RNA pro-
cessing that excludes three nucleotides at the beginning of exon'V, leading to the
absence of serine-103 in the precursor molecule. This precursor will undergo identical
processing to that of the 108 amino acids precursor, with the only difference that in
this case the C-terminal peptide will be made up of only 30 amino acids [14].

An interesting aspect, little clarified, is how the transcription of the GHRH gene
is regulated. KO mice for the homeobox transcriptional factor Gsh-1 exhibit a dwarf
phenotype and abolished GHRH expression [15], and Gsh-1 binds on multiple
binding sites of GHRH gene promoter. Co-expression of the transcription factor
conditional cAMP response element binding (CREB) protein significantly enhances
Gsh-1-induced expression of the GHRH gene, suggesting a cooperative role for the
coactivator protein. The Gsh-1 homeobox protein is key for the expression of the
GHRH gene.

And what is the role of CREB in the transcription of GHRH gene? In mice in which
CREB is lost in the brain, but not in the pituitary, the amount of GHRH peptide is
reduced, indicating that CREB is required for efficient production of GHRH in the
hypothalamus [16]. This would explain the relationships between CREB and Gsh-1
for hypothalamic GHRH transcription.

Chromosome 20

10.000 bp
I I @oIx IV Vv
5’ 3’

Signal peptide
+ connecting i
peptide Pre-pro-GHRH C¢-terminal

ieitide

108 amino acids | 31 amino acids

GHRH C-terminal

Figure 2.

Stfutture of the GHRH gene and transcription of GHRH. As the figure shows, the gene-encoding GHRH is
composed by five exons (I-V) and four introns (A-D). GHRH is synthetized as a precursor (pre-pro-GHRH)
formed by 108 amino acids (including the signal peptide), which is proteolytically cleaved and gives rise to the
mature GHRH (blue rectangle) together with a C-terminal peptide formed by 31 amino acids. As the figure
shows, the precursor of GHRH is produced by exon III and a small portion of exon IV (black arrows 3 and 4).
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Another GHRH gene transcription factor is the nuclear factor of activated T cells
(NFAT). Site-directed mutagenesis experiments demonstrated the direct binding of
NFAT at five sites of the GHRH promoter, suggesting that NFAT is involved in the
depolarization-induced (with high potassium) transcriptional activation of GHRH
gene in the hypothalamic neurons producing it [17].

Apart of its hypothalamic production, GHRH is a peptide produced in many
human tissues and organs, where it plays a very important physiological and etio-
pathological role in addition to its main role in the synthesis and release of GH.

2.2 Somatostatin (SS)

At the end of the 1960s, McCann’s group observed that bovine hypothalamic extracts
were able to inhibit the release of GH from pituitary cultures. Five years later, Guillemin’
group [18-20] reported the identification of the factor responsible for that effect:
GH-release-inhibiting factor or SS. Several studies soon demonstrated that SS was not
only a GHrelease-inhibiting factor but also a strong inhibitor of a number of secretory
events, endo- or exocrine, whose analysis is beyond the objective of this chapter.

Although SS is a tetradecapeptide (SS-14), a form SS-28 has been found in pitu-
itary portal blood, also capable of inhibiting pituitary GH release. Structurally, SS is
a tetradecapeptide, although a 28-amino-acid form is also present in pituitary portal
blood. Both molecular forms apparently have similar GH-release-inhibiting activity.

SS-producing neurons involved in GH control are found mainly are mainly
located in the anterior periventricular and paraventricular nuclei of the hypothala-
mus. Their axons project to the median eminence, where SS is released into the
hypothalamic-pituitary portal circulation to antagonize in a dose-dependent manner
the GH-releasing effect of GHRH, and also, although in less degree, the proliferative
activities of this GH-releasing peptide.

As with GHRH, SS is synthesized in the form of a precursor, pre-pro-somatosta-
tin, a 116 amino acid peptide (including the 24 amino acid signal peptide) whose
biologically active portion is at the C-terminal end. The gene that codes for SS is
located on chromosome 3 and consists of two exons separated by an intron [21, 22].
In it, a cAMP response sequence is found between nucleotides —48 and —41 [23]. The
transcription of the gene is stimulated by CREB, phosphorylated after an increase in
cAMP levels, and the subsequent activation of protein kinase A (PKA). The coding
sequence has a high degree of conservation in exons.

The proteolytic processing of pro-somatostatin gives rise to two physiologically
important variants, SS-14 and SS-28. SS-14 is a tetradecapeptide that is formed after
cleavage by endoproteases of the precursor between amino acids 101 and 102, while
SS-28 corresponds to the sequence of the SS-14 form with an N-terminal extension of
14 amino acids [24] (Figure 3). The proteolytic cleavage of pro-somatostatin in the
basic domain (Arg/Lys) or the monobasic domain (Arg) of the C-terminal end gives
rise to SS-14 and SS-28, respectively (Figure 3). Both molecular variants are encoded
by exon 2.

Both SS-14 and SS-28 are widely distributed in the body, being particularly
abundant throughout the brain, but also in the gastrointestinal tract (particularly in
the pancreas and stomach), which may be related to its inhibitory functions of endo-
crine and exocrine secretions. SS also acts as a neurotransmitter and regulator of the
immune system. Most likely, these are the reasons for the existence of five receptors
(SST1 to SST5) with different localizations and biological activities. Since the fact that
SS has anti-proliferative and anti-angiogenic effects and given that its half-life is very
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Figure 3.

Pr%teolytic processing of pre-pro-somatostatin. Proteolytic processing of pre-pro-somatostatin veleases the signal
peptide (formed by 24 amino acids) and then the connection peptide (green vectangle, formed by 64 amino
acids). As indicated SS-28 is formed by the 14 amino acids extension (yellow rectangle) to the N-terminal end of
SS-14. A: monobasic domain. B: basic domain.

short (1-3 min), as well as the wide spectrum of its biological responses, led to the
need to develop selective stable receptor agonists that are bind strongly to selective

SS receptor subtypes, therefore, in addition to blocking GH secretion (e.g., treatment
of Acromegaly), these SS agonists are being used for the therapy of neuroendocrine
tumors, diabetic complications (nephropathy, retinopathy), anti-neoplastic therapies.
More recently, it has been shown that these agonists have anti-inflammatory and
anti-nociceptive effects [25].

Before reviewing how GHRH and SS interact in the control of pituitary synthesis
and release, we will describe how the pituitary receptors for these hormones are
stimulated. Most likely this is different than how they are stimulated in other tissues
in which they are expressed.

2.2.1 Pituitary GHRH receptor

The GHRH receptor (GHRHR) is a 423 amino acid protein (including the signal
peptide) that belongs to a subfamily of G-protein-coupled receptors [26, 27]. Its
producing gene is located to the short arm of chromosome 7 (7p13-p21) near the
epidermal growth factor receptor (EGFR) gene [28].

The gene has a very complex structure [26]. Unlike other G-protein-coupled
receptors, which do not have introns, in this gene there is a coding sequence inter-
rupted by several introns. An alternative ribonucleic acid (RNA) processing has been
described that results in the insertion of 41 amino acids just before the beginning
of the sixth transmembrane domain. This type of processing does not appear to be
exclusive to GHRHR [29], although its physiological significance is unknown.

Like the rest of the receptors that use G proteins for intracellular signaling, the
GHRHR has seven transmembrane hydrophobic domains, linked to each other by six
loops, three intra-cytoplasmatic and three extracellular.

The N-terminal extracellular domain of GHRHR contains a site for
N-glycosylation as well as six cysteine residues and an aspartate residue that are con-
served in this receptor family, while the third intracellular loop and C-intracellular
domain contain several potential phosphorylation sites, which may regulate signaling
and receptor internalization.
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GHRHR mRNA has been detected in the pituitary, gonads, placenta, kidney,
hypothalamus, and many brain regions, although it is expressed predominantly in the
anterior pituitary due to its dependence of Pit-1 (also known as GHF-1).

GHRH interaction with its GHRHR on the somatotroph leads to the activation of
the associated G, protein, allowing the o subunit to separate from the dimer £8y. The
activation of G, protein will then have a double effect: (1) It induces the release of
GH stored in secretory granules by allowing the entry of Ca** into the cell, and (2)
the o, subunit activates the adenylyl cyclase (AC), which leads to increased cellular
levels of cAMP [26, 30, 31]. This, in turn, activates the protein kinase A (PKA), which
induces a cascade of phosphorylation and activation of the transcription factor CREB
[32]. The activation of CREB induces the pituitary-specific transcription factor Pit-1
[33-35]. Therefore, Pit-1 represents a pathway by which GHRH can increase GH
synthesis in the pituitary. Interestingly, Pit-1 also regulates GHRHR synthesis, as if
there were some kind of feedback positive between them, and also induces its own
expression. In fact, the GHRHR is not expressed in the pituitary of dw/dw mice that
lack functional Pit-1 [30]. In turn, the non-activation of CREB leads to somatotroph
hypoplasia and dwarfism in mice.

Other signaling pathways activated after the GHRH-GHRHR interaction involve
the Phospholipase C/Inositol phosphatide/Protein kinase C (PLC/IP/PKC) pathway,
which is perhaps also responsible for the increase of Ca** for GH secretion in somato-
trophs. In this case, the Ca** would come from the endoplasmic reticulum. This effect
would occur through the stimulation of phospholipase C (PLC) through the complex
G, of heterotrimeric proteins G. Activated PLC produces diacylglycerol (DAG) and
inositol triphosphate (IP3) that leads to the release of Ca** from the endoplasmic
reticulum. However, this effect has not been seen in some inferior species [36];

GHRH

Plasma

H Cytoplasm

GH Transcriplion. Y

Figure 4.

Interaction GHRH-GHRHR at the pituitary level and synthesis and secretion of GH. After interacting with

its receptor, GHRH activates the associated G, protein, and the a, subunit is separated from the [Sy dimer (1).
This allows: (1) the entry of Ca++ into the cell (1'), and the activation of adenylyl-cyclase (AC) (1) leading to
increased formation of cAMP from ATP (2). cAMP activates protein kinase A [PKA] that phosphorylates CREB
(3). Phosphorylated CREB translocates to nucleus (4) and induces Pit-1, which, in turn, leads to the transcription
of the GH gene (5) and also vegulates the synthesis of GHRHR (5'). On the other hand, the Gz, complex of
heterotrimeric proteins G activates PLC (6) producing DAG and IP3 (7) that leads to the release of Ca'* from
the endoplasmic reticulum (7') for the secretion of GH. Another mediator of the effects of GHRH is the mitogen-
activated protein kinase (MAPK) pathway, which may mediate the effects of GHRH on the proliferation of
somatotrophic cells (8).
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another signaling pathway observed in a wide variety of cell types as a mediator of
GHRH effects is the mitogen-activated protein kinase (MAPK) pathway, which may
mediate the effects of GHRH on somatotroph cell proliferation [37], although it can-
not be ruled out that the proliferative effect is mediated by c-fos activated by CREB.
These pathways activated by the interaction GHRH-GHRHR are shown in Figure 4.

2.2.2 Pituitary SS receptor

The wide variety of actions of SS and the different organs and tissues in which this
hormone acts explain the existence of different types of receptors for this exocrine
and endocrine inhibitory hormone. The five types of receptors for SS (SSTR1 to
SSTR5) belong to the DRY family of G-protein-coupled receptors, whose common
characteristic is the presence of an Asp-Arg-Tyr sequence, located near the boundary
between the third transmembrane domain and the second intracellular loop, which
is very important for transmission of the SS signal [38, 39]. Each of the receptors is
encoded by a different gene, located on different chromosomes, and their coding
region lacks introns (as is the case with most G-protein-coupled receptors).

SS receptors show a homology between them that varies between 45% and 61%,
and 100 residues are the same in all of them. The highest degree of homology occurs
in the sequences corresponding to the seven transmembrane helices, while the NH2
and COOH ends are the most divergent both in sequence and in length [39].

The SSTR2 receptor is the prototype of the SS receptors and is the one that medi-
ates the inhibition that SS exerts on GH secretion in the pituitary gland [40]. This
receptor has the same affinity for SS-14 as for SS-28 [39].

The binding of SS with its receptor induces the activation of the related G protein
(Figure 5), which in the case of the SSTR2 receptor is a Gi protein. The activation of
the Gi protein will produce an inhibition of the activity of AC, a reduction in the entry
of Ca"* through voltage-gated channels, and the appearance of rectifying potassium
currents [39, 41], which leads to hyperpolarization of the somatotropic membrane.
The net product of these actions would be the inhibition of the transcription of
CREB-dependent genes [42], which counteracts the stimulatory effect of GHRH.
However, in the control of GH, SS acts basically by inhibiting the release of the hor-
mone, while its effect on the synthesis of GH would be of minor importance. SS also
exerts anti-proliferative effects on mediated somatotrophs, through the activation of a
tyrosine phosphatase dependent on the SSTR2 receptor [43, 44].

SS receptors undergo desensitization phenomena after prolonged exposure to
agonists [39], which seems to depend on the phosphorylation of serine and threonine
residues, located in the third intracytoplasmic loop, by the action of the enzyme
BARK (f3-adrenergic receptor kinase) [39].

Once the basic components that generate a secretory rhythm of GH have been
established, the task should be to understand how this rhythm may begin, how it can
be modulated by factors external to said system, and what could be the relationships
between its basic components: GH, GHRH, and SS. That is, is there a signal associ-
ated with GHRH that causes the interruption of SS release or is SS release linked to
the termination of GHRH secretion, as initially thought? Is the end of GHRH secre-
tion directly dependent on the increase in GH produced by the peptide, or is there a
GH-associated signal that stimulates SS release and blocks GHRH secretion?

Before answering these questions, there is the need to analyze how the pituitary
transcription of GH is regulated by transcription factors, as well as the structural
organization of Pit-1, the main one of these factors. After that, the mechanisms that
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Gene transcription
Figure 5.

Interaction of SS-SSTR2 at the pituitary level and its effects on GH secretion. In the pituitary gland, binding

of SS to its pituitary receptor SSTR2 (1) activates (2) the Gi-velated inhibitory protein. This leads to inhibition
(3, =) of AC. Consequently, ATP cannot give rise to cCAMP (4, =). The lack of the necessary cAMP prevents (5,
=) the activation of PKA, which then cannot initiate the phosphorylation cascade (6, =) that would activate
CREB, and non-phosphorylated CREB cannot translocate to the cell nucleus (7, =) to initiate the transcription
of specific genes, including GH (8, =). Then, the secretion of GH would be blocked (=). Furthermore, activated
Gi blocks (9, —) the channels involved in the entry of Ca*" into the cell (X). This Ca"" is necessary for the release
of GH. Moreover, activated Gi leads to the appearance (10, +) of rectifying potassium currents, which leads to
hyperpolarization of the somatotropic membrane. Overall, SS blocks GH secretion and partially affects GH
synthesis. +: stimulates; —: inhibits; =: interrupts or cuts; X: disrupts; blue arrows: stimulates. Red arrows: inhibits.

regulate the hypothalamic secretion of GHRH and SS will be reviewed. Given that
they are neurosecretory products, it seems logical that neurotransmitters play the
main role in such regulation.

2.3 Regulation of the transcription of the gene GH-N

Pit-1 is the most important of the transcription factor involved in controlling the
expression of the GH-N gene. It is a highly conserved protein, belonging to the fam-
ily of transcription factors with POU domains that are a subclass of the homeobox
genes involved in cell development and differentiation processes [42, 45]. In man,
the gene encoding Pit-1 is located on chromosome 20 and is made up of six exons and
five introns.

Pit-1is not only expressed in the pituitary but also in many other territories where
it may be involved in the control of cell proliferation. In the pituitary, Pit-1 not only
controls the expression of GH and PRL, but also that of the 8 chain of TSH, that of
the GHRH gene, and, curiously, that of its own gene. Pit-1 is also, as we have already
described, a key factor for the development, differentiation, and survival of somato-
trophs. The absence of Pit-1, due to mutations, produces alterations in cell develop-
ment and hormonal synthesis [46, 47]. On the contrary, the overexpression of this
factor has been related to the appearance of pituitary adenomas [48, 49].
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Figure 6.

Scfematic structure of the promoter of Pit-1. The human Pit-1 promoter is Pit-1-dependent and autoregulated.
Activating sequence of basal Pit-1 self-transcription (blue figure, +) is located at position —55 bp in the promoter,
while a second sequence of Pit-1, in this case inhibitor of self-transcription (ved figure, —), is located at position
+15 bp. The transcriptional activity is negatively vegulated by Oct-1 and mediated by the octamer-binding site
OTF (red figure). Intracellular levels of cAMP positively affect Pit-1 transcription acting through two cAMP-
responsive elements (CRE9 localized in the proximal promoter region). PTF: pituitary transcription factor, a
cell-type-specific TATA element that seems not to be conserved in the human promoter. TRE: TPA-responsive
element, located at position —490 in the proximal promoter region, whose possible function could be to mediate a
complete transcriptional shut-off of the human Pit-1 gene when the DNA-binding activity of the Pit-1 protein is
inhibited by mitotic phosphorylation. (TPA: 12-O-tetradecanoylphorbol-13-acetate responsive element).

Basal transcription of the Pit-1 gene is self-regulated by two binding sequences for
Pit-1 itself (Figure 6): an activating sequence located at position —55 and an inhibi-
tory sequence, located at position +15. In addition, the transcription of this gene
would be regulated by factors capable of increasing the levels of cAMP and activating
cAMP response-element-binding (CREB). Likewise, the activation of the protein
kinase C-dependent signaling pathway seems to play an important role, having
described the existence of a response element to AP-1 (activating protein-1), which
exerts an inhibitory effect on transcription [50].

Three isoforms of Pit-1 have been described, of which two of them with molecu-
lar weights of 31 kDa and 33 kDa are jointly called Pit-1 or Pit-1a and represent the
majority of Pit in the pituitary. The third isoform, Pit-2 or Pit-1b, appears by alterna-
tive RNA processing; it retains its ability to bind DNA and may be involved in the
differentiation process of somatotrophs [51].

Structurally, three regions are distinguished in Pit-1: (1) a DNA-binding zone
located at the C-terminal end, in which two domains can be differentiated, a
homeodomain (POUyp) of 60 amino acids found throughout the family of tran-
scription factors with POU domains, and a specific POU domain (POU;) of 75
amino acids located at the N-terminus of the POUyp domain. The POUyp domain
is the one that comes into contact with the DNA and is the one that contains the
Pit-1 nuclear transfer signal. For its part, the POU; domain does not directly
contact the DNA, but surely increases the binding of POUyp to it, stabilizing
the DNA-protein complex [42]. (2) A region responsible for the activation of
transcription, which comprises the 72 amino acids from the N-terminal end of the
molecule and binds to site 1 of the response element. (3) A “bridge” region located
between the two above.

In addition to Pit-1, GH transcription in man is increased by GHRH and gluco-
corticoids and inhibited by SS and activin [46]. GHRH increases intracellular cAMP
that produces an increase in the synthesis of CREB proteins that bind to the two CREs
(proximal and distal) of the GH promoter (Figure 7) increasing the transcription of
the gene. On the contrary, both SS and activin counteract these actions by inhibit-
ing the synthesis of cAMP. In the case of glucocorticoids, their effect is produced by
the direct action of their receptor on the response elements located at the promoter
and first exon level (Figure 7), facilitating the access of other transcription factors
(especially Pit-1 and CREB) to their specific binding sequences [42].
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Figure7.

Structural organization of the GH promoter. The figure shows the location of the DNA response elements for the
different transcription factors of the GH-N gene. GRE: glucocorticoid response element. CRE: cAMP response
elements (ACRE: distal and pCRE: proximal). 1 and 2 represent, respectively, the binding sites for the DNA-
binding domain and for the transactivation domain of the specific transcription factor Pit-1. NF-1 (nuclear
factor-1) vepresents the binding sequence of the silencers of said family (found in rat). Sp-1 (specificity protein
1) provides GHRH responsiveness in the GH gene through activation of adenylate cyclase. The lower part of the
figure shows the location of the second GRE at intron A of the gene. Ex: Exon. In: Intron. bp: base pairs.

