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Preface

This book, Growth Disorders and Acromegaly, aims to provide an overview of the recent prog-
ress in growth disorders including growth hormone deficiency (GHD) and acromegaly, and
worldwide research in growth failure, with a focus on different research areas relevant to
these problems. These include the effects of growth hormone (GH) and its deficiency on the
brain, cardiovascular system, female gonadal system (ovarian functioning), liver, kidney,
adrenal gland, skeletal muscles, bones, hematopoietic system, and gastrointestinal system in
children and adults. Also, this book reviews the causes and diagnoses of fetal growth defect
including intrauterine growth restriction (IUGR) and fetal small for-gestational-age (SGA). It
describes the role of the pituitary