2.4 Neurotransmitter regulation of GHRH and SS secretion

Our group demonstrated that GH responses to an exogenous GHRH challenge and
other stimuli for GH secretion, in humans, were strongly dependent on the functional
status of the intrinsic HSR at the time of testing [8]. From this it is concluded that: (a)
GHRH was not able to interrupt HSR the hypothalamic rhythm that governs GH secre-
tion, and (b) stimuli capable of altering this rhythm must act mainly by inhibiting
the release of SS, rather than by stimulating endogenous GHRH. In fact, a continuous
infusion of GHRH does not alter the pulsatile GH secretion. The maintenance of pulsa-
tile GH secretion when GHRH is continuously infused supports these conclusions.

On this basis, the role of the main neurotransmitters in the control of GH secre-
tion was reevaluated.

2.4.1 Adrenergic pathways and GHRH and SS secretion

Central adrenergic pathways play an important role in the control of GH in mam-
mals [52]. Pharmacological blockade of catecholamine synthesis or release leads to
the abolition of pulsatile GH secretion, an effect reversed by the administration of a,-
adrenergic receptor agonists. Conversely, pharmacological blockade of a;-adrenergic
receptors does not modify the latter phenomenon [53].

For years, experimental evidence led to the postulate that GH secretion induced by
central ap-adrenergic stimulation was mediated by increased GHRH release.

However, consistent with our observations described above [8], GH responses to
any challenge must depend on the following: (a) potentiation of endogenous GHRH
release, while SS tone is physiologically low, or (b) a primary inhibitory effect on
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SS release, accompanied by a secondary stimulation of GHRH secretion. In the first
case, the responses would be sporadic, depending on the functional status of HSR

at the time of the test. In the second case, a significant GH release should always be
observed. The rationale for this is also based on the fact that, although there is no GH
secretion in the absence of GHRH, the GH-releasing effect of this peptide cannot be
observed in the presence of a physiologically or pharmacologically elevated hypotha-
lamic SS production tone. On this basis, we demonstrated in humans [54], dogs [55,
56], and rats [57] that o2-adrenergic pathways primarily act in GH control by inhibit-
ing SS release, rather than inducing GHRH release, although hypothalamic release of
this peptide is also stimulated by a2-adrenergic pathways. Blockade of a2-adrenergic
receptors has been shown to stimulate SS release in rabbits [58], so there appears to
be no interspecies difference in the role of a2-adrenergic pathways in GH control.
Both the al- and p-adrenergic systems antagonize the a2-effect, although the former
appears to have no physiological relevance in man.

B-Adrenergic antagonists enhance GH responses to GHRH [59, 60] and other
stimuli, such as insulin-induced hypoglycemia [59], which logically is due to inhibi-
tion of hypothalamic release of SS.

In summary, the adrenergic system performs two antagonistic functions in the
regulation of human GH: facilitator, mediated by a2-adrenergic receptors that act
mainly by inhibiting the release of SS and secondarily by inducing the release of
GHRH; and inhibitory, dependent on f-adrenergic activity, which stimulates SS
secretion and inhibits GHRH release [61, 62].

2.4.2 Dopaminergic pathways and GHRH and SS secretion

Studies on the role of dopaminergic pathways in GH secretion have yielded contra-
dictory results; stimulant and inhibitory effects have been described. Vance et al. [63]
reported that dopamine (DA) increased GH secretion caused by GHRH in humans,
suggesting an inhibitory effect of DA on the hypothalamic release of SS, exerted at
the level of the median eminence. However, administration of centrally acting DA
agonists, such as bromocriptine [63] and CV 205-502 [64], has also been shown to
enhance both spontaneous GH secretion and GHRH-induced release. Therefore, DA
would presumably inhibit SS release at least at two levels (the hypothalamus proper
and the median eminence).

In vitro studies have indicated that DA stimulates SS secretion from the median
eminence; furthermore, an increase in SS release in the pituitary portal blood has
been observed after intraventricular injection of DA in rats [54]. On the other hand,
our group has reported that central DA receptor blockade with metoclopramide
was able to enhance the GH response to GHRH during periods of physiologically
increased delivery of SS to the pituitary, but not when the SS tone appeared to be low
[65]. This suggested a stimulatory role for DA in hypothalamic SS release, but also
that this could be mediated by an indirect mechanism: negative DA modulation of NA
release. This hypothesis is not inconsistent with the aforementioned studies [63, 64]
showing that DA agonists centrally facilitate GH release. In fact, centrally acting DA
agonists, such as bromocriptine, induce a biphasic pattern of GH secretion: inhibition
followed by rebound stimulation.

In summary, everything suggests that the central role of DA in the control of
GH in humans depends mainly on its effects on adrenergic transmission to SS neu-
rons. Therefore, DA would act as a modulator rather than a direct regulator of GH
secretion.
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2.4.3 Cholinergic pathways and GHRH and SS secretion

Evidence indicates that cholinergic pathways play a key role in the control of
GH secretion in both humans and laboratory animals [54, 66, 67]. Inhibition of
central cholinergic pathways with muscarinic receptor-blocking drugs (atropine,
pirenzepine) strikingly decreases GH release induced by a number of physiologic and
pharmacologic stimuli [68, 69]; however, these have no effect on the GH secretion
elicited by insulin-induced hypoglycemia. Conversely, enhancement of cholinergic
tone with muscarinic cholinergic agonists potentiates GHRH-stimulated GH secretion
and stimulates basal GH release as well.

It has been hypothesized that cholinergic synapses may be the final pathway for
avariety of stimuli inducing GH secretion. The administration of anti-SS antibodies
blocks the inhibitory effect of atropine on GHRH-elicited GH release in normal rats.
Moreover, the acetylcholinesterase inhibitor pyridostigmine increases GH responses
to a maximal stimulating dose of GHRH even when there is an abnormally high SS
tone, as in obesity. Therefore, the facilitating role of cholinergic pathways on GH
secretion appears to be mediated by an inhibition of hypothalamic SS release. In fact,
while muscarinic cholinergic agonists stimulate basal GH secretion and its response
to GHRH, muscarinic antagonists inhibit both responses [68, 69], immunoneutral-
ization of GHRH by a GHRH-specific antibody does not affect the secretion of GH
induced by pyridostigmine [70].

Because o,-adrenergic and muscarinic cholinergic pathways appear to play an
equally important role in GH neuroregulation in humans, both by inhibiting hypo-
thalamic SS release, it has been investigated the functional relationships between
these two neurotransmitter pathways. Our findings obtained showed that while
a,-adrenergic activation was able to overcome the inhibitory effect of muscarinic
cholinergic blockade on GHRH-induced GH secretion, blockade of o, adrenergic
receptors counteracted the stimulating action of the pyridostigmine on said response
[61]. Given the above, we speculated that in the control of GH, the a,-adrenergic neu-
rons are located distally to the cholinergic neurons, so that the latter contribute to GH
secretion by modulating the functional activity of the former, as occurring in periph-
eral tissues. The fact that known stimuli for SS inhibition acting through adrenergic
neurons (e.g., galanin and insulin hypoglycemia) are able to overcome the inhibitory
effect of atropine on GH secretion is consistent with this theoretical scheme, which,
moreover, does not exclude the possibility that the cholinergic input directly reaches
SS neurons and inhibits them, as acetylcholine does in hypothalamic cultures iz vitro.

Thus, the degree of cholinergic activity likely determines the amount of cat-
echolamines released into the synaptic cleft of SS neurons. This, in turn, activates
either SS-stimulating f-adrenergic receptors (responsive to low concentrations of
catecholamines) or SS-inhibiting a,-adrenergic receptors (responsive only to high
catecholamine concentrations). To better understand the actions of these three
neurotransmission pathways on GH secretion, see Figure 8.

2.4.4 Other neurotransmitters acting on GHRH and SS secretion

Given the complexity of hypothalamic structures and the relationships between
different neurotransmitters in the control of hypothalamic functions, it seems logical that
neurotransmitters other than those analyzed may play a role in the control of the hypotha-
lamic discharge of GHRH and SS release into portal blood. This is the case for serotonin,
gamma-aminobutyric acid (GABA), nitric oxide (NO), and endogenous opioids.
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Figure 8.

Mgll':t control of GH by neurotransmitters. The main vole is played by advenergic signals (CA) to somatostatin-
producing neurons (SS). Depending on the amount of CA released into the synaptic cleft, inhibitory a,-R receptors
(high CA input) or stimulatory p,-R adrenoceptors (low CA supply) are activated in SS neurons (see text). This,

in turn, would be positively modulated by ACh supply to CA neurons, but negatively by DA. However, a direct
inhibitory effect of ACh on SS neurons, or a stimulatory effect of DA on SS release in the median eminence (?),
cannot be excluded. On the other hand, the stimulatory effect of CA on GHRH velease, mediated by stimulation of
a,-adrenergic receptors in the GHRH neuron, appeays to be less impovtant than the inhibition of SS. Therefore, SS
appeayrs to be the main determinant of the secretion pattern of GH. Blue arvows: stimulation. Red arrows: inhibition.

2.4.4.1 Serotonin

In rats, serotonin stimulates GH secretion, whereas in humans, stimulation or inhi-
bition or even no effect has been described [53]. These discrepancies could be due to
the low specificity of the drugs used, but also to the fact that serotonin acts on multiple
types of receptors [71]. However, serotonin fibers have been found in periventricular
nucleus and the arcuate nucleus where the SS and GHRH-producing neurons are
located, respectively, so this neurotransmitter must play some role in the control of GH
secretion. Indeed, administration of an anti-GHRH antibody suppresses serotonin-
induced GH secretion in rats [72] and hypoglycemia-induced GH release in man is
abolished by administration of serotonin antagonists [73]. In turn, the administration
of L-tryptophan, a precursor of serotonin, increases the release of GH.

2.4.4.2 Gamma aminobutyric acid (GABA)

GABA is an important neurotransmitter whose actions at the central level are
mainly inhibitory. In 1984, GABA was reported to modulate the secretion of AP
hormones secretion by acting at both the hypothalamic and pituitary levels [74].
Intraventricular administration of GABA in rats stimulated LH and GH release. This
effect was attributed to the fact that GABA induced an elevation of hypothalamic NA
and median eminence DA levels as well as AP DA levels. The authors concluded that
GABA plays a physiological role in the control of AP hormone secretion, primarily
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through hypothalamic action [74]. These data supported a previous study in which a
dual action of GABA was postulated in the control of the hormonal secretion of the
AP gland: one mediated via the central nervous system and the other exerted directly
at the level of the AP [75]. Inhibition of GABA degradation and blockade of GABA
transmission as well as administration of GABA and GABA mimetic drugs have all
been shown to affect GH secretion. However, there are many controversial findings.
For example, ancient studies indicated that GABA inhibited the release of SS [76, 77].
The effects of GABA may depend on the site of action within the hypothalamic-
pituitary axis and the hormonal milieu. What is clear is that GABA participates in the
regulation and actions of a very important GH secretagogue, such as ghrelin. In addi-
tion, long-term GHRH administration increases GABA levels in all brain regions [78],
and GHRH activates GABA receptors in the cerebral cortex [79]. In all, these data
suggest that GABA participates in the control of GH secretion but acts as a modulator
of the actions of other neurotransmitters or peptides.

2.4.4.3 Nitric oxide (NO)

The gaseous neurotransmitter nitric oxide (NO) is synthesized from arginine by
the action of nitric oxide synthase (NOS). NO performs a number of very diverse
actions in the body, both at the level of the central nervous system and in the periph-
ery. NO plays a stimulatory role iz vivo and in vitro on GH secretion in acromegalic
patients [80]. In rats, NO stimulates secretion of GHRH therefore increasing secretion
of GH; however, it was also found that GHRH, in turn, increases production of NO in
somatotrophs blunting GH secretion [81]. In dogs, inhibition of NO blunts GHRH-
induced GH secretion, suggesting that NO acts by decreasing hypothalamic SS release
[82]. However, years before, Aguila [83] argued that the hypothalamic increase in NO
induced by GHRH would act on SS neurons increasing both the synthesis and release
of SS. More recent studies conducted in fetal human primary cell cultures indicated
that NO stimulated GH secretion, probably via the cGMP pathway [84]. This is
consistent with further data demonstrating that a strong GH secretagogue, such as
ghrelin, requires the activation of the NOS/NO pathway, and its subsequent GC/
cGMP signal transduction pathway, as essential steps to induce GH secretion from
somatotrophs [85].

In summary, it appears that NO plays a role in mediating the GH response to
neuroendocrine factors, but its role appears to change depending on environmental
conditions, including mitochondrial functioning, either in the hypothalamus or in the
pituitary gland itself.

2.4.4.4 Endogenous opioids

There are three major types of endogenous opioid peptides that can be consid-
ered as neurotransmitters: endorphins, enkephalins, and dynorphins, which are
respectively derived from three different precursor proteins: pro-opiomelanocortin
(POMC), preproenkephalin A and B [86], although this number increased after the
discovery of endomorphin-1 and endomorphin-2 [87].

The endogenous opioid peptides play many different physiological and pharmaco-
logical effects in humans, including neuroendocrine actions. In the case of the control
of GH secretion, it has been shown that p-endorphin, administered intravenously
or directly into the rat hypothalamus, increases GH secretion, an effect mediated by
ap-adrenergic pathways, via stimulating GHRH and inhibiting SS release, because
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p-endorphin antiserum reduced the stimulatory effect of clonidine on GH release
[88]. Treating rats with an antiserum against GHRH inhibits the GH stimulatory
response to f-endorphin [89], and the inhibitory effect of SS on GH secretion is
antagonized by endogenous opioids [90].

At this point, there is the need to remark that exogenous non-peptide opioids have
different effects on GH secretion when administered to man. In general, whereas
acute opioid administration increases GH secretion, the effects of chronic opioid
administration are much more complex. For example, intrathecal administration of
opioids in chronic pain patients inhibits GH secretion, but the response is affected by
sex, body composition, and insulin resistance [91].

2.5 Regulation of GH by metabolic substrates

GH is a metabolic hormone that plays an important role in regulating carbohy-
drate, fat, and protein metabolism in humans. Therefore, it is logical that metabolic
substrates play a modulator role in the control of GH secretion.

2.5.1 Glucose and GH secvetion

Glucose is a nutrient that the brain uses almost exclusively to provide energy [92],
so glycemic regulation is key to maintaining normal brain function.

Basically, acute hyperglycemia inhibits GH secretion, either in basal conditions or
in response to a number of stimuli acting on the central nervous system. Conversely,
the acute decrease in plasma glucose concentrations leads to a rapid GH discharge. GH
is one of the four counter-regulatory hormones that oppose the hypoglycemic actions
of insulin (the other three are catecholamines, glucagon, and cortisol).

The opposite effects of hypo- and hyperglycemia seem to take place in the
hypothalamus in SS-producing neurons. Hypoglycemia leads to the inhibition of SS
secretion, while hyperglycemia induces SS release as cholinergic agonism prevents
hyperglycemic blockade of GHRH-induced GH secretion [53]. The increase in GH
induced by hypoglycemia appears to be almost totally refractory to cholinergic block-
ade [53]. Since hypoglycemia strongly activates adrenergic transmission, an inhibition
of SS release mediated by o,-adrenoceptors [54, 61] would favor GH secretion, also
positively acting on the secretion of GHRH. The former is most likely dependent on
increased glucose-induced SS release, as cholinergic agonism prevents hyperglycemic
blockade of GHRH-induced GH secretion [53]. The latter, in turn, appears to be
mainly due to by inhibition of SS secretion. The fact that the increase in GH induced
by hypoglycemia appears to be almost totally refractory to cholinergic blockade [53]
does not invalidate such a possibility. Since hypoglycemia strongly activates adrener-
gic transmission, an inhibition of SS release mediated by a,-adrenoceptors [54, 61]
would favor GH secretion. Furthermore, as seen above, an enhancement of endoge-
nous GHRH release would also take place. In fact, in mice, it has been seen that hypo-
glycemia activates GHRH neurons [93]. However, also in mice, it has been reported
that hypoglycemia produces a decrease in GH release [94, 95], most likely mediated
by specific activation of neurons producing Neuropeptide Y [96]. Therefore, it is not
yet clear, at least in mice, what is the role of glucose detection in GHRH neurons in
controlling GH release during hypoglycemia due to the possible involvement of other
central systems, such as the neurons that produce NPY.

Asitis logical, hyperglycemia has to act in the opposite way to hypoglycemia.
Consequently, as described, hyperglycemia increases the hypothalamic release of SS [97]
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and GHRH-induced GH secretion drastically decreases [98]. Furthermore, GH content
in the pituitary is decreased in diabetic rats.

However, GH responses to diabetes are different in rats and humans. In humans,
type I diabetes presents with increased pulsatile GH secretion [99, 100], perhaps
because there is a greater pituitary sensitivity to GHRH [101]; however, in type II
diabetes, GH secretion is negatively affected [102-104]. These differences are most
likely due to the different fat mass in both types of diabetes and its consequences on
insulin secretion, suggesting that insulin may be a regulator of GH release in both
types of diabetes.

2.5.2 Free fatty acids (FFA) and GH secretion

FFA can totally block GH responses to a number of stimuli, including that of
exogenous GHRH [105]; therefore, it has been postulated that the inhibition of GH
release induced by FFA is mediated by an increased secretion of hypothalamic SS,
although the data obtained in vitro point to a direct pituitary inhibition also [106].

In humans, the GH response to combined administration of pyridostigmine plus
GHRH is markedly altered when plasma FFAs are increased by administration of a
lipid-heparin infusion [107]. This favors the possibility of a main inhibitory action of
FFAs on somatotrophs, which could be exerted by modifying the bilayer structure of
the membranes and, therefore, affect their ability to detect stimulating signals (e.g.,
GHRH) or activate subsequent secretory mechanisms (GHRH or increased intracellu-
lar Ca*"). Interestingly, the response of other pituitary hormones to their hypothalamic
releasing factors appears to be unaffected by the increase in plasma FFA in humans.
Therefore, the inhibitory action of FFAs on GH secretion appears to be very specific.
This is curious, because an important metabolic effect of GH is to induce the release of
FFA from adipose tissues [108, 109]. Obese subjects show increased plasma FFA levels,
while GH secretion is practically abolished, and if we suppress circulating FFA with
antilipolytic drugs, obese patients regain normal GH secretion [110, 111]. Elevated lev-
els of FFA are associated with insulin resistance and insulin hypersecretion; therefore,
the decrease in GH in obesity may be caused by altered insulin feedback, rather than
being a consequence of elevated plasma FFA levels, although there is no doubt about
the effect of FFAs on the pituitary response to GHRH and SS. The opposite situation is
seen in fasting: GH secretion increases and stimulates FFA release [108, 109].

In total, these relationships between GH and FFA appear to be related to the need
to maintain metabolic homeostasis.

2.5.3 Amino acids and GH secretion

Given the clear and important anabolic effects that GH exerts on protein synthesis
and metabolism, it is at least surprising that only two basic amino acids, arginine
and ornithine, exert a powerful effect on GH secretion in humans. Arginine clearly
increases the maximal GH responsiveness to GHRH in humans [112, 113], even when
an elevated SS tone seems to exist (e.g., in the elderly). Furthermore, pyridostig-
mine does not potentiate GH response to arginine [114]. Hence, the inhibition of
hypothalamic SS release appears to be the mechanism involved in the GH-releasing
effect of this amino acid. Furthermore, arginine proceeds from citrulline and can be
transformed into NO by the action of NOS, which suggests that another mechanism
of action of this amino acid in GH secretion may be secondary to the increase in NO
synthesis at the central level.
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Figure 9.

Basic control of GH by metabolic substrates. Perhaps the main regulator is plasma glucose levels, given the
effects of GH as a counterregulatory hormone. Hypoglycemia is detected by glucose-sensitive neurons and leads
to the velease of catecholamines (CA). These have a dual effect: they inhibit the velease of SS (ved arrow, —) and
stimulate the release of GHRH (blue arrow, +). In somatotrophic cells, there are receptors for GHRH (GHRHR)
and SS (SSR) that when stimulated induce respectively the synthesis and release of GH (GHRH, blue arrow, +)
or the inhibition of the secretion of this hormone (SSR, red arrow, —), although in the case of SSR, it cannot

be ruled out that they also act negatively on the synthesis of pituitary GH (?). The effects of FFA seem to be
more varied, facilitating the release of SS, like hyperglycemia (blue arrow, +), and also acting at the level of
somatotrophs, inhibiting the activation of GHRH and/or preventing the stimulating effect of GHRH on GH
release (ved arrow, —). Arginine appears to divectly inhibit SS velease (ved arrow, —), allowing GHRH release.
Although not depicted in the figure, the pituitary SS receptor is type 2, SSTR2.

The effect of arginine on GH secretion is much more powerful than that of ornithine.
The basic effects of metabolic substrates on GH secretion are schematically
depicted in Figure 9.

2.6 Regulation of GH by other hormones and peripheral and central peptides

Endocrine products mainly related to GH control are those that play a general
permissive role in the body, such as thyroid hormones and glucocorticoids, or those
related to maturational changes, such as sex steroids, but also other hormones, such
as Insulin and IGF-I play an important role in the control of GH synthesis and release.
Furthermore, as with other pituitary hormones, GH secretion is self-regulated. In addi-
tion, as GH plays multiple important roles in practically all the tissues of the body, espe-
cially of a homeostatic metabolic regulatory nature, a series of central and peripheral
peptides, some of which can be considered as authentic hormones, clearly participate in
the modulation of GH synthesis and secretion, as we will analyze in this section.

2.6.1 Thyroid hormones and GH secretion

Thyroid hormones are permissive hormones needed for a physiological response to
any other hormone. Hypothyroidism is known to be associated with impaired linear
growth, which is easily normalized by the administration of replacement doses of
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thyroid hormones. Consistent with it, there is a decrease in plasma levels of IGF-I,
which are normalized after the treatment with thyroid hormones. Both spontaneous
GH secretion and GH responses to classic stimuli are markedly reduced in clinical
hypothyroidism in humans or in induced hypothyroidism in rats [115]. There are
several explanations for these facts. First, the lack of thyroid hormones strongly
affects the hypothalamic synthesis of GHRH [116]. Although this directly leads to
impaired GH synthesis, additional effects of hypothyroidism may depend on the
lack of both the positive modulation that thyroid hormone induces on the number of
GHRH-receptor sites in somatotrophs and its facilitatory role on GHRH binding to its
receptors. Furthermore, GH-secretory mechanisms are also impaired in hypothyroid-
ism, not only because a decrease in the hypothalamic content of GHRH [116, 117] but
also because SS appears to be increased, at least in the rat [117-119].

Here at this point, it is of interest to note that the administration of GH to hypo-
thyroid children with GH deficiency can increase hypothyroidism, something that
does not occur when GH is administered once the hypothyroidism has been corrected.

2.6.2 Glucocorticoids and GH secretion

The effects of glucocorticoids on GH synthesis and secretion are complex and
reflect the pluripotential nature of these hormones. On the one hand, glucocorticoids
are essential for the maintenance of GH secretion; thus, patients with adrenocortical
insufficiency present GH deficiency that can be corrected by substitutive treatment
with these steroids [120]. However, excess glucocorticoids decrease GH secretion
and longitudinal growth [121, 122]. Acute administration of glucocorticoids leads to
a GH-secreting response that lasts for a few hours, although after this there is a total
blockade of the release of the hormone [123, 124]. This is probably all due to the fact
that glucocorticoids stimulate transcription of the GH gene [125] and increase the
stability of its mRNA [126], as well as they increase the expression rate of the GHRH
receptor in somatotrophs.

The negative effect of excess glucocorticoids would depend on its induction of SS
release, mediated by an increase in the responsiveness of SS neurons to f-adrenergic
stimulation, as it happens in the periphery (Figure 10). It may also be that glucocorti-
coids directly modulate SS synthesis, since there is a glucocorticoid response element
in the SS gene.

2.6.3 Sex steroids and GH secretion

The existence of a pattern of sexual dimorphism in GH secretion, first described
in rat [127], has been a clearly well-established concept for many years [128]. Sexual
differentiation occurs during fetal life; sexually different fetal sex steroid hormones
regulate striking differences in the number of GHRH and SS neurons, their responses
to sex steroids once the puberty begins, the adult hypothalamic synapse and its orga-
nization, and perhaps the number of somatotrophs and their responsiveness [129].

In humans of both sexes, spontaneous GH secretion is low during childhood, and

it is gradually increasing until just before puberty, when the release of the hormone
increases strongly [130, 131] and sexual dimorphism begins to manifest. Therefore, it
appears that sex steroids explain this maturational change in the pattern of GH secre-
tion. The question is: where does this action of sex steroids take place?

After puberty, GH secretion is greater in women than in men, although this can
be modified depending on the phase of the menstrual cycle; the late follicular phase
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Figure 10.

Control of SS by glucocorticoids. Glucocorticoids (GC) stimulate the expression of f-adrenoceptors (f-R) in
somatostatin neurons (SS neuron) and favor their response to low levels of catecholamines (1’ and 2), inducing
the release of SS. Furthermore, GCs can stimulate the transcription of the SS gene (3). The vesult is an increased
discharge of SS into the portal blood.

leads to GH secretion greater than that seen in both the early follicular phase and the
luteal phase.

A direct pituitary effect of sex steroids on GH secretion cannot be excluded;
however, they most likely act primarily on the hypothalamic level, modulating the
rhythmic interaction of GHRH-SS and, in particular, the availability of SS [61]. The
difference between hypothalamic levels of free estradiol (fE2) in man and women can
explain the differences in the secretory pattern of SS and, therefore, why GH release is
sexually dimorphic.

In women, there is a large variation in plasma E2 levels throughout the menstrual
cycle. We will have to bear in mind that only fE2 is biologically active, and that only in
this form can it cross the blood-brain barrier. In fact, most of E2, but also of T, circulates
bound to sex hormone-binding globulin (SHBG), although its affinity for this carrier
is lower than that of T. However, plasma levels of SHBG are approximately two times
higher in women than in men, because E2 increases the hepatic synthesis of this globulin.
This, together with the fact that T circulates in levels of ng/ml, while E2 does so in pg/ml,
suggests that free testosterone (fT) reaches higher levels in the hypothalamus than fE2,
but this would be compensated by the hypothalamic aromatization from T to E2.

The data in rats clearly indicate that E2 replacement therapy rapidly reverses the
decrease in SS mRNA observed after oophorectomy [132], although a direct effect
of E2 on the SS gene is unlikely. E2 can affect both the biosynthesis and turnover
of catecholamines [133] in hypothalamic areas involved in the control of SS, as well
as the responsiveness of ay-adrenoceptors in SS neurons. This, together with our
findings demonstrating the role of the adrenergic system in the regulation of SS
[54, 61], allows to hypothesize that the action of E2 on SS neurons depends on its
effects on adrenergic transmission to these neurons [4]. This is consistent with data
indicating that, at the peripheral level, catecholamines appear to be integral signaling
components for maintaining steroid sensitivity in some reproductive tissues [134].
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In addition, E2 inhibits the hepatic synthesis of IGF-I, thus reducing the effects of this
inhibitor of both SS and GH.

On the other hand, T seems to stimulate the release of SS, but it depends on its
central aromatization to E2. Therefore, the different levels of free E2 fE2 related to
gender could explain the dimorphism in GH secretion [4]. Indeed, in humans, plasma
fE2 but not T, were shown to be strongly correlated with rates of total and pulsatile
GH release [5]. Support for this approach is given by the fact that there is great aro-
matase activity in the hypothalamus, as well as by the fact that it is E2 and not T that
modifies the activity of a series of enzymes involved in synthesis and turnover of cat-
echolamines. This explains why in children with delayed puberty the administration
of T produces an increase in the pituitary reserve of GH, which is not observed when
anon-aromatizable androgen, such as oxandrolone, is administered. Furthermore,
studies in pubertal boys and adult men given the antiestrogen tamoxifen abrogate the
stimulatory effect of T on GH [135, 136].

In summary, higher levels of fE2 in the hypothalamus, in women, can cause
decreased biosynthesis and/or release of SS. If fE2 exerts a positive effect on the pro-
duction of catecholamines at the hypothalamic level, they will also act positively on
the production of GHRH. In GHRH neurons, there is an estrogen receptor ERa whose
deletion in mice delays female puberty, since in females a group of GHRH neurons
changes their phenotype to start producing Kiss1 (a key peptide in gonadotropic
regulation). Therefore, a direct action of estrogens on neurons with the dual GHRH/
Kiss1 phenotype modulates growth and puberty and may direct the sex differences in
endocrine function observed during pubertal transition [137].

In women, episodic GH secretion is more frequent, and plasma GH values during
trough periods are somewhat higher than in men. Therefore, in general, the amount of
GH secreted in peak episodes is higher in women. But this can change throughout the
menstrual cycle, as described before. Pulsatile GH release in women is doubled in the
late follicular stage [138], and when estrogens are administered for superovulation, GH
release is significantly increased [139]. Moreover, treatment of men with diethylstilbestrol
(a potent estrogen) induces a change in the pulsatile pattern of GH release similar to that
commonly seen in females [140]. It is important to remark that in humans, as in the rat
[141], sex steroids would act mainly during the fetal and early neonatal stages, impregnat-
ing the hypothalamus so that from puberty there is an increase in the pulsatile secretion
of GH, determined by an increase in the amplitude of the peaks rather than a change in
secretory frequency [142]. In adults, the modification of the levels of sex steroids is not
accompanied by significant modifications of the secretion of the hormone [4, 135].

The fact that estrogens produce an alteration in GH secretion may be due to the
affectation of the feedback mechanisms through which IGF-I acts on GHRH and SS,
in this case extraordinarily diminished by these steroids [143]. Alteration in GH out-
put in response to estrogens is thought to occur as a consequence of altered negative
feedback, wherein the actions of IGF-I on hypothalamic components of the GH-axis
are greatly diminished [143]. This is something paradoxical [144], with evidence
suggesting a complex relationship between IGF-I, estrogens, and GH output [129].

At low doses, estrogens increase GH output (while IGF-I production is high), while
high doses of estrogens can decrease bioactive IGF-I levels, preventing the inhibi-
tory effect of IGF-I on GH secretion. Furthermore, the route by which estrogens are
administered clearly affects their effects on GH secretion. The pulsatile secretion of
GH is very different when E2 is administered orally than when it is administered via
transdermal patches, in both premenopausal and postmenopausal women. In two
studies, oral administration of estradiol caused an increase in total daily GH secretion
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and its pulsatile release and a decrease in plasma IGF-I levels, whereas transdermal
estrogen treatment increased circulating levels of IGF-I in post-menopausal to

that seen in pre-menopausal women without altering the pulsatile release of GH

[145, 146]. Therefore, it is likely that oral administration of E2 leads to a decrease in
plasma IGF-I levels, consequently reducing its inhibitory effects, at the pituitary and
hypothalamic levels, on GH secretion. Therefore, it is likely that the decrease in GH
secretion observed at menopause is not due to the reduction in estrogen levels [146],
since, furthermore, neither oral nor transdermal administration of E2 in menopausal
women is able to reverse the decreased GH secretion associated with aging even when
stimulated with GHRH. Moreover, the route of estrogen administration significantly
alters the effect of estradiol on GH release. Assessment of pulsatile GH output in

pre- and postmenopausal women following oral versus transdermal estradiol treat-
ment revealed divergent effects on GH release. In two studies, oral administration of
estradiol caused an increase in total daily GH secretion and pulsatility and a decrease
in plasma IGF-I levels. Increased 24 h mean and pulsatile GH release and decreased
circulating levels of IGF-I, whereas transdermal estrogen treatment increased cir-
culating levels of IGF-I in post-menopausal to that seen in pre-menopausal women
without altering the pulsatile release of GH [145, 146]. Thus, it is thought that oral
administration of estrogen increases GH release through lowering circulating levels of
IGF-I, thereby reducing negative feedback. These observations further indicate that
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Figure 11.

Cogntrol of SS by sex stevoids. Depending on the sex, the testicles or the ovaries secrete sex steroids in the blood (1),
testosterone (T) or estradiol (E2), vespectively, but also low amounts of E2 (testicles) and T (ovaries). While T
can cross the blood-brain barrier (BBB, 2), only free E, (fE2, 2) can veach the brain. In the hypothalamus, T is
aromatized to E2 (3), so the amount of fE2 is greater in women (4) than in men. fE2 modulates hypothalamic
synthesis and catecholamine turnover (CA, 5), so the amount of catecholamines that veach SS neurons [5] is high
enough to stimulate az-advenoceptors (6), inhibitors of the synthesis (7) and release of SS (8), but stimulators of
GHRH synthesis (6) and release (9). E2 induces the hepatic synthesis of SHBG (10) and binds to it (11), as does T
(11), but with lower affinity than T. Also in the liver, E2 decreases the synthesis of IGF-I (ved arrow), a stimulator
of SS release (12).
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the reduced GH output following menopause is not due to a reduction in circulating
levels estrogen [146]. To this extent, neither oral nor transdermal estrogen treatment
in postmenopausal women can reverse age-related reductions in spontaneous or
GHRH-stimulated GH and IGF-I release. However, a recent randomized, double-
blind, controlled study, performed in 60 healthy postmenopausal women conclude
that while there was a E2 decrease when giving anastrozole (an inhibitor of aromatase
activity), but no changes in E2 levels were observed when fulvestrant (a selective
estrogen receptor-o antagonist) was administered. In spite of it, GH rebound after SS
infusion declined markedly during both estrogen-deprivation schedules, suggesting
a previously unrecognized dependence of hypothalamic-pituitary GH regulation on
low levels of endogenous estrogen during menopause [147].

As we have seen throughout this section, although it is clear that sex steroids play
a more than important role in the control of GH secretion, with E2 as the main actor,
there are many controversies regarding both the mechanism of action and the effects
they produce. Most likely this is a reflection of the great complexity of the world of
GH and the number of factors involved in it.

In a study from our group carried out in young healthy volunteers of both sexes,
it was concluded that testosterone acts on the release of GH at the supra-hypophyseal
level and that its action is mediated by its aromatization to E2 [148]. Therefore, the
association between reduced GH release at menopause and low circulating estrogen
levels must be thoroughly analyzed in order to understand the mechanisms that may
link these concepts.

Another point of interest is the fact that in women there is no cortico-adrenal
production of estrogens and there is production of androgenic precursors that give
rise to testosterone in the liver, as in men, which, although small, can help in GH
secretory control.

A summary of these concepts is shown in Figure 11.

2.6.4 Insulin and GH secretion

Insulin and GH play some opposite actions at the metabolic level in the human
body. Therefore, it is logical to think that insulin has effects on pituitary GH secretion.
As is known, chronic GH secretion counteracts insulin effects leading to periph-

eral insulin insensitivity, resulting in pancreatic hypersecretion of insulin that
attempts to compensate for its loss of sensitivity [149]. On the contrary, as already
defined, weight gain leads to poor GH secretion correlated with an increase in cir-
culating insulin. On these basis, it appears that GH release is tightly controlled by
prolonged changes in energy intake and supposed insulin release. There are many
situations that support these inverse relationships in various metabolic conditions.
For example, fasting, anorexia nervosa, and type-1 diabetes are associated with
decreased insulin levels and increased GH secretion, while hyperphagia and obesity
are associated with increased insulin secretion and decreased GH secretion.

A series of many evidences points to a direct relationship between hypoinsu-
linemia and excess increased secretion of GH. Intensive insulin treatment in type-1
diabetic patients reverses GH hypersecretion [99], whereas calorie restriction to
reverse hyperinsulinemia [150] results in the recovery of GH secretion, presumably in
response to a reduction in insulin levels [151].

Insulin inhibits the expression of the GH gene in isolated pituitary cells [152, 153],
as well as acts selectively on its receptors in the pituitary gland [154] in such a way
that it suppresses GH release from isolated somatotrophs [154, 155]. These indicate
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that, although systemic insulin resistance exists [154], somatotrophs remain sensitive
to insulin in obesity. Therefore, insulin can modulate GH release in relation to weight
gain and promote continued suppression of GH release in obesity, independent of the
inhibitory effect of plasma insulin. In contrast, in vivo deletion of somatotroph insulin
receptors leads to increased pituitary GH content and release [155]. These effects
occur independently of the development of systemic insulin resistance, suggesting
that somatotrophs remain insulin sensitive in obesity. Thus, insulin can modulate GH
release in relation to weight gain and promote sustained suppression of GH release

in obesity, independent of systemic insulin resistance. In contrast, in vivo removal of
insulin receptors from somatotrophs leads to an increase in the content and release

of GH in the pituitary [155]. The suppressive actions of insulin on GH release occur
independently of IGF-I, since the selective inactivation of the insulin receptor and
IGF-I receptor (Insr and Igflr) genes in mouse somatotrophs does not affect these
effects of insulin [156], despite the fact that in the liver, insulin facilitates the expres-
sion of IGF-I, which suppresses the synthesis and secretion of GH. Therefore, it is
likely that insulin can provide critical feedback to alter GH release in relation to long-
term metabolic requirements. It should be noted that loss of somatotroph-specific
insulin receptor expression does not completely reverse the suppression of GH release
seen during diet-induced weight gain and thus leads to obesity [156].

The actions of insulin on GH release may not be restricted to the pituitary. Insulin
receptors are expressed throughout the hypothalamus, including the arcuate and
periventricular nuclei [157-160]; therefore, insulin can modulate GH release by acting
through the hypothalamus, although this is not yet well known. As insulin does not
predict ultradian GH release patterns, the actions of insulin at the hypothalamus level
to mediate GH production may be limited to infradian regulation of maximal GH
production [130].

2.6.5 IGF-I and GH secretion

IGF-I is the main mediator of the actions of GH in the body and shares many
effects with it, although it also has specific effects of its own. IGF-I is produced in
virtually any tissue, but plasma IGF-I is synthesized and released from the liver.
There are specific relationships between IGF-I and GH, since IGF-I is part of a long
feedback loop by which it inhibits GH secretion, acting both at the hypothalamic
level, where it stimulates the release of SS, and at the pituitary level, inhibiting GH
secretion directly. Even at the level of the median eminence, specific binding sites for
IGF-I have been identified where it acts by inhibiting GHRH secretion [161, 162]. At
the pituitary level, IGF-I inhibits the transcription of GH and Pit-1 genes, both under
basal conditions and after stimulation with GHRH [41, 163].

2.6.6 Ghrelin, Klotho, and GH secretion

At the end of the past century, Bowers’ group [164] tried to identify how peptides

derived from endogenous opioids could stimulate GH secretion. They synthesized

a Met-enkephalin derivative, without opioid activity, which they named GHRP-6
(growth hormone-releasing peptide-6) [165]; it exhibited GH-releasing activity in
vivo, in humans, acting synergistically with GHRH without binding to any known
receptor. After the synthesis of this GH secretagogue, many other were synthesized,
until a specific receptor for these synthetic compounds was identified in 1996 [166].
This receptor was a GTP-binding protein (GHSR-1a) present in the pituitary and
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arcuate and infundibular hypothalamus of several species, including humans [166],
and its detection implied that a natural hormone had to exist. Indeed, this hormone
was found in the stomach of rats and was called ghrelin [167].

Since we recently published an extensive review of the actions of ghrelin and
klotho [168], only a few of the many important actions of these peptides will be
discussed in this chapter.

2.6.6.1 Ghrelin and GH secvetion

Ghrelin is a 28 amino acid peptide, which is in fact a true pleiotropic hormone.
In spite of its peptide structure, ghrelin must bind to an octanoyl group on the third
amino acid to acquire full biological activities [169].

The discovery of ghrelin and the fact that it acts synergistically with GHRH caused
a change in the concept of basic regulation of GH; that is, in addition to the classical
GHRH-SS interaction, GH secretion from the pituitary gland is also modulated by ghrelin
produced by specific cells located in oxyntic cells in the stomach (Figure 12A). Ghrelin
is an orexigenic hormone that appears in the blood during fasting and reaches the CNS
to transmit a hunger signal. This explains why in anorexia nervosa there is an increase
in plasma ghrelin concentrations, while in obese subjects it is reduced, and also why GH
secretion is increased in anorexia nervosa patients and during fasting, while it is reduced
or absent in obesity, but also in the elderly [170] (Figure12A). Therefore, it seems
that ghrelin appeared in evolution to stimulate eating behavior and optimize the use of
digested food by promoting the secretion of an anabolic hormone, such as GH [171].

As indicated above, the active form of ghrelin that induces GH secretion, by
stimulating GHRH secretion and inhibiting SS and IGF-I secretion (Figure 12A),
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Figure 12.

Control of GH secretion by ghrelin and GH secretion. A: In fasting situations, the empty stomach (1) produces
ghrelin in P/DI cells (2), which is veleased to the blood (3, 4) from where it veaches the pituitary gland (5) and
induces the synthesis and secretion of GH (6). Ghrelin also reaches the hypothalamus (7), where it stimulates

(8) appetite neurons and GHRH and inhibits SS. Plasma ghvelin also inhibits IGF-I (9), therefore inhibiting

its inhibitory effects on the pituitary synthesis and secvetion of GH (10). In turn, IGF-I inhibits the increase in
circulating ghrelin (11) produced by fasting. Blue arrows: stimulation. Red arrows: inhibition. Yellow arrow:
synthesis and secretion of GH. Black arrow: hypothalamic effects of ghrelin. +: stimulation. —: inhibition. B: The
active form of ghrelin is acyl ghrelin, obtained after an acylation performed by GOAT, which links after linking a
fatty acid side chain to serine 3. Acyl ghrelin can then bind to its receptor GHSR-1a and activate it. This figure has
been modified from reference 169, Front Endocrinol. 2021.
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and many other physiological functions, such as inhibiting cell death in cardiac and
endothelial cells [172], is the acylated form (acyl ghrelin), produced by attaching
an octanoyl group to amino acid 3 (serine) carried out by ghrelin O-acyl transferase
(GOAT) (Figure 12B) [173, 174].

Ghrelin stimulates GH release: (1) directly on the pituitary somatotrophs and (2)
antagonizing SS and inducing GHRH secretion. In addition, ghrelin decreases plasma
levels of IGF-I, therefore inhibiting the negative effect of IGF-I on GH secretion.

In humans, the physiological nocturnal rise in GH was not inhibited by the
infusion of a powerful analog of SS, such as octreotide [175, 176]. This indicates that
the effect of ghrelin was not affected by SS. On the other hand, patients with inac-
tive GHRH receptor, due to mutations, still had rhythmic GH secretion, suggesting
that another factor, different to GHRH, was inducing pituitary GH secretion [177].
However, a non-sense mutation affecting ghrelin receptor in humans was found to be
associated with short stature [178]. Furthermore, in rats, intravenous (iv) administra-
tion of ghrelin during a GH peak induced a marked increase in plasma GH [179], but
the immunoneutralization of GHRH led to a virtual absence of ghrelin-induced GH
secretion; however, when ghrelin was administered during a physiological trough
period, the GH response was clearly diminished. Both effects indicate that ghrelin acts
synergistically with GHRH while inhibits hypothalamic SS. In fact, ghrelin expression
has been found in the hypothalamic arcuate nucleus [180].

Ghrelin and its receptor are also expressed in the pituitary [181, 182], so pituitary
ghrelin may play an auto/paracrine role in the regulation of GH release. GHRH
infusion increases pituitary ghrelin mRNA levels, suggesting that GHRH may be a
regulator of pituitary ghrelin production [183]. Therefore, pituitary ghrelin can act
physiologically on GH secretion, enhancing the response of somatotrophs to GHRH.

Ghrelin, as GHRH, acts through a G-protein-coupled receptor (GPCR), but in
this case the activation of this receptor leads to the stimulation of the activity of
phospholipase C (PLC) that induces the formation of IP3 and DAG (Figure 13);
both IP3 and DAG induce an increase in cytosolic Ca** that facilitates the release of
GH [179]. Ghrelin requires activation of the NOS/NO pathway and its subsequent
guanylate cyclase (GC)/cGMP signal transduction pathway to induce GH release
from the pituitary [85]. Chronic treatment with ghrelin produced an upregulation of
GH transcription levels, as well as that of two isoforms of Na* channels, sensitive to
blockade with tetrodotoxin (TTX), expressed in somatotrophs, such as NaV1.1 and
NaV1.2. This indicates that ghrelin also regulates the expression of the Na* channel
gene in somatotrophs (Figure 13) [184].

Interestingly, the hypothalamic enzymatic complex AMP-activated protein kinase
(AMPK), involved in the hypothalamic control of energy and metabolic homeostasis,
is also activated by ghrelin. Therefore, AMPK also participates in the control of GH
secretion, and as its blockade or its functional impairment inhibits ghrelin- or GHRH-
induced GH secretion, most likely by increasing SS production tone [185] (Figure 13).

It is well known that aging is associated with a decrease in GH secretion from
the second decade of life [186]. Something similar happens with ghrelin [170, 187],
although the pituitary ghrelin receptor does not decline with aging and the GH
response to ghrelin is still seen in the elderly and there is an age-related decline [188].

Therefore, what is the reason why the secretion of an orexigenic hormone, such as
ghrelin, and also that of an anabolic hormone, such as GH, is lost with aging?

Gastric ghrelin synthesis and secretion increase during fasting and decrease
during feeding [189]. This is the reason why chronic intake of high-calorie diets,
prolonged ingestion of high fats, and obesity lead to a reduction in gastric ghrelin
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Figure 13.

threlin control of GH secretion. Mechanisms of action of ghrelin in the control of GH secretion. Hypothalamic
ghrelin (coming from the civculation and/or synthetized in the hypothalamus) stimulates the release of GHRH
into the portal blood from where GHRH reaches the somatotrophs (green arrow) and induces synthesis (blue
arrow) and velease (green arvow) of GH, but also that of pituitary ghvelin that also participates in the synthesis
of GH (blue arrow). Hypothalamic ghvelin antagonizes SS by itself (red arrow) but also through a mechanism
mediated by its stimulation of AMPK (blue arrow). At the pituitary level, ghrelin from the hypothalamus (green
arrow) or from the systemic circulation stimulates the release of GH via activation of the PLC that activates the
intracellular Ca® supply and the transcription of Na* channels necessary for the release of GH. Likewise, ghrelin
after the activation of its membrane receptor (GPCR) activates the NOS/NO pathway, also necessary for the
release of GH. Taken from veference [169], Front Endocrinol. 2021.

production and secretion [189, 190], while a low protein supply significantly increases
plasma ghrelin [190].

Adrenergic hormones stimulate the release of gastric ghrelin by acting directly on
the p1 receptors of ghrelin-producing cells, very rich in this type of adrenergic receptors
[191]. Therefore, fasting acts on gastric ghrelin secreting cells through the sympathetic
nervous system, something that appears to be logical given the relationships between
this autonomic system and the hypothalamic production of GHRH and SS for control-
ling GH secretion. The administration of muscarinic agonists also increases plasma
ghrelin concentrations [192], as does vagus nerve excitation in the gastric mucosa [193].

Furthermore, and given the relationships between ghrelin, SS, and GH secre-
tion, it stands to reason that SS [194] and GH [195] inhibit gastric ghrelin secretion,
although ghrelin also stimulates pancreatic SS production [196], to inhibit insulin
release [197, 198] and contribute to glucose homeostasis [197].

Since, as we have seen, metabolic factors play an important role in the control of
GH secretion, it is logical that they also participate, via hormonal modulation, in the
control of gastric ghrelin secretion, as can be seen in detail in Ref. [169]. Perhaps the
only hormones to be discussed in this section are leptin and IGF-I. Leptin, a hor-
mone produced by adipocytes, which acts by decreasing food intake; that is, it is an
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anorexigenic hormone, and it is logical that it acts by decreasing plasma ghrelin and
inhibiting its actions at the central level [199].

Similarly, logical are the relationships between IGF-I and ghrelin. Plasma IGF-I
concentration significantly determines plasma ghrelin concentrations, existing a
negative correlation between them [200]. This has been found in children and ado-
lescents [201, 202]. On this basis, the highest concentration of ghrelin was observed
in GH-deficient children in whom there was low availability of free IGF-I [203], the
bioactive form of IGF-I. That is, low plasma levels of IGF-I induce the synthesis and
secretion of ghrelin, while in turn ghrelin decreases plasma levels of IGF-I.

2.6.6.2 Klotho and GH secretion

Although klotho was identified in 1997 as an antiaging agent, klotho-deficient
mice exhibit growth retardation [204], implying that this transmembrane protein
is also involved in the control of GH secretion. The kidneys are the main source of
klotho, where it is stimulated by insulin [205] and IGF-I [206]. In contrast, klotho
inhibits both receptor activation and intracellular signaling of these hormones [207],
thus acting as a positive regulator of GH secretion.

Klotho induces GH secretion by activating the extracellular signal regulated kinase
1/2 (ERK1/2) pathway in AP somatotrophs [208]. Relationships between klotho and
GH can be seen in untreated GH-deficient children and adults; in these patients, the
plasmatic levels of klotho are low, while treatment with GH normalizes this klotho
deficit, through a mechanism mediated by the activation of the Akt-mTOR pathway
[206], a key pathway in GH signaling.

In addition to its production in the kidney, klotho is also produced in the somato-
trophs, most likely to modulate auto/paracrine GH secretion. Interestingly, high
production of klotho has been observed in pituitary adenomas that do not secrete GH,
suggesting that klotho is also produced in other pituitary cells which are also a source
of this still little known hormone that plays so many different roles in the body.

2.6.7 Neuropeptide Y (NPY) and GH secretion

NPY is a 36 amino-acid peptide belonging to the family of pancreatic polypep-
tides. It is expressed in the hypothalamus in neurons of the arcuate, paraventricular,
and periventricular nuclei [209]. NPY exerts an important effect on the regulation
of energy intake and expenditure, something that, as we have already analyzed,
once again involves GH, so NPY has to play a role in regulating the secretion of this
hormone, although this role is still little known. Ancient studies carried out in rodents
showed that NPY inhibited the GH axis [210], most likely due to the fact that NPY
neurons in the arcuate nucleus connect with periventricular SS neurons [211]. In
fact, after 9 hours of fasting, it was observed, in mice, that the hypothalamic levels
of NPY increased as did those of SS [95], which suggested that NPY would be the
factor responsible for the inhibition of GH secretion, mediated by SS, associated
with fasting. There are five receptors for NPY. Among them the Y1 receptor is mainly
expressed at the post-synaptic level, while the Y2 receptor is expressed in NPY
neurons [212, 213].

A study carried out in mice indicates that activation of Y1 receptor inhibits the
secretion of GH during fasting, probably through induction of SS release, whereas Y2
receptor has no effect on GH secretion in fasting conditions, but maintains pulsatile
GH release in mice fed “ad libitum” [96].
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All these data indicate that NPY neurons play a very important role in the control
of energy intake and expenditure, as indicated above. This concept is reinforced
by the fact that most of these neurons co-express NPY and Agouti-related peptide
(AgRP, another important regulator of metabolic homeostasis), and more impor-
tantly, there is an insulin/NPY network that regulates energy homeostasis, so that the
lack of insulin signaling in NPY neurons induces an increase in energy reserves and
obesity and also produces an alteration of GH/IGF-I axis. This is a clear example of
how GH control is key to proper homeostasis of metabolism and food consumption,
and how these, in turn, control GH production.

3. Facts and perspectives

It is now clear that pituitary secretion of GH is mainly subject to a tonic inhibitory
control exerted by SS, contrary to what was thought after the discovery of GHRH.
Therefore, only the factors that can inhibit the production of SS will be responsible
for the release of GH induced by GHRH, whose synthesis and release into the portal
circulation are inhibited by SS. All this was identified in the last decade of the last
century. However, the great complexity of the hypothalamus, in terms of the large
number of existing neuronal types that can release very different compounds,
suggests that more neurotransmitters with the capacity to act on the SS and, con-
sequently, on the hypothalamic-somatotropic axis can still be identified, although,
logically, their actions will always be more secondary than those of the factors that
have been described in this chapter.

4, Conclusions

In this chapter, the main factors involved in the control of GH secretion were
analyzed, including the explanation of why it is sexually dimorphic or its relationship
with feeding or fasting.

Although GH has traditionally been considered a merely metabolic hormone with
specific actions on the longitudinal growth of the organism until the end of puberty, a
series of studies carried out in recent years show that this hormone is highly complex
in terms of the number of actions so diverse that it exerts in the organism. This has led
to the control of its secretion being very diverse, although it primarily depends on a
control exerted negatively from the hypothalamus by somatostatin and an inducing
effect of its release carried out by GHRH, although it also depends on the nutritional
status, by a primarily gastric peptide such as ghrelin.

As is logical, given the multiplicity of GH actions, a series of hormonal, metabolic
factors, or factors simply indicative of the functional state of a gland or tissue, or neu-
rotransmitters, will condition the rate and type of GH secretion. Basically, these factors
will act primarily on the secretion of somatostatin, activating it and, consequently, inhib-
iting the secretion of GHRH-stimulating peptide, or inhibiting SS so that GHRH can be
released into the hypothalamic-pituitary portal circulation, and stimulate the synthesis
and pituitary secretion of GH. The basic control of SS secretion depends on the adrener-
gic pathways that reach the neurons that produce it, being the a,-adrenergic inhibitory
and the p-stimulants of its secretion, although some other factors, such as arginine or
ghrelin, may act directly on SS neurons, while others, such as thyroid hormones, may act
by regulating the number and responsiveness of GHRH receptors in the pituitary gland.
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Growth Hormone and Insulin-like
Growth Factor-1 in Children with
Cholestatic Diseases and Pediatric
Liver Transplantation
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Abstract

The growth hormone/insulin-like growth factor 1 (GH/IGF-1) system is the most
important regulator of growth, regeneration, and metabolism in children and adults.
Children with congenital cholestatic diseases have elevated GH blood levels, which is
combined with growth failure and body mass deficit. Congenital cholestatic diseases
lead to end-stage liver disease (ESLD), where GH bioavailability, mediated through
IGF-1, is impaired. Blood IGF-1 levels are decreased due to impaired production by the
liver. This study included 148 children up to 5 years (60 months) old with congenital
cholestatic diseases. The patients underwent liver transplantation (LT) at aleading
transplant center in Russia. The clinical significance of the GH/IGF-1 axis in pediatric
liver recipients was investigated. Relationship between the patients’ GH/IGF-1 levels
and anthropometric parameters was analyzed before and after LT. It was shown that
LT leads to renewal/recovery of GH-IGF-1 regulation and improved anthropometric
parameters (body height and body mass) in pediatric recipients.

Keywords: GH, IGF-1, congenital cholestatic diseases, pediatric liver transplantation,
anthropometric parameters

1. Introduction

Liver transplantation (LT) is the only effective treatment for patients with end-
stage liver disease (ESLD). The first successful pediatric LT was performed by Thomas
Starzl in 1967 on a child with biliary atresia (BA). This marked the beginning of the
use of LT in pediatric practice [1, 2]. By 2020, the total number of LTs performed was
about 32,000 per year, 7-8% of which were pediatric transplant surgeries [3].

In the Russian Federation, the first pediatric LT was performed in 1997. Today, the
total number of transplantations performed has exceeded 1000. The need for this
type of medical care is fully satisfied in Russia. The LT program is being implemented
at Shumakov National Medical Research Center of Transplantology and Artificial
Organs (Shumakov Center), Russia’s leading transplant center; over 100 LTs are
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performed annually. Surgeries are performed in children with extremely low body
mass, starting from the first months of life.

Invasive diagnostic procedures, such as needle biopsy, carry high risks for young
children with low body mass. Therefore, it is an urgent task to search for markers
for the development of noninvasive methods of assessing liver graft function. Given
physical developmental delays in children, which are associated with hepatobiliary
diseases and subsequent hormonal dysregulation, GH and IGF-1, the key elements
in neurohumoral control of liver function can serve as important indicators reflect-
ing the outcome of LT. The significance of GH and IGF-1 in pediatric LT is related to
the role of hormones in the regulation of growth and body mass, their influence on
hepatocyte function and immune system activity. A number of studies have shown
the relationship between the GH/IGF-1 axis and recipient/graft survival [4-6].

Despite the large number of studies on the role of the GH/IGF-1 axis in children
and adults, none of them are devoted to their relationship with physical development
in children after LT [7-9]. The study of the role of the GH/IGF-1 axis in the neurohu-
moral regulation of liver graft function in young children is an important task. It may
allow to assess the functional ability of the graft by noninvasive methods and will
also create a vector for coming up with personalized therapy. This chapter describes
the impact of the GH/IGF-1 axis on the outcome of pediatric LT (namely the clinical
significance of the GH/IGF-1 axis in pediatric liver recipients) and characterizes its
relationship with patients’ anthropometric parameters.

2. Growth hormone and insulin-like growth factor 1

GH and IGF-1 are key links in the neurohumoral regulation of overall metabolism
and can act through various intracellular signaling pathways. GH stimulates IGF-1
synthesis, which, in turn, affects GH production by the principle of negative feed-
back, inhibiting its synthesis (Figure1).

The physiological effects of GH and IGF-1 on cells are mediated through trans-
membrane receptors found on the surface of many cell types, including hepatocytes
and lymphocytes [10]. The effect of GH and IGF-1 is largely determined by the level
of receptor expression, which depends on cell type and can change under the influ-
ence of various factors. The action of the GH/IGF-1 axis depends on GH and IGF-1
production on one hand, and IGF-binding proteins, proteases that degrade the IGF-
binding proteins complex, and GH and IGF-1 receptors, on the other hand [11].

GH is synthesized in the anterior pituitary cells and secreted into the blood, with
peak blood levels every 3-5 hours. The highest blood content of the hormone occurs
during fetal development. With age, the baseline, frequency, and amplitude of hor-
mone secretion peaks decrease. The nature of GH secretion differs in men and women
and depends on age. The range of baseline GH levels in children aged 1-3 years is
2-10 ng/m, in adults, 1-5 ng/ml [12, 13].

IGF-1is a polypeptide hormone produced by many tissues, but more than 90% of
circulating IGF-1 is synthesized by hepatocytes [3]. Serum IGF-1 levels, in contrast
to GH, practically do not change during a day. The range of reference IGF-1 levels
in children aged 1-3 years is 5-300 ng/ml; the maximum IGF-1 level in children is
observed during puberty and gradually decreases with the years [14, 15].

Growth regulation is one of the main functions that GH and IGF-1 have in com-
mon. In addition, GH in both children and adults plays an important role in the regula-
tion of metabolism. IGF-1, being a major mediator of anabolic and mitogenic effects of
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Scheme of neurohumoral regulation of growth by the GH/IGF-1 system. GHRF — growth hormone releasing
factor, GH - growth hormone, GHR - growth hormone receptor, IGF-1 — insulin-like growth factor 1,
IGFBP - IGF binding protein, IGFR — IGF receptor.

GH in peripheral tissues, is an important factor in body mass regulation. However, GH
and IGF-1 have different effects on glucose and lipid metabolism: GH increases blood
glucose levels and promotes lipolysis, whereas IGF-1 has opposite effects [16-18].

3. Effect of GH/IGF-1 on liver function

The liver is the largest internal organ in humans; in a child it makes up 4.4% of
body mass, which is 1.5 times more than in an adult—2.8%. The importance and
diversity of liver functions in young children should be noted: it is not only bile
production, general metabolism, detoxification, but also, importantly for pediatric
liver recipients, the liver works as an immune organ, maintaining overall immune
homeostasis of the body (Figure 2).

Humoral regulation of liver function is provided by the peculiarity of the hepatic
portal system and the diversity of the cellular composition, which are targets for so
many hormones and cytokines (Figure 3).

The liver forms a unique microenvironment due to its anatomy, in particular the
circulatory system consisting of the portal vein, hepatic artery, and liver sinusoid. Portal
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Pefuliaritz’es of liver structure and cells composition. The hepatic blood supply system consists of the portal vein,
the hepatic artery, and the sinusoidal capillary system of the liver, which flows into the central vein. Liver cells
with antigen-presenting function: dendritic, Kupffer, stellate, and endothelial. GH — growth hormone,

GHR - growth hormone receptor, IGF-1 — insulin-like growth factor 1, IGFR — IGF receptor, TGF-beta1 —
transforming growth factor beta 1, sFas/sFasL — soluble Fas/soluble Fas ligand.

venous blood is rich in dietary antigens and toxins, to which tolerance is developed by a
large set of liver cells with antigen-presenting function: dendritic, Kupffer, stellate, and
endothelial cells [19-23]. Liver sinusoidal endothelial cells, which, unlike the vascular
endothelium, do not have a basement membrane and tight junctions, are capable of
blocking proinflammatory CD8+ T cells [24]. The liver is characterized by the genera-
tion of autoantigen-specific regulatory T cells, which, through active immunosuppres-
sion of type 1and 2 T helper cells (Th1/2), form a mechanism of autoimmune tolerance
[25-27]. It is also assumed that natural killers play a significant role in the immuno-
competent properties of the liver; their number in the human liver is up to 10% of all
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lymphocytes [28]. Liver stellate cells are also capable of suppressing immune response,
causing apoptosis of activated T cells through expression of costimulatory molecules
(CD28/B7) B7-H1 and the production of cytokines—interleukins (IL) 6 and 10,
transforming growth factor beta (TGF-) [29]. Stellate cells induce tolerance through
apoptosis of activated T cells via the Fas/Fas ligand system, IL-10 and TGF-p [20].

The GH/IGF-1 axis is the most important regulatory system of the body that
controls cell growth and is closely related to liver function [4, 5, 30]. Previously, it was
believed that IGF-1 does not directly affect the function of hepatocytes, because in a
healthy liver, a small number of IGF-1 receptors are expressed on the surface of hepa-
tocytes. However, further studies have shown that their expression is increased in
some liver diseases [30]. In acute viral hepatitis, chronic hepatitis C and B, the expres-
sion of IGF-1 receptors on hepatocytes is higher than in a healthy liver. Meanwhile,
there are elevated IGF-1 levels, which is believed to accelerate the regeneration of
damaged hepatocytes [31].

The antifibrotic effect of IGF-1 is realized both directly through the GH/IGF-1 axis
and indirectly through regulation of other profibrogenic factors [32, 33]. Stellate cells
play a key role in the development of liver fibrosis: their activation caused by chronic
trauma, oxidative stress, and increased levels of inflammatory cytokines and lipo-
polysaccharides leads to transformation into fibroblasts [34]. It has been shown that
IGF-1is able to inactivate hepatic stellate cells and induce their aging, thus limiting
the development of fibrosis [35]. GH and IGF-1 regulate lipid metabolism and influ-
ence the development of steatosis, inflammation, and liver fibrosis in a certain way
[36]. Thus, reduced IGF-1 production in the liver is not only the result of impaired
liver function, but also plays an important role in the development of fibrosis.

4, GH/1GF-1in liver diseases

IGF-1 synthesis by hepatocytes is impaired in liver diseases. This leads to reduced
IGF-1levels and, according to the principle of negative feedback, leads to increased
GH secretion. Despite the high serum GH levels in patients with chronic liver dis-
eases, low IGF-1 levels can also be the result of hepatocyte resistance to GH [37, 38].
It is assumed that metabolic disorders—insulin resistance, malnutrition, osteopenia,
etc.—often found in patients with liver diseases are associated with impaired neuro-
humoral regulation and are caused by IGF-1 deficiency [39-41].

The degree of decrease in IGF-1 levels in patients with chronic liver diseases cor-
relates with the severity of hepatocyte dysfunction [36, 42]. Introduction of recom-
binant IGF-1 stops liver fibrous degeneration [43, 44]. In an animal experiment with
nonalcoholic steatohepatitis (NASH), recombinant IGF-1 was shown to improve liver
function in cirrhosis. Also in the experiment, it was found that the degree of hepatic
ischemia-reperfusion injury is less at higher IGF-1 levels [45, 46]. Experimental
studies suggest the possibility of using IGF-1 in clinical practice. Administration of
recombinant IGF-1 in patients with liver cirrhosis has been shown to increase serum
albumin levels and improve energy metabolism [47].

In adult patients with liver cirrhosis, GH levels are significantly higher than in
healthy ones, which is associated with impaired IGF-1 synthesis by the liver in ESLD
[17]. Already on day 7 following LT in adults, GH levels decrease to normal values,
and those of IGF-1 increases [39].

In recent decades, there has been much focus on the study of the GH/IGF-1
axis as factors associated with longevity and quality of life [48]. It is known that
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life expectancy is closely related to the GH/IGF-1 axis, which may be of some
importance for the development of techniques for predicting recipient and graft
survival [6, 49]. It has been shown that IGF-1 can improve survival rates in rats
with lipopolysaccharide/D-galactosamine-induced acute liver failure. Prophylactic
administration of IGF-1 in the animals prevented an increase in bilirubin levels and
transaminase activity [44].

5. GH/IGF-1in pediatric LT

In pediatric LT, GH and IGF-1 play a significant role in the regulation of growth
and body mass, hepatocyte function, and immune system activity [4-6].

Indications for LT in children include ESLD with a life expectancy of less than
1 year, acute liver failure, unresectable liver tumors, and metabolic disease. In 80% of
cases, ESLD is caused by congenital anomalies of the biliary tract, such as biliary atre-
sia (BA) and biliary hypoplasia (BH), Alagille syndrome and disease, etc. The inci-
dence of such diseases is about 1 in 10,000-20,000 newborns, atresia is slightly more
common in newborn girls than boys. Biliary disorders lead to cholestasis, fibrosis,
and cirrhosis, which in turn result in esophageal varices, splenomegaly, hemorrhagic
syndrome, esophageal or gastrointestinal bleeding, etc. BA with the inevitable forma-
tion of fibrosis and cirrhosis leads to decreased detoxification of metabolites, chronic
malnutrition, coagulopathy, growth factor deficiencies, and an excess of proinflam-
matory cytokines, which together can contribute to delayed physical and psychomo-
tor development. In the absence of early surgical intervention, BA children usually
do not live up to one year, dying from liver failure, bleeding, associated pneumonia,
cardiovascular disease, and intercurrent infections. With incomplete biliary atresia,
some children may live up to 10 years. Therefore, congenital anomalies affecting the
biliary tract are a strong indication for LT. LTs performed at Shumakov Center fully
cover the needs for this type of care in Russia [50].

The shortage of donor organs for children is compensated by living related dona-
tion of liver fragments. As a rule, young children are transplanted with the left lateral
lobe of the liver of a living or deceased donor (Figure 4).

Transplantation of a liver fragment from a living related donor to children
makes it possible to fully satisfy the need for this type of therapy. Improved pre-
transplantation preparation, patient selection, organ preservation techniques, better
immunosuppressive therapy, and post-transplant follow-up techniques have led to
outstanding results in this area.

Unlike other solid organs, the liver is an immune-privileged organ, which is due
to the peculiarities of development, blood supply, structure, and function of the liver
[22, 51, 52]. After LT, incidence of graft rejection is significantly lower than after
transplantation of other solid organs, such as the kidney or heart. The best recipi-
ent and graft survival rates are observed in pediatric LT from a living related donor.
This is due to the peculiarities of immune response development at an early age,
the possibility of ensuring greater tissue compatibility, and a shorter graft ischemia
time. Pediatric LT from a living related donor is a model of the relationship between
the graft and the recipient’s body in conditions of minimal risk of rejection and low
immunosuppression.

LT has become a standard therapy for children with ESLD, acute or chronic, as
well as liver neoplasms and metabolic disorders. According to world statistics, the
5- and 10-year graft survival in children is 85-90% and 77-80%, respectively [53].
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Figure 4.
Transplantation of the left lateval liver section in childven from an adult living donor.

The results we achieved at Shumakov Center are fully consistent with global ones. For
example, the average 1-year survival rate was 93%, and the 3-year survival rate was
up to 90% [50, 54].

5.1 Patients

The present study included 148 children <5 years (60 months) old, selected by
random sampling, who underwent liver fragment transplantation at Shumakov
Center. The study was approved by the Local Ethics Committee of Shumakov Center
(Minutes No.28/1d dated April 15, 2016). All the patients or their guardians gave
written informed consent to participate in the study.

The mean age of the recipients was 11 + 9.8 months (median, 8 months). LT
was indicated due to ESLD resulting from various pathologies: biliary atresia (BA,

n = 86), Byler disease (n = 15), biliary hypoplasia (BH, n = 14), Alagille syndrome

(n = 12), Caroli disease and syndrome (n = 5), and others (n = 16). In the “other”
group, we included patients with diseases, which did not exceed three cases, such as
autoimmune and fulminant hepatitis, Von Gierke disease, portal vein developmental
anomaly, Crigler-Najjar syndrome, Budd-Chiari syndrome, hepatoblastoma, alpha-1
antitrypsin deficiency, and previous liver transplant dysfunction (Table 1).

The comparison group consisted of 16 children, 9 boys and 7 girls, practically
healthy, examined after treatment of intestinal dysbacteriosis, without other diseases,
aged 3-25 (median, 12) months, anthropometric parameters (body height, body
mass) were in the range of average population values (25th-75th percentile). The age
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Characteristics Value Healthy children pvalue
Number of patients, n 148 16 -
Age, median, (range), month 8 (2-60) 12 (3-25) 0,78
Gender (M/F) (n; %) 61/87; 41/59 9/7;56/44 0,84

Diagnosis (n; %) -

BA 86; 58

Byler’s disease 15; 10

BH 14;10

Allagille syndrome 12; 8

Caroli disease 53

Other 16; 11
Table 1.

Baseline patients’ characteristics, BA, biliary atvesia; BH, biliary hypoplasia.

and sex of the children included in the study and those of healthy children did not
differ (p = 0.78 and p = 0.84, respectively).

All recipients underwent hepatectomy with preservation of the inferior vena cava,
followed by implantation of a liver fragment (left lateral sector) in an orthotopic posi-
tion. Blood flow characteristics were monitored intraoperatively using ultrasound.
Bile duct reconstruction was performed after graft revascularization on the defunc-
tionalized jejunal loop.

5.2 Methods

Patients were examined before and after LT in accordance with the protocol
approved at Shumakov Center. Routine examination and treatment of patients before
and after LT were carried out in accordance with the clinical guidelines of the Russian
Transplant Society and international consensus guidelines.

The required methods were:

1. Physical examination, including observation, palpation, percussion, and
auscultation;

2.Laboratory examination: biochemical blood test, coagulogram, general blood
test, hemodynamic parameters.

3. Instrumental methods: ultrasound, echocardiography and the study of the elec-
trical activity of the heart; multislice CT scan of the brain, chest, and abdominal
cavity with intravenous contrast.

Double- and triple-combination immunosuppressive therapies were used at
Shumakov Center.

During preparation for donor organ implantation, all recipients received 10 mg
of basiliximab. Reintroduction of basiliximab was performed on day 4 after surgery.
Immediately before graft reperfusion, methylprednisolone was administered at a dose
of 10 mg/kg.
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Maintenance immunosuppressive therapy included tacrolimus (at 6-8 ng/mL tar-
get concentration), glucocorticoids, and mycophenolic acid preparations. Cyclosporin
A was administered in a few cases with tacrolimus neurotoxicity. Gradual reduction
of methylprednisolone doses to 4-2 mg per day was continued.

Mycophenolic acid preparations were administered as the third component of the
therapy in the absence of haplotype compatibility with donors and when a rejection
reaction occurred.

In the case of rejection, intravenous pulse therapy was performed with high doses
of glucocorticoids (20 mg/kg).

The concentration of biomarkers was studied in plasma or serum obtained from
peripheral blood after centrifugation at 1500-2500 g at room temperature. Blood was
collected in plastic tubes (BD Vacutainer, Becton Dickinson, USA) without antico-
agulant or with sodium citrate as an anticoagulant. Serum and plasma samples were
stored at —50°C until analysis.

GH levels were measured by enzyme immunoassay using a reagent kit (DBC,
Canada) according to the manufacturer’ instructions in blood serum. The optical
density of the reaction mixture was measured at 450 nm wavelength using a spectro-
photometer. Analytical sensitivity of the method was 0.2 ng/ml. The range of deter-
mined concentrations is 0.2-50 ng/ml.

IGF-1 levels were measured by the sandwich immunoassay method using poly-
clonal sheep antibodies and monoclonal antibodies against IGF-1 in plasma (IDS Ltd.
77 OCTEIA® IGF-1, UK). The analytical sensitivity of the method was 3.1 ng/ml. The
range of determined concentrations is 12-627 ng/ml.

5.3 Statistical analysis

Data are presented as mean and standard deviation (M + SD), upper and lower
limits of the 95% confidence interval for parametric variables, and median and inter-
quartile range from 25th to 75th percentile for nonparametric variables. The data were
statistically processed using nonparametric statistics methods: paired Wilcoxon test
was calculated to compare dependent samples, and the Mann-Whitney or Kruskal-
Wallis U test was used to compare independent variables. Spearman rank correlation
coefficient was calculated to evaluate the relationship between quantitative and quali-
tative ordinal signs. In the case of error probability (p < 0.05), the differences were
considered statistically significant. The obtained data were processed using Microsoft
Office Excel with the IBM SPSS STATISTICS 20 software package for scientific and
technical calculations (IBM SPSS Inc., USA).

6. GH/IGF-1and anthropometric characteristics of children with
cholestatic diseases

Children suffering from congenital hepatobiliary diseases have multiple and
various homeostasis disorders, largely due to a violation of the key functions of the
liver—synthesizing, detoxifying, regulatory, etc.—which ultimately lead to growth
retardation and underweight.

In the patients before LT, the average body height was 71.2 + 8.2 cm, and body
mass was 7.9 + 2.3 kg. Comparison of average height and weight in the study group
with reference values for healthy children of the same age (mean age, 11 months)
showed that the average height of the recipients was significantly lower than the
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The figure shows that the histograms of body height and body mass distribution
of in children with ESLD differ significantly from the normal distribution curves and
are shifted to lower values.

Thus, in the examined group of children with ESLD, anthropometric indicators
are lower than the values typical for healthy children of the same age. Obviously, the
low body height and body mass of patients are associated with ESLD.

The Pediatric End-stage Liver Disease (PELD) scale was used to assess the relative
severity of liver disease. This scale is used to evaluate the probable 90-day survival
of patients awaiting LT and was developed to objectively prioritize LT candidates in
children. Like the Model End-stage Liver Disease (MELD) score, the PELD score was
derived from biological markers of liver function (albumin, bilirubin, and interna-
tional normalized prothrombin time ratio) and growth retardation [56, 57].

The PELD score, which reflects the severity of liver disease, averaged 19.0 + 8.2
(median, 18.0; range, 0 to 51) in the study group (Figure 6).

The distribution histogram of the PELD score in the examined children shows that
in most patients, the score ranges from 10 to 25 and indicates that they have severe
liver failure.

To assess the relationship between the severity of liver failure and the anthro-
pometric parameters of the liver recipients, a correlation analysis was carried out
between the PELD scores and the body height or body mass of the patients (Figure 7).

The dependencies presented in the graphs indicate that patients’ height and
weight, determined before transplantation, significantly correlate with the PELD
score. The higher the PELD score in patients before radical treatment of the underly-
ing disease—liver fragment transplantation—the lower the level of anthropometric
parameters (body mass and height).

The obtained result suggests that, along with other changes, there may be impair-
ment of hormonal growth regulation in this group of children. The most important
growth regulators are GH produced by the pituitary gland and IGF-1 synthesized in

50

Patients, n

25 30 35 40 45
PELD score

Figure 6.
Histogram of the distribution of PELD score in children with ESLD.
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Figure 7.
Correlation of PELD score with body height (A) and body mass (B) of pediatric liver recipients.

the liver. Comparative analysis of GH levels in patients before LT and healthy children
of the same age indicates a significant difference in the indicator (Figure 8).

The median plasma GH level of children with ESLD was 4.3 (1.6-7.2) ng/ml and
was significantly higher than in healthy children of the same age—1.2 (0.3-2.4) ng/
ml, p = 0.001. Thus, there is a paradoxical situation when high GH levels in children
with ESLD are combined with growth retardation and weight loss.

A comparative analysis of IGF-1 levels in patients before LT and healthy children
of the same age also showed significant differences (Figure 9).

The median IGF-1 level in children with liver failure was 7.9 (0.0-25.1) ng/ml and
was significantly lower than in healthy children: 38.0 (26.9-56.5) ng/ml, p = 0.001;
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The level of GH in the blood of healthy children and patients with ESLD, * - p < 0.05.
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Figure 9.
The level of IGF-1 in the blood of healthy children and patients with ESLD, * - p < 0.05.

this is consistent with the literature data and is associated with the inability of the
damaged liver to produce this growth regulator [58, 59]. Significantly low level of
IGF-1 in liver recipients, obviously, reflects impaired synthesis and production of
IGF-1 in the liver and explains the high level of GH in the blood.

Correlation analysis between GH and IGF-1 levels in children before transplanta-
tion revealed no significant relationship between hormone levels (Figure 10).

The analysis confirms that in children with ESLD, there is a violation of the
relationship between GH and IGF-1 concentrations in the blood.

To characterize the hormonal regulation of anthropometric parameters and liver
function, we analyzed the correlations between the GH and IGF-1 levels in children
with height, body mass, and PELD scores (Table 2).
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Figure 10.
Correlation between IGF-1 and GH blood plasma levels in children with ESLD.

Biomarker Correlation coefficient
Body mass Body height PELD
GH -0.17 -0.14 0.02
IGF-1 0.29 0.28' 0.15
*_p < 0.05.
Table 2.

Correlation of levels of GH (GH) and IGF-1 in the blood plasma of recipients with anthvopometric parameters
and the value of the PELD index before LT.

The analysis revealed no statistically significant associations between GH levels
and body height, body mass, or PELD score. Whereas IGF-1 concentrations in the
blood were significantly associated with body height and body mass (p = 0.001), but
not with PELD score.

The result obtained shows that in children with ESLD, their body height and body
mass are not associated with plasma GH levels, while IGF-1 levels correlate with these
anthropometric characteristics. In the study group, no correlation between hormone
levels and ESLD was found, which is inconsistent with an earlier study that showed
arelationship between GH levels and PELD score [60, 61]. This can be explained by
many factors, in particular, differences in the structure of the incidence and degree of
liver damage in patients in the studied samples.

7. GH/IGF-1and clinical parameters of children with cholestatic diseases
before LT

The patients included in the study had various etiologies of ESLD. Analysis of the

structure of liver diseases showed that the largest group, about 60%, consisted of
recipients with BA, a congenital malformation of the biliary tract (Figure 11).
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Plasma GH levels in the patients differed depending on the etiology of liver
disease: 5.5 (4.8-13.7) ng/ml in Alagille syndrome, 4.9 (2.0-7.3) ng/ml in BA, 1.6
(1.2-2.3) ng/ml in others, 3.9 (1.3-4.8) ng/ml in Byler disease, 3.6 (1.5-5.2) ng/ml in
BH, 3.9 (0.0-7.7) ng/ml in Caroli disease (Figure 12).

Comparative analysis of GH levels in children with different etiologies of liver
disease using the Kruskal-Wallis test for several independent variables revealed
no statistically significant differences in GH concentrations (p = 0.16). Pairwise
comparison of GH concentrations in the groups with different diagnoses using the

Bylersd.— BH-10% Carolid.- 3%
10% ‘

Allagille s. —

Other - 11|0/0 8%

BA —58%

Figure 11.
Structure of morbidity in the studied liver transplant vecipients, BA, biliary atvesia; BH, biliary hypoplasia.
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Figure 12.
GH levels in the blood of children with various etiologies of liver disease, * - p = 0.012 compared with the level in
children with BA, BA, biliary atresia; BH, biliary hypoplasia.
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Mann-Whitney U test showed that the plasma GH level in children with ESLD result-
ing from BA was significantly higher than in patients grouped under “other” diseases
(autoimmune and fulminant hepatitis, Von Gierke disease, portal vein developmental
anomaly, Crigler-Najjar syndrome, Budd-Chiari syndrome, hepatoblastoma, alpha-1
antitrypsin deficiency, and previous liver transplant dysfunction), p = 0.012. No
significant differences were found between the other groups.

Analysis of plasma IGF-1 concentrations depending on the etiology of liver
disease showed that the hormone content in the blood of patients with Alagille
syndrome was 12.6 (0.0-28.1) ng/ml, with BA 1.2 (0.0-20.0) ng/ml, others
42.3(3.3-72.3) ng/ml, Byler disease 25.1 (14.7-51.7) ng/ml, BH 1.1 (0.0-12.0) ng/ml,
Caroli disease 3.6(0.0-8.7) ng/ml (Figure 13).

Multiple comparative analysis showed significant differences in IGF-1 levels in
children with different etiologies of liver disease, p = 0.01 according to Kruskal-Wallis
test. Pairwise comparison of IGF-1 levels in the groups with different diagnoses using
the Mann-Whitney U test revealed that IGF-1 levels significantly differed in the group
BA and “others” (p = 0.004), BA, and Byler disease groups (0.012). Differences were
also found in the hormone level between the BH and “other” groups (p = 0.013).

It is possible that IGF-1 levels in the children depend on the etiology of liver dis-
ease; however, since the “other” group included various pathologies and each of them
is small, further studies are needed for an unambiguous conclusion.

It is known that the nature of GH secretion differs in males and females and
depends on age [62]. In our study, we could not identify a significant correlation
between GH level and the age of patients before transplantation (r = —0.18, p = 0.10).
This could be probably due to both impaired hormone secretion associated with the
disease and by the age structure of the sample used in our work. In the control group,

100

0  ememme e o

BO -__*__T *

70

60

50

IGF-1, ng/ml

40

30 —|_

20

10 f
0 l
— Median

10 L , : . . : , [ 25%-75%
Allagille s. Other BH —L Non-Outlier Range

BA Byler's d. Carolid.

Figure 13.
The level of IGF-1 in the blood of children with various etiologies of liver disease, * - p < 0.05 in comparison with
the level in children with BA; BA, biliary atresia; BH, biliary hypoplasia.
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there was also no significant correlation with age, which can be explained by the nar-
row age range of the sample and/or a small number of observations.

A comparative analysis of plasma GH levels in girls (4.7 (1.7-7.1) ng/ml) and boys
(3.4 (1.6-72) ng/ml) with ESLD revealed no significant differences, p = 0.41. In
the control group, we could not also identify significant differences in GH levels in
healthy boys and girls.

Serum IGF-1 levels, like GH, change with age, while there are practically no sex
differences in protein levels. In the studied children, no significant correlation was
found between IGF-1 levels and age (r = —0.001, p = 0.96). In the control group, no
significant differences were also found, which is obviously due to the narrow age
range in the groups included in the study.

The IGF-1 content in girls and boys with ESLD was 3.9 (0.0-23.5) ng/ml and 11.1
(0.0-33.6) ng/ml, respectively, and did not differ significantly, p = 0.38. The result
obtained showed that IGF-1 concentration in children with ESLD is not associated with
the sex of the child. No significant differences were found in the control group either.

The absence of age and sex differences in GH and IGF-1 levels in the group of chil-
dren aged 3 months to 5 years with ESLD can be explained by a number of reasons—
the absence of such differences at this early age, and impaired hormone secretion
associated with the disease. Our data do not provide an unambiguous answer to this
question due to the age composition of the study group. Of course, studies with a large
number of observations and in more homogeneous age groups will be informative.

8. Changes in the content of GH and IGF-1 in the blood plasma of children
after LT

To assess the effect of LT on the levels of the studied hormones in the early and late
post-transplant period, the levels in the recipients were measured 1 month and 1 year
after the transplantation.

Significant changes in the plasma GH levels were found in the children before, a
month and a year after liver transplantation (Figure 14).

GH level 1 month after LT was 1.4 (1.1-2.4) ng/ml. It was significantly lower
before the operation (p = 0.001), but did not differ from the hormone level in healthy
children (p = 0.74).

A year after transplantation, the GH level was 2.5 (1.5-5.7) ng/ml, which was also
significantly lower than before transplantation (p = 0.049) and did not differ from
the healthy children’s level (p = 0.67).

The change in IGF-1 concentrations in the children a month and a year after liver
fragment transplantation is shown in Figure 15.

In the blood plasma of the pediatric recipients, there was a significant increase
in IGF-1 levels compared with the values before transplantation. One month later,
the IGF-1 concentration was 73.5 (52.1-128.5) ng/ml (p = 0.000 compared with the
concentration before transplantation). One year after transplantation, plasma IGF-1
level was 76.1 (42.9-111.7) ng/ml and was also significantly higher than before liver
transplantation (p = 0.000 compared with the level before transplantation) and did
not differ from the level in healthy children (p = 0.48).

A comparative analysis of changes in levels of the hormones in the pediatric
recipients before and after LT depending on the gender of the patient was carried out.
It was revealed that GH concentrations significantly differ among girls and boys after
LT (Figure 16).
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Figure 14.

The level of GH in the blood of children after LT. *— p < 0.05 in comparison with the level before LT.
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Figure 15.
The level of IGF-1 in the blood of children after LT, * - p < 0.05 in comparison with the level before LT.

The analysis showed that plasma GH concentrations in girls and boys did not
differ before LT - 4.7 (1.7-7.1) ng/ml and 3.4 (1.6-7.2) ng/ml, respectively, p = 0.41,
and a month after - 1.4 (1.1-2.5) ng/ml and 1.6 (1.2-2.4) ng/ml, respectively, p = 0.8.
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The content of GH in the blood of children after LT, depending on gender, * - p < 0.05.
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The content of IGF-1 in the blood of children after LT, depending on gender, * - p < 0.05.

Whereas a year after transplantation, the levels in girls were significantly higher than
those in boys—4.6 (2.1-5.9) ng/ml and 1.8 (1.2-2.8) ng/ml, respectively, p = 0.002.

It is difficult to assess the reasons for the differences in GH levels after LT in boys

and girls in the study sample, because for healthy children under 6 years of age,
according to the reference values, differences in GH levels between the sexes are
insignificant. However, given the sex differences in GH hormonal regulation in later
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puberty, it cannot be ruled out that periods of differences between boys and girls can
be observed in young children. Prescription of immunosuppressants after LT can also
affect the result.

After LT, IGF-1 levels increased in both girls and boys equally (Figure 17).

There were no differences in IGF-1 levels in the children depending on gender, as
before transplantation: IGF-1 levels in girls and boys were 3.9 (0.0-23.5) ng/ml and
11.1 (0.0-33.6) ng/ml, respectively, p = 0.38, and a month after it - 74.2 (54.0-150.3)
ng/ml and 70.4 (50.6-119.5) ng/ml, respectively, p = 0.37. A year after the operation,
the IGF-1 level in girls did not significantly differ from that of boys—=83.1 (43.0-
118.9) ng/ml and 70.1 (42.9-108.4) ng/ml, respectively, p = 0.68.

9. Relationship between GH/IGF-1levels and anthropometric
characteristics of recipients after LT

Analysis of changes in the anthropometric parameters of the pediatric recipients
was carried out 1 year after LT, because 1 month after the operation, these indicators
practically do not differ from preoperative ones.

One year after transplantation, the average height (82.1 + 7.6 cm) and body
mass (11.5 + 2.2 kg) in the examined group were significantly higher than before LT
(p = 0.00 for both parameters). Figure 18 shows the change in the histogram of the
distribution of height and body mass of the examined children one year after LT.

The results presented in the histogram show that the children’s height and weight
change a year after LT, close to the normal distribution curve.

Comparison of the average height and body mass in the study group with the
reference values for healthy children of the same age (mean age, 23 months) showed
that the body mass of the recipients did not significantly differ from the reference
values (12 + 2 kg), p = 0.06.

The average height of the recipients was still significantly below the average
reference value for healthy children according to WHO standards (87 + 7 cm),

p = 0.00 [55].

Currently, there are no published studies of long-term follow-up of the anthropo-
metric parameters of liver transplant pediatric recipients, and therefore, it is difficult
to assess how fully their growth is restored in the long-term post-transplant period.
For example, it has been found that for child kidney recipients, there is a problem of
growth retardation both before and after transplantation, which is associated with
many reasons, including taking immunosuppressants. For such patients, recom-
mendations have been developed on how to correct growth retardation by taking
recombinant GH [63].

As already noted, we compared the anthropometric indicators of the study group
with healthy children by comparing the histogram of the distribution of height and
body mass with a normal distribution curve superimposed on a similar range of the
anthropometric indicator (Figure 19).

An analysis of the relationship between GH/IGF-1 levels and anthropometric
parameters 1 year after LT showed that GH levels significantly correlate with body
mass (r = —0.27, p = 0.046)—the lower the plasma GH level, the greater the body
mass. The correlation of GH levels with patients’ height was also negative, but did not
reach statistical significance (r = —0.20, p = 0.143). The correlation of IGF-1 content
in the blood with the height (r = 0.19, p = 0.055) and body mass of patients (r = 0.18,
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A correlation analysis was carried out to assess the relationship between GH and

parameters in children after LT due to the restoration of IGF-1 production by the graft
IGF-1levels in the blood of children after LT. It revealed the restoration of the rela-

Change in the histogram of the distribution of height (A) and body mass (B) of recipient children 1 year after LT.
and provision of GH bioavailability.

relationships reflect the restoration of the physiological regulation of anthropometric
tionship between the levels of hormones in pediatric recipients already a month after

p = 0.074) was positive, but did not reach statistical significance. The described

Figure 18.
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0.011); the correlation strength increased a year after LT: r = —0.47,
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The presented results show that in pediatric recipients a year after LT, a statisti-
cally significant negative correlation is observed between the plasma GH and IGF-1

levels, which indicates normalization of the relationship between the hormones and
normalization of the regulatory mechanisms of anthropometric characteristics in

the children. The IGF-1-to-GH ratio can serve as a kind of integral indicator of such

normalization.
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Figure 20.
Correlation of IGF-1 and GH levels in children 1 year after LT.

Analysis before and after LT showed that this ratio increased significantly after LT
(Figure 21).

Before LT, the IGF-1-to-GH ratio was 5.5 + 4.2 and was significantly lower than
that in healthy children - 371 + 18.4 (p = 0.001); a month later, this parameter had
increased by almost an order of magnitude, reaching 62.2 + 41.0 (p = 0.001), and
ayear later, it had decreased to 32.6 + 21.8 and did not differ from that in healthy
children (p = 0.98), but was higher than before transplantation (p = 0.002). The
data obtained suggest that mutual regulation of the GR/IGF-1 axis is restored 1 year
after LT.

Obviously, normalization of the feedback between the GH and IGF-1 levels a year
after LT is an indicator of the restoration of the normal ratio of the components of the
central and peripheral growth regulation system and is a consequence of the restora-
tion of liver function.

Plasma GH and IGF-1 levels not only depend on liver function, but also largely
determine its condition and can be considered as indicators of liver function in
patients with hepatobiliary diseases. Changes in these levels after LT can serve as
an objective indicator of the degree of normalization of the synthetic function of
the graft and restoration of neurohumoral regulation of the body of pediatric liver
recipients.

Separate long-term post-transplant follow-up of pediatric liver recipients shows
that with good graft function, the anthropometric characteristics of children can be
fully restored and do not differ from those of healthy children of the same age.

Figure 22 shows a photo of patient P. (in the center outlined by a dotted line) with
her classmates 7 years after LT. It can be seen that her height is practically the same as
that of her peers.
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Figure 21.
The ratio of IGF-1/GH levels in pediatric vecipients before, 1 month and 1 year after LT.

Figure 22.
Patient P, 7 years after LT.
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This study has revealed that the GH/IGF-1 axis plays a critical role in the patho-
genesis of ESLD in pediatric patients. Children with ESLD have high PELD score,
growth retardation, and decreased body mass. Their serum GH levels are much higher
than in healthy children, while IGF-1 levels are lower than in healthy children. After
LT, the GH/IGF-1 axis recovers, improving anthropometric parameters in pediatric
recipients. Result of the study suggests that the GH/IGF-1 axis is of clinical signifi-
cance in pediatric liver recipients. The GH/IGF-1 levels and the IGF-1-to-GH ratio can
reflect liver graft function.

10. Conclusion

ESLD results in a decline in liver production and deficiency of IGF-1, which impair
GH bioavailability for peripheral tissues. This hormonal disorder leads to delayed
growth in children with congenital cholestatic diseases.

Our studies have shown that children with ESLD have high GH and low IGF-1
levels, which is combined with growth failure and body mass deficit.

After pediatric LT, GH concentrations fall, while those of IGF-1 increase. As early
as a month after LT, the plasma concentrations of both hormones do not differ from
those in healthy children, and a year after the transplantation, they remain at normal
levels.

After LT, the relationship between plasma GH and IGF-1 levels is restored, which
was disrupted in children with ESLD.

Normalization of the ratio between serum levels of IGF-1and GH a year after LT
can serve as an integral indicator of the restoration of hormonal regulation of the
physical development of pediatric recipients. A year after LT, GH and IGF-1 levels in
pediatric recipients are comparable to those in healthy children.

GH bioavailability, mediated through IGF-1, is restored due to normal produc-
tion of IGF-1 by the graft. The body height and body mass of pediatric recipients are
also comparable to those of healthy children. This reflects the restoration of central
and peripheral hormonal regulation of growth, which is a consequence of graft
functioning.
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Chapter 5

Carbohydrate Metabolism
in Growth Hormone

Therapy for Children

Mithal Dhbea and Abdilya Alabdaly

Abstract

Growth hormone deficiency is one of the most common causes of short stature in
response to growth hormone therapy, and deficiency occurs as a result of either a
decrease in the pituitary hormones themselves, which is called hypopituitarism, or a
deficiency of hypothalamus. Stunting is a condition that worries many parents
because if the body’s growth hormone deficiency is not diagnosed and the appropriate
treatment is not taken early, which leads to a high body mass index, that is, weight
gain after puberty, high fat and future risks. For type 2 diabetes, diabetes, insulin-
dependent heart disease, atherosclerosis and other diseases, the incidence of this
deficiency in European societies is about 4000/1 births which is comparable with the
proportion in Iraq but increasing the incidence. This study was conducted to investi-
gate the effect of growth hormone therapy on carbohydrate metabolism where growth
hormone affects the shape and function of the developing body and apart from these
functions such as stimulating growth, it has distinctive effects on the metabolism and
energy, and plays a role in regulating blood sugar levels.

Keywords: growth hormone, carbohydrate, metabolism, hypothalamus, pituitary

1. Introduction

Growth hormone (GH) has effect in carbohydrate metabolism including the
stimulation of glucose production from the liver, in particular when it is abundant.
The hormone also increases the extent to which beta cells in the Langerhans pancre-
atic cells can secrete insulin in response to glucose alert [1]. It was found that the daily
injection of dogs with this hormone leads to diabetes with total atrophy in the islands
of Langerhans as a result of the demoralization of the continued alertness of the
islands of Langerhans, which leads to exhaustion due to excessive secretion of the
hormone insulin caused by injection pituitary extracts [2]. Because the growth of
growth hormone in dogs and cats accompanies the incidence of diabetes, it is not
surprising to note the emergence of diabetes in all patients with Acromegaly. In
general [3], insulin and growth hormone can be considered as complementary agents,
each regulating the supply of energy to the tissues of the body where Insulin becomes
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active immediately after eating (a time when glucose as the most important source of
energy in the body is forming) while growth hormone becomes active in hunger or
fasting [4]. Insulin and Insulin-like growth factor-I (IGF-I) are the two hormones that
control glucose metabolism; hence, IGF-I is the second factor after insulin that has an
antihypertensive effect [5]. The growth element IGF-I, a polypeptide hormone with
70 amino acids and a molecular weight of 7649 Da, is a member of a big family that is
highly similar to one another and is very close to the proportion of insulin [6]. It
indirectly affects the growth of many cells and tissues in the body. IGF-amino I’s acid
sequence was discovered to be 48% similar to that of human proinsulin hormone,
often known as “insulin-like,” which is mostly released from the liver, according to
Humble and Rinderknecht’s research from 1978. Laron [7], where the body’s nutri-
tional situation is the main secretion. Additional hormones include the most potent
one, growth hormone (GH), as well as insulin, thyroxin, and anabolic steroids [8].
Growth hormone is secreted under joint and coordinated control of three hypothala-
mus hormones: growth hormone-releasing hormone (GHRH). Somatostatin and
Ghrelin (GHRH), GHRH and gerlin are positive regulators that stimulate growth
hormone release [9]. Somatostatin (SST) is a negative regulator that inhibits the
secretion of the hormone. Another factor is insulin-like growth factor (IGF-I), which
affects the thalamus and pituitary, reducing growth hormone secretion [10]. Hypo-
glycemia is a potent stimulant for GH secretion. At the same time, hyperglycemia
prevents the secretion of hormone in most cases [11]. Some report that a hypoglyce-
mia level of 50% of normal level promotes hormone secretion. In secretion [12].
Causing Fasting for a long time increase the secretion of the hormone and after eating
begins three stages of secretion of the hormone as the secretion of the hormone insulin
is predominantly in the first stage while in the second phase less secretion of insulin
and increases the secretion of growth hormone and in the third stage is the secretion
of growth hormone is predominantly, also Physical exertion causes increased secre-
tion of the hormone and there is a direct relationship between the effort exerted and
the amount of the hormone secreted [13]. Some neurotransmitters such as fear,
anxiety and noise may activate hormone secretion. It is also observed that hormonal
factors influence GH secretion Thyroxin extracted from the thyroid gland, increases
the amount of growth hormone releasing factor (GHRF) extracted from the hypo-
thalamus, which increases the secretion of GH from the anterior lobe of the pituitary
anterior pituitary gland [14]. The incidence of growth hormone deficiency in
European societies is about 1/4000 births, which is similar to the rate in Iraq [15].
However, the increase in diabetes and other endocrine diseases in the context of wars
and economic siege, and the increase in children with growth hormone deficiency of
the reviewers of the unit of hormone The growth in the women’s and children’s
education hospital in Ramadi as a result of war, displacement, lack of health care,
interruption of treatment and diagnosis exacerbated this problem. Due to the lack of
studies at the level of Al-Anbar province on the condition of lack of growth hormone
in children with short stature therefore, this study was conducted in order to investi-
gate the effect of therapeutic hormone growth hormone on the metabolism of carbo-
hydrates, fats and bones in a group of children with hormone deficiency hormone
(growth hormone deficiency only) and for 6 months of treatment, where growth
hormone affects the form and function of the developing body and regardless of These
functions as a stimulus to growth have specific effects on metabolism and energy,
affect the fat cells to reduce the amount of stored fat, promote protein synthesis in
cells and play a role in regulating blood sugar levels [16]. GH is necessary for natural
growth and cell proliferation and regeneration in humans and some other organisms.
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Apart from these functions as growth stimuli, it has distinct effects on metabolism and
energy affects fat cells to reduce the amount of stored fat, promotes protein synthesis
in cells and plays a role in regulating Blood sugar levels [17]. The insufficient secretion
of growth hormone in the early periods of the life of the individual causes the weak-
ness of the skeleton and the incidence of dwarfism, while excessive secretion of GH
before the completion of growth or before the closure of rectangular bones causes the
increase of the growth of these bones to a large extent, which is expressed by the
disease Gigantism [18]. If the excessive increase in excretion happens in adulthood,
the so- called Acromegaly will develop, which is characterized by the swelling of the
bones of the head and jaw, hands and feet [3]. In fact, the increase in the secretion of
GH after the epiphyseal cartilage is locked (calcified) causes the previous condition,
which also the continued growth of bones without Epiphyses (under the influence of
the increase in the hormone) contributes to, making the body organs ultimately
inconsistent. In general, there are several centers for the formation of the human and
animal skeleton, including the aforementioned Epiphyseal cartilage centers. These
centers become active under the influence of GH where their cells divide and increase
in fish while some of these cells are constantly transformed into bones [19].

Growth hormone is not directly affected by the insulin-like growth factor or
somatomedin, as the growth hormone stimulates its secretion in peripheral tissues,
especially the liver [2]. GH is believed to perform its functions on the cartilage
(multiplying cartilage cells) indirectly by regulating the level of Somatomedins in
blood plasma, some of which are known as insulin- like growth factors. These
somatomedins therefore have anabolic effects in the cartilage in terms of activating
the transfer of amino acids and stimulating the process of protein synthesis, DNA and
RNA and increasing absorption of sulfate [7].

2. Growth hormone

Growth hormone (GH), also known as somatotropin, is a hormone that regulates
healthy body development and growth. This process is made possible by accelerating
the creation of protein in muscle cells and the release of energy from the breakdown of
fat. A number of hormones are crucial to human development (GH), also known as
somatotropin [20]. It is a 191 amino acid protein that the anterior pituitary gland
secretes to regulate healthy growth and development, as depicted in the Figure 1.
Human growth is divided into two phases. One at conception, the other at puberty.
GH is important in these two stages [22]. Every day of a normal person’s life,

Figure 1.
Growth hormone [21].
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amounts of GH are detectable. Nevertheless, because eating and activity have an
impact on GH levels, they change throughout the day. There are GH-responsive
receptors on the cells and tissues of the body [13]. The metabolic effects of GH are in
muscle, liver, and fat cells, which are crucial to their function, but the visible effect of
GH is on linear skeletal development [23]. There are two types of GH in humans. It’s
unclear how the two vary functionally, though. Although they are both products of
the same gene, one of them lacks the amino acids between positions 32 to 46 [24] in
Thongh.

Somatotrophs in the anterior pituitary gland create growth hormone (GH) under
the guidance of hormonal signals in the hypothalamus [25]. GH is regulated by two
hypothalamic hormones. GHRH (growth hormone-releasing hormone) and GHIH
(growth hormone-inhibiting hormone) are the two (GHIH). This procedure’ mecha-
nism may be fully explained. As a result, when blood glucose levels decrease. The
secretion of reserve GH is induced by GHRH. GHRH release is inhibited as blood
glucose levels rise [26]. The effect is comparable when blood protein levels rise. This
hypothalamic feedback loop causes GH levels to change during the course of the day.
1 to 3 ng/ML of normal plasma GH levels. The hormones insulin, glucagon, and
adrenaline also control the availability of plasma glucose and amino acids for growth
[27]. GH is primarily released during night. At 10 o’clock, midnight, and 2 a.m., GH
release peaks. The rationale behind this time of day is that other hormones, such as the
somatomedins, IGH-1 and IGH-2, mediate the majority of GH effects. As a result,
GH’s effects are more uniformly distributed throughout the day [25]. Due to their
vital involvement in the production of GH and other hormones, a number of hor-
monal disorders can result in excessive or reduced development. However, a pitui-
tary tumor frequently results in abnormal growth. Underproduction of GH, a
deficiency in IGH-1, or a problem with the target tissue’s reaction to either of these
growth hormones can all contribute to dwarfism (extremely short stature). Gigan-
tism and acromegaly, both of which are characterized by a very enormous stature,
can result from an excessive production of GH or IGH-1, or from an exaggerated
response to these hormones [28]. Early childhood overproduction of GH, which
can result in gigantism, can generate skeletal heights of up to 8 feet (2.5 meters) or
more [3]. When GH is overproduced after the onset of puberty, acromegaly
develops. The body’s long bone’s epiphyseal plates are unable to close in this
situation. In addition, they continue to respond to GH-stimulated further growth.
An enlarged nose, throat, tongue, hands, feet, and cranium are features of this
condition [28].

2.1 Growth hormone chemistry

A single chain polypeptide hormone of 191 amino acids and a molecular weight of
22,000 Daltons, human growth hormone is depicted in Figure 2. Four helices in the
structure are required for a proper interaction with the GH receptor [31]. Growth
hormone, chorionic somatomammotropin (placental lactogen), and prolactin have
similar sequences.

Only the placenta secretes the 22-KD GH variant (hGH-V), which differs from
pituitary GH by 13 amino acids [32]. Approximately 75% of the pituitary’s typical GH
secretion is in the mature 22-KD form. The loss of amino acids 32 to 46 caused by the
second codon’s alternative splicing produces in a 20 KD variant, which normally
makes up 5 to 10% of pituitary GH.
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Figure 2.
Structure of growth hormone [29]. Pituitary GH is also found in deaminated and N-acetylated forms, as well as
different GH oligomers [30].

2.2 Secretion of GH

Growth hormone (GH) is secreted into the blood by the somatotrope cells in the
anterior pituitary gland as shown in the Table 1, more than any other pituitary
hormone in significant quantities. These cells’ growth and GH synthesis are both
accelerated by the transcription factor PIT-1. GH shortage is the result of the anterior
pituitary gland being destroyed and these cells failing to grow [33]. The main regula-
tors of GH secretion by somatotropes are peptides produced by neurosecretory nuclei
of the hypothalamus into the portal venous circulation surrounding the pituitary.
Arcuate nucleus growth hormone-releasing hormone (GHRH) and Somatostatin from
the periventricular nucleus suppresses GH secretion while ghrelin promotes it.

Hypothalamic

Arcuate ‘_/pr.'rﬁ*'chlriml]ﬂr

nucleus nucleus

GHNH 4

Somatostatine J_

Growth hormone

Aging and obesity ?
Circulating GH, IGF-1
Physiological:

Sleep

Exercise
Hypoglycemia
Dictary protein

Estradiol T

Dictary carbohydrate

Glucocorticoids ¢

Table 1.
Secretion of growth hormone.
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Negative feedback from circulating GH and IGF-1 concentrations also affects GH
secretion [20]. Even though the ratio of this stimulating to inhibitory peptide regu-
lates GH release, various physiological stimulators and inhibitors of GH secretion can
alter this ratio. Among other things, sleep, exercise, hypoglycemia, dietary protein,
and estrogen are stimulators of GH secretion. Glucocorticoids and dietary carbohy-
drates are GH secretion inhibitors [22]. Throughout life, GH secretion follows a
different rhythm. Early childhood has the highest basal levels. During the pubertal
development spurt, the amplitude and frequency of peaks are at their highest. A
healthy youngster or adolescent experiences eight peaks on average every day. Adults
typically have five peaks. Throughout adulthood, basal levels, as well as the frequency
and amplitude of peaks, decrease [34].

2.3 Function of GH

The actions of growth hormone on the body’s tissues are referred to as anabolic
effects (building up). GH, like the majority of other protein hormones, works by
binding to a specific receptor on the surface of cells. The most well-known effect of
GH activity is childhood height growth. There are at least two processes that seem to
promote it [20]. Direct stimulation from GH causes cartilage chondrocytes to divide
and multiply. These are the main cells of children’s growing long bones (arms, legs,
and digits), known as epiphyses [22]. In addition, GH promotes the synthesis of the
proinsulin-like hormone insulin-like growth factor 1 (IGF 1, originally known as
somatomedin C). The liver, which is the main location of IGF-1 synthesis, is a signif-
icant target organ of GH in this process. According to the table, IGF-1 exerts growth-
stimulating effects on a range of tissues as shown in the Table 2. Target tissues
produce more IGF-1, demonstrating that it is both an endocrine and an autocrine/
paracrine hormone [22]. Although height growth is the most well-known consequence
of GH, it also performs a variety of other metabolic tasks. GH improves bone miner-
alization, bone strength, and calcium absorption. Additionally, it builds muscle.
Additionally, it stimulates the body’s many organ systems to expand and produce
more protein, creating a “positive nitrogen balance”. GH boosts immunological func-
tion [20]. GH’s part in maintaining fuel homeostasis. A counterproductive impact of
GH was a reduction in the liver’s absorption of glucose. It also helps keep pancreatic
islets healthy and functioning. GH tends to encourage lipolysis, which causes a small
decrease in adipose tissue (body fat) and an increase in the blood’s levels of free fatty

acids and glycerol [33].

Growth hormone effects

Epiphysis (chondrocyte): Liver: Target tissues:
1. Linear growth before  Secretion of IGF-1 (somatomedicine-c) 1. Increase muscle mass.
puberty. Autocrine-paracrine hormone. 2. Positive nitrogen balance.
2.Increase bone density 3.Stimulate immune system.
and mineralization. 4. Decrease hepatic glucose uptake.
5.lipolysis:

Increase fatty acid in blood.
Increase glycerol in blood.

Table 2.
Effect of growth hormone.
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2.4 Genetic factors
2.4.1 Factors controlling growth

The aspects of growth are influenced by genetic mechanism, which is polygenic in
nature. The first mechanism is the regulation of the rate cellular multiplication,
affecting the overall size. The second is the control of the pace of maturation [35].
Both x and y chromosomes contain growth regulating genes. The special influence of
X-chromosome is referred to in growth studies in females, asaril, girls develop 2 years
earlier than boys [36]. Genetic factors such as body size are also known to be
influenced by race. Black children stature and pace of osseous maturation during the

childhood years.

2.4.2 Tissue-specific factors

The mechanism, by which control cellular multiplication, differentiation, and
organ development during embryonic period of fetal life, remain a mystery. The
concept that classic hormones directly regulate growth and maturation has been
replaced by the hypothesis, that growth is controlled by variety of growth factors.
Those factors production is stimulated by the classic hormones, these considered as
mediator hormones because they mediate some of the biological actions of classic
hormone [37].

2.4.3 Nutrition

Retardation of growth occurs, if malnutrition is severe, and in such cases there is
always the additional possibility of chronic diseases such as anemia, congenital heart
diseases etc. Improved nutrition and freedom from chronic disease are factors which
have contributed to taller stature and earlier puberty of European and American
prevalent, while poor linear growth, and delay adolescence are common among the
children in the countries where malnutrition is prevalent. Chronic malnutrition
through the childhood and early adult years, of prospective mothers, places their
infants in jeopardy physically and intellectually [35].

2.5 Hormone AL regulation

In healthy children, statured growth is controlled by the action of circulating
hormones. On skeletal system, GH and thyroid hormone (T4) are the major determi-
nants of growth rate during the childhood [38]. They are working synergistically. T4 is
predominantly required for skeletal maturation and GH for linear growth. While
growth sprout and skeletal maturation of adolescent are primarily depending on
gonad steroid in conjunction with GH and T4. Insulin and glucocorticiods influence
carbohydrate, fat and protein metabolism, which provides sources of energy needed
for growth and exerts a permissive influence on anabolic action of GH [39].

2.6 Growth hormone actions

Growth hormone (GH) has a wide range of biological effects, many of which
are carried out directly by the GH-R and indirectly by IGF-1. The majority, if
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Somatostatin
Ghrelin GHRH

+ e+
Stross » GHemet— Exercise

Figure 3.

The GH/IGF-1 axis and its effects on bone, muscle, and body metabolism. +, stimulation: —, inhibition: GHRH,
Growth hormone-veleasing hormone: cardiovascular system; VO2 Max: maximum oxygen consumption; CVS:
cardiovascular system.

not all, tissues are affected by GH/IGF-1, which has no specific organ as a target as
shown in the Figure 3 [40].

2.6.1 Muscles growth and metabolism

By increasing protein synthesis and, presumably, limiting protein breakdown
by up-regulating the production of Lipoprotein Lipase (LPL), both GH and IGF-1
regulate how quickly muscles break down protein [41, 42]. IGF-1 appears to control
the size of human myotubes by promoting protein synthesis, preventing protein
breakdown, and causing the reserve cells needed for maximum growth to fuse.
Additionally, it has been found that GH causes muscular growth, which is most
likely mediated by naturally occurring IGF-1’s autocrine and paracrine effects [34].
Additionally, GH has been demonstrated to cause lipid buildup in the muscles, which
has been well reported in people with excessive GH (acromegaly), causing skeletal
muscle to switch from using glucose to lipids as a substrate [43]. Additionally, there is
insufficient evidence—mostly from hypothetical animal studies—to support the
idea that growth hormone (GH) may influence the composition of skeletal
muscle fibers and cause a switch from glycolytic fast-twitch fibers (type II) to
oxidative slow-twitch fibers (type I), which may indicate how GH affects muscle
power and strength [44].

2.6.2 Protein metabolism

Growth hormone (GH) promotes protein synthesis while suppressing proteolysis
either directly or through IGF endocrine and paracrines processes, which has an
anabolic influence on protein metabolism [45, 46]. The majority of research point to
GH’s modest anabolic effects, which may include boosting body wide protein produc-
tion while reducing protein breakdown, as well as reducing muscle-specific amino
acid oxidation and degradation [1].

2.6.3 Glucose metabolism

Growth hormone (GH) is necessary to maintain the metabolism and homeostasis
of glucose. While some of these actions are directly induced by IGF-1, others are
mostly mediated through its effects that resemble those of insulin (in contrast to those
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of GH) [1]. The GH lipolytic impact appears to be the most important component of
GH anti-insulin actions, preventing insulin-stimulated glucose absorption through the
oxidation of FFA and consequent inhibition of glycolytic enzymes [47] Additionally,
due to its lipolytic properties, GH produced anti-insulin effects that improved hepatic
and peripheral insulin sensitivity, increased hepatic glucose production, decreased
carbohydrate oxidation, and decreased insulin resistance [48]. Additional mechanisms
for the metabolic effects of GH through downregulation of insulin signaling have been
proposed, including increased expression of the p85 regulatory subunit of PI3K activ-
ity in adipose tissue and enhanced suppressors of cytokine signaling (namely SOCS 1
and 3). [49].

Factors which increase GH release.

1. The hypothalamic hormone growth hormone releasing hormone (GHRH) which
is necessary for GH synthesis and stimulates GH release [50].

2. A second stimulatory system, parallel to that involving the GHRH receptor is
activated that binds the GH secretagogue receptor to induce GHRH and GH [51].
Ghrelin is produced in the arcuate nucleus of the hypothalamus and in much
greater quantity by the stomach, but also in the heart, lung and adipose tissue.
Fasting increases gastric ghrelin gene expression Administration of ghrelin
stimulates food intake and raises plasma GH concentration [52].

3.Sleep: The nighttime is when GH secretion peaks, particularly at the start of the
first slow-wave sleep. But is connected to poor GH secretion [53].

4.Exercise: Exercise and physical stress include trauma with hypovolemic shock
and sepsis increased GH levels [54].

5.Hypoglycemia: Chronic malnutrition and prolonged fasting increases the
number and amplitude of GH secretion and enhanced GHRH release [51].

6.Protein intake: High protein meals and intravenous single amino acid (arginine
leucine) stimulate growth hormone secretion [50].

2.7 Factors that inhibit GH release

Somatotropin release-inhibitory factor (SRIF) also known as somatostatin which
inhibits.

GH release [37].
2.8 Obesity

Obesity is characterized by significantly increased GH synthesis, as evidenced by a
nearly pronounced increase in the frequency of GH secretary bursts and half-life
duration [55].

2.9 Growth hormone physiology and regulation

Growth hormone (GH, somatotropin) is secreted by somatotrophs which make up
about 50 percent of anterior pituitary cells [56]. During these peaks, the plasma

117



Growth Hormone - Impact and Insights in Human Beings

concentration of GH may range from 5 to 35 ng/ml or higher. Peaks may last for

five to 30 minutes before resuming baseline levels. A hour or so after the start of
sleep, these GH peaks reach their highest and most consistent heights [57]. There are
many factors which modulate the production of growth hormone, including stress,
nutrition, sleep as stimulator, and free fatty acids which are inhibitor of GH secretion.
Several molecular isoforms of GH circulate in the plasma. Much of the growth hor-
mone in the circulation is bound to a protein (growth hormone binding protein
GHBP) which is derived from the growth hormone receptors [15]. Peptides released
by neurosecretory nuclei of the hypothalamus (Growth hormone releasing hormone
and somatostatin) into the portal venous blood surrounding the pituitary are the
major controllers of GH secretion by the somatotrophs [31].

3. Insulin like growth factor-1 (IGF-1)

Insulin like growth factor-1 (IGF-1), and do Mains see polypeptide targets hor-
mone for GH. The 70 amino acids IGF-1 protein consists of 4 domain as shown in the
Figure 4. IGF-1 mediates most of the growth-promoting actions [59]. It is synthesized
in the liver and extra hepatic tissue (principally muscle, bone, and kidney). Itis a
7.7 kDa single-chain polypeptide that is also found in the pituitary gland [18, 60].
IGF-1 has an A and B chain that are joined by disulfide bonds, just like insulin does.
The 12 amino acids in the C-peptide region. IGF-1’s ability to attach to the insulin
receptor (with low affinity) is demonstrated by its comparable structure to insulin
[61]. IGF-1 provides negative feedback regulation of GH production and secretion by
acting at the endocrine and paracrine level. The liver, high-affinity binding proteins
like IGF-binding protein 3 (IGFBP3), and transport are where about 80% of IGF1 is
produced. It controls IGF1 cell-surface receptor availability to mediate IGF-1 peptide
activity as well [62].

Based on the person’s age, circulating IGF-1 levels change. As a result of the
decreased GH levels, there is initially an uptick from birth to puberty, which is then
followed by a steady decline with age [63] IGFBP1-6, a group of six IGF-binding
proteins, control the bioavailability and half-life of circulating IGF-1. Each IGFBP can
bind to IGF-1 with a high degree of affinity, and it is controlled by a number of
particular IGFBP proteases [64]. IGF-1 is a potent inhibitor of apoptosis and has a
significant impact on cell proliferation and differentiation [65]. The liver is where
IGF-1 is primarily produced [66]. Age and nutrition are just two of the variables that
affect serum IGF-1 levels. However, GH is the main factor controlling IGF-1 release
into the bloodstream and synthesis in the liver [67].
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Figure 4.
Structure of IGF-1 [58].
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3.1 Insulin-like growth factor-1(IGF-1) production and circulation

Insulin-like growth factor-1 is produced primarily by the liver. Then it is carried in
blood bound to a carrier protein, which prolongs its half-life. Its level is therefore
more constant than that of growth hormone [68]. Human growth hormone stays in
the blood stream only for a short time, (few minutes). Every organ and system of
the body is affected by growth hormone, either directly or indirectly, through the
mediator IGF-1 [69]. Similar to that, it encourages young children’s bone growth.

The majority of organs and tissues experience growth, including the brain, which is
also impacted. Most of the advantages and effects of human growth hormone are
caused directly by IGF-1. IGF-1 has a ten-fold greater potency than HGH [70]. With
a half-life of 21 to 40 hours. In addition, it is tightly bound to its binding protein in
plasma. GH stimulates IGF-1 not only secretion but also the production of IGF binding
protein [71]. IGF-1 mediates the anabolic growth promoting effects of GH in the
muscle [72].

4. Carbohydrate metabolism
4.1 Growth hormone effect and treatment on the metabolism of carbohydrates

Growth hormone (GH) therapy blocks insulin’s effects on peripheral tissues
such skeletal muscle, the liver, and adipose tissue, increasing glucose synthesis
from these tissues and reducing adipose tissue glucose uptake [73]. Following GH
injection, insulin synthesis is enhanced to counteract the elevated blood glucose.
Chronic exposure to high FFA may have a direct harmful effect on beta cells due to
GH-induced visceral adipose tissue lipolysis and the subsequent increase in
circulating FFA [74]. Because IGF-1 mimics insulin in the liver and skeletal muscle,
increasing its levels following GH injection may improve insulin resistance and
glucose balance [75]. The effects of GH treatment on the glucose metabolism of the
pediatric population have only been the subject of a modest number of studies.

The majority of these studies have shown that increased insulin resistance, as shown
by elevated fasting insulin and homeostasis model assessment of insulin resistance
levels, was seen in GH-deficient children and adolescents during GH therapy, but
their fasting/postprandial glucose and HbA1c levels remained within in normal
range [76].

In individuals with GH deficiency, GH injection has been linked to a reduction in
visceral adiposity and an improvement in cardio-metabolic dysfunction, according to
a number of human investigations. While taking GH, certain studies have raised
concerns about increased insulin resistance and impaired fasting glucose, particularly
in obese and older patients. Studies on children and teenagers have suggested that
GH injection may result in short-term treatment-induced insulin resistance,
although its long-term effects have not yet been extensively analyzed [77]. It is
advisable to monitor any potential detrimental effects on glucose metabolism both
before and after GH delivery because international cohort studies indicate that GH
therapy may increase the prevalence of type 2 diabetes mellitus in children and
teens with predisposed risk factors. The long-term effects of GH therapy on
cardiovascular outcomes in GH-deficient children with or without GH
continuing following end of skeletal development require extensive longitudinal
cohort studies [78].
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5. Glycosylated hemoglobin (HbA1lc)

Hemoglobin that has been glycosylated (also known as hemoglobin Alc, or
HbA1c) is one type of hemoglobin (Hb) that is primarily evaluated to determine the
average blood glucose level over a long period of time. This protein is created by
hemoglobin’s regular exposure to plasma glucose in a gradual, nonenzymatic
glycation reaction [79]. Hemoglobin that has been irreversibly glycosylated at
either or both of the amino-terminal valines (Val) of the beta-polypeptide chains is
referred to as glycosylated hemoglobin [80]. The most widely used and widely
approved test for assessing the glycemic management of people with diabetes is
HbA1lc. Red blood cells (RBCs) retain the glycated form of hemoglobin (Hb) for the
duration of the RBC’s existence [81]. In clinical settings, HbAlc is employed to pre-
cisely reflect glycemic management over the previous (120 days). For individuals
without diabetes, the optimal HbA1c test range is often less than 7%; for those with
diabetes, the usual range is between 4 and 6%. [82]. The test can be taken at any time
of day and requires no special preparation, such as fasting. These characteristics have
made it the best test for assessing diabetics’ glycemic control. The American Diabetes
Association (ADA) now advises using HbAlc as a diagnostic test for diabetes as there
has been much interest in doing so in recent years.

As a method for identifying those with a high risk of getting diabetes [83].
Furthermore, nephropathy and retinopathy in diabetes mellitus have been connected
to hemoglobin glycosylation. Since its introduction in clinical settings in the 1980s,
HbA1c has been a standard test for determining average plasma glucose over the
preceding 8 to 12 weeks.

The relationship between HbAlc percent and plasma glucose levels is well recog-
nized; the higher blood glucose levels, the higher the level of HbAlc percent, which is
useful for monitoring and management; also, as HbAlc percent rises, the risk of
complications from diabetes tends to rise. HbA1c% is a helpful indicator of how well
plasma glucose level has been controlled recently and can be used to track the effects
of exercise, diet, and medication therapy on plasma glucose in diabetic patients
because HbA1lc levels are unaffected by daily variations in plasma glucose levels and
instead reflect average glucose levels over the prior 6 to 8 weeks [84]. The best tool
available to doctors to assess the overall management of diabetes is HbAlc% as a
consequence [85].

5.1 Insulin

A hormone produced in the pancreas is insulin (an organ located behind the
stomach). Islets, or cell clusters, are found in the pancreas. Insulin is produced
by beta cells within the islets and released into the circulation. In metabolism,
insulin is important [86]. It is a key anabolic hormone that is secreted in response
to increased amino acid blood and glucose followed by ingestion of a meals.
Similar to many hormones, insulin works by attaching to certain receptors on the
body’s cells, including those in the fat, muscle, and liver cells [87]. Insulin’s
primary function is to promote the absorption of glucose. Figure 5 shows the two
polypeptide chains that make up the protein insulin: A (21 amino acid residues)
and B (30 amino acid residues). Disulfide bridges connect chains A and B. An
intrachain disulfide bridge connecting residues 6 and 11 [89] is also present in the
A-chain.
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Figure 5.
Insulin structure [88].

5.2 Insulin resistance (IR)

Cells with insulin resistance (IR) do not react to the hormone’s typical effects,
which is a physiological condition [90, 91]. High blood sugar results from the body’s
cells becoming resistant to the insulin it generates, making them unable to utilize it

properly [92]. A subsequent increase in insulin synthesis by beta cells in the pancreas
furthers the rise in blood insulin levels [93].
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Obesity: The Relationship between
Growth Hormone and Exercises

Daniibia da Cunha de Sa-Caputo, Mario Bernardo-Filho,
Redha Taiar and Técia Maria de Oliveiva Mavanhdo

Abstract

Obesity is one of the main causes of death around the world. Moreover, considering
the cardiometabolic risk (CMR), the relationship between obesity and CMR is
well-established, and the location of adipose tissue (AT), particularly in the abdominal
region, is considered an important predictor of metabolic dysfunction than total fat
mass. Central obesity can be related to abdominal subcutaneous adipose tissue (SAT)
and visceral adipose tissue (VAT). The relationship between SAT and CMR is not still
clear, but the VAT has been considered a unique pathogenic fat depot. In this context, it
is important to identify clinical interventions that could be used to improve the manage-
ment of obesity. The aim of this chapter is to integrate knowledge about the relevance
of exercises and/or growth hormone (GH) to the management of individuals with
obesity. In conclusion, it appears that exercise-induced reductions in VAT are mediated
by induced changes in GH levels. This could be due to the similar lipolytic effects of both
GH and exercise on VAT and this relationship would benefit the role of exercise asan
intervention against obesity. Preventing and understanding the development of obesity
is therefore essential if it is wanted to curb the global epidemic and save social security
several million costs concerning health problems.

Keywords: obesity, growth hormone, exercise, abdominal subcutaneous adipose tissue,
visceral adipose tissue

1. Introduction

Obesity is one of the main causes of death around the world. There has been a
significant global increase in obesity rate during the last decades. This problem
represents a global phenomenon occurring in all parts of the world region except
parts of sub-Saharan Asia and Africa [1]. Moreover, this complex and undesirable
clinical condition is a high- risk factor for various non-communicable diseases, such
as, type 2 diabetes, cardiovascular disease, metabolic syndrome (MetSy), chronic
kidney disease, hyperlipidemia, hypertension, nonalcoholic fatty liver disease,
obstructive sleep apnea, osteoarthritis, and certain types of cancers [2, 3].

There are several possible mechanisms leading to obesity. The main cause is the
significantly more excess energy stored in fat cells than the energy the body needs.
This set characterizes the obesity disease [2, 4]. Research of Sacks et al. [5] showed
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that the food sources and quality of nutrients matter more than their quantity in the
diet contributes for weight imbalance. The pathogenesis of obesity involves regula-
tion of calorie utilization, appetite and physical activity, but have complex interac-
tions with availability of health-care systems, the role of socio-economic status, and
underlying hereditary and environmental factors [6].

Considering the cardiometabolic risk (CMR), the relationship between obesity
and CMR is well-established, and the location of adipose tissue (AT), particularly in
the abdominal region, is considered an important predictor of metabolic dysfunction
than total fat mass [7, 8]. In obesity, the central obesity (CO) is characterized by the
excess accumulation of AT in the abdominal region. The CO is strongly and indepen-
dently correlated with MetSy and is assessed through the measurement of the waist
circumference (WC) [8, 9].

As itis indicated in Figure 1, CO can be related to abdominal subcutaneous
adipose tissue (SAT) and visceral adipose tissue (VAT) [10]. The relationship between
SAT and CMR is not still clear, but, the VAT has been considered a unique pathogenic
fat depot.

It is suggested that VAT would be a metabolic organ that would regulate fat mass,
and glucose and nutrient homeostasis. VAT is also an active endocrine organ that
synthesizes and secretes numerous bioactive mediators, adipocytokines/adipokines,
and other vasoactive substances [11, 12]. These adipocytokines/adipokines act on
various organs with metabolic importance, such as liver and skeletal muscle. There
is evidence of the roles of adipocytokines/adipokines in the regulation of metabolic
disorders like diabetes, obesity and insulin resistance. VAT is associated strongly with
CMR independent of overall body mass index (BMI) or total body adiposity [13-15].

The growth of the economy in the world, mechanized transport, urbanization,
industrialization, an increasingly sedentary lifestyle, and a nutritional transition to
processed foods with high-calorie diets have favored the increase of the prevalence of
obesity. Moreover, the rising prevalence of childhood obesity suggests a burden of this
disease in the healthcare systems in the future [16].

In this context, it would be important to identify clinical interventions that could
be used to improve the management of individuals with obesity. Considering that
the relationship between CO and impaired growth hormone (GH) secretion, it is still
poorly understood [17, 18], but the relevance of the exercise, as an intervention to
improve the GH secretion has been highlighted [19-21].

Exercise and diet modification can be considered as therapies for the management
of obesity. Verheggen et al. [19] reported that while exercise is less effective than diet
for body mass loss, exercise would promote superior reductions in VAT. Moreover,
Berryman and List [20] reinforce that this finding may partly be explained by exer-
cise-induced changes in lipolytic hormones, such as GH, during and after exercise,
which seem to target VAT.

CENTRAL OBESITY

Abdominal muscles
Visceral adipose tissue

Subcutaneous adipose tissue

Figure 1.
Central obesity and subcutaneous and visceral adipose tissue.
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Putting together these considerations, the aim of this chapter is to integrate
knowledge about the relevance of exercises and/or GH to the management of indi-
viduals with obesity.

2. Growth hormone

GH is secreted at the anterior pituitary gland in a pulsatile manner and is primarily
regulated by hypothalamic neuropeptides GH-releasing hormone and somatostatin,
which stimulate and inhibit GH secretion, respectively [21]. It is known that resis-
tance exercise (RE) is considered the most effective potent and physiological stimulus
for GH release [22, 23], but little about how RE alters somatotroph content and
function. Importantly, Rudman et al. [24] verified that when GH was administered
to older healthy male, there were substantial decrease in AT mass, and significant
increase in lean body mass. After that, studies have shown that GH therapy can
improve VAT, circulating lipid levels, and insulin resistance in individuals with
obesity and/or diabetes [15, 25]. In addition, it was observed the potential utility of
GH therapy for the amelioration of age-related declines in metabolic function and
body composition. GH is a potent anabolic hormone that affects multiple systems
within the body and plays a significant role in lipid metabolism at various sites, such
as liver, skeletal muscle, and AT [26]. Meanwhile, side effects of GH therapy such
as an increased likelihood of soft tissue edema, joint pain, carpal tunnel syndrome,
gynecomastia, hypertension, and diabetes have been reported [27, 28]. Considering
these findings, exogenous GH therapy would became typically reserved for individu-
als with GH deficiencies resulting from hypothalamic/pituitary disease [29]. Despite
this, there has since been increasing interest in identifying therapies, including
lifestyle interventions, that increase physiologic GH release and action.

Considering the obesity, the somatotropic axis, that is a primary regulator of
the metabolism, has particular relevance. The somatotropic axis consists of GH and
insulin-like growth factors (IGF-I and IGF-II), and related to carrier proteins and
receptors, which are further regulated by nutritional status and hormones such as
ghrelin and insulin [30, 31]. During periods of fasting or stress, GH promotes the use
of lipids as the primary fuel source in order to preserve carbohydrates and protein
stores. In the liver, lipid uptake and production are increased through the phosphory-
lation of sterol regulatory element-binding proteins and by increased lipoprotein
lipase (LPL) expression. In addition, GH also indirectly would increase the fatty acid
oxidation and, additionally, would activate the adenosine monophosphate-activated
protein kinase pathway [21].

GH is a powerful regulator of lipid metabolism, but its effect depends on the
target. GH has lipogenic effects within the liver, however, the opposite occurs in AT,
particularly VAT, where GH elicits lipolytic effects due to the suppression of LPL
activity [17]. During exercise or fasting, GH stimulates the release of free fatty acids
(FFAs) in the circulation to be delivered to various organs, including myocytes. In this
case, FFAs may be repackaged as triglycerides or undergo B-oxidation in the mito-
chondria. While it is recognized that GH also elicits various effects on glucose and
protein metabolism, exercise induced alterations in physiologic GH appear to primar-
ily affect the AT lipolysis [32, 33].

Increased ectopic fat, such as VAT and intrahepatic triglyceride, contributes to
insulin resistance and may affect the feedback control system of the somatotropic
axis, resulting in a cascade of metabolic impairments [31].
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3. Relationship between GH and exercise

Increases in GH secretion due to stress, such as fasting, or exercise contributes to
lead increases in circulating FFAs [34]. Stokes et al. [35] showed that FFA levels may
also regulate GH throughout a negative feedback control, as nicotinic acid-mediated
suppression of lipolysis, and consequently reducing circulating FFAs, led to an impor-
tant GH response. This finding may help further explain why individuals with obesity
and reduced cardiorespiratory fitness (CRF), who on average have elevated levels of
FFAs [36, 37].

Regular aerobic exercise enhances the ability of the body in the transportation
and oxidization of FFAs during exercise [38]. This is also found in individuals with
impaired fatty acid oxidation, such as those with obesity and diabetes [38-40], and
it has been suggested that these improvements may be mediated through exercise-
induced increases in mitochondrial and fatty acid transporter content, carnitine
shuttle activity, and CRF [41, 42].

It is reported that low CRF may be a greater predictor of metabolic dysfunction
than VAT [43], and as such, improving CRF has emerged as a therapeutic target for
individuals with obesity-related disease. Moreover, acute exercise would temporar-
ily increase the GH release, and such responses would be mediated by CRF [4].
Furthermore, although both aerobic and resistance exercise elicit a GH response, the
relative contribution of aerobic exercise on GH response and action arguably is not
totally understood. In this context, the evaluation of factors that contribute to aerobic
exercise-induced GH response and how these changes influence VAT and cardiometa-
bolic health more broadly have been studied [4].

GH promotes lipolysis within AT and increases mitochondrial oxidative capacity
[44, 45] Although obesity decreases the exercise-induced GH response, CRF, which,
at least, partly, is related to the muscle oxidative capacity, would be a more relevant
determinant of exercise-induced GH secretion [4, 46].

Although the exercise and GH eliciting similar effects on AT and lipid metabolism,
it is unclear whether exercise induced desirable effects in central adiposity are medi-
ated by changes in physiologic GH response or if these effects in central adiposity and
GH response are independent of exercise adherence [33, 47].

Acute aerobic exercise has been shown to increase GH levels, and these changes
have been shown to be strongly associated with exercise intensity and volume, a
function of exercise duration and frequency [48, 49]. It is suggested that exercise-
induced GH responses may only be elicited at, or above, specific exercise volume
and intensity parameters. Sasaki et al. [50] reported that with high-intensity interval
training (HIIT) or moderate-intensity continuous training (MICT), the magnitude of
GH response to exercise did not increase from pre-intervention measures in sedentary
but otherwise healthy men for both interventions. Zhang et al. [51] reported, ina
randomized controlled trial with young women with obesity, that when compared
to energy-matched MICT, HIIT or supramaximal aerobic exercise led to greater
VAT reduction but not greater changes from pre-intervention levels in serum GH
measured immediately or 4 h after exercise. In fact, all groups showed elevated GH
responses to exercise; however, only the higher-intensity interventions decreased
VAT, suggesting that other factors likely contributed to these improvements. In
addition, Calixto et al. [52] reported that the velocity of eccentric muscle action
alters the acute responses following bench press exercises performed by resistance-
trained men with a slow velocity leading to greater metabolic stress and GH response.
Jorgensen et al. [53], previously, have pointed out that GH stimulates lipolysis and

132



Obesity: The Relationship between Growth Hormone and Exercises
DOI: http://dx.doi.org/10.5772/intechopen.110785

lipid oxidation during basal and fasting conditions and investigated whether GH
also regulates substrate metabolism during exercise. The GH-deficient individuals
were studied during exercise with and without GH administration as compared to
untreated healthy subjects. It was verified that the GH predominantly stimulated the
turnover of free fatty acids in the recovery phase after exercise. Then, it is possible
to verify that aerobic and anaerobic exercises influence of GH secretion [51-53] and,
consequently, these exercises could have positive effects on the CO.

Whole-body vibration exercise (WBVE), used in systemic vibratory therapy
[54], is a type of physical exercise. In the WBVE, mechanical vibration (MV) gener-
ated in the vibrating platform is transmitted to the body of an individual that is in
contact with this platform. Some publications have reported that the WBVE can alter
the release of GH [55-58]. The potential physiological effects of WBVE on various
organs/tissues would be also related to possible neuromuscular responses and the
tonic vibratory reflex [59-61]. Moreover, the interaction of the MV with the mecha-
nosensory system would be also involved in the effects described by the WBVE. The
mechanosensors in the body cells, once stimulated by the MV, modulate the biological
activity through specific signaling pathways, such as releasing hormones, like GH,
and other substances (e.g., amino acids, proteins, lipids, ions) [54]. In consequence,
several biological effects might be observed in several organs and tissues due to the
WBVE [59, 61]. Furthermore, it is relevant to highlight that WBVE, depending on the
parameters used in the protocols of the interventions and posture, can be considered
aerobic or anaerobic exercises [62, 63].

The mechanisms driving the exercise-induced improvements in cardiometabolic
outcomes and the relation with the GH is not fully clear yet. But, due to the vari-
ous metabolic impacts of the exercise and GH, it is presented in Figure 2 a possible
relationship among GH and exercise, VAT and obesity.

Like GH, exercise exerts potent lipolytic effects, particularly on VAT [59].
Furthermore, exercise elicits improvements in ectopic fat in the absence of body

Growth Hormone

&

Visceral adipose tissue Cardiometabolic outcomes

Aerobic exercise — E P

ol , LET

Whole-body vibration exercise; Walking; Pedaling; Jump rope
N

Figure 2.
The proposed relationship among growth hormone, physical exercises, adipose tissue, and cardiometabolic
outcomes. Green lines represent positive effects from physical exercise to visceral adipose tissue.
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mass loss [4]. As exercise induced GH response occurs in an intensity-dependent
manner, and appears to be mediated by CREF, this may explain why HIIT can lead to
similar improvements in WC and VAT than in higher-volume MICT despite requiring
less time and expending less energy [60]. Moreover, considering the physiological
adaptations and general health benefits of HIIT, individuals with obesity would be
encouraged to perform such exercise.

4, Conclusion

In conclusion, it appears that exercise-induced reductions in VAT are mediated by
induced changes in GH levels. This could be due to the similar lipolytic effects of both
GH and exercise on VAT and this relationship would benefit the role of different types
of exercises (aerobic and anaerobic exercises) as interventions against the obesity.
Preventing and understanding the development of obesity is therefore essential, if
it is wanted to curb the global epidemic and save social security several million costs
concerning health problems.
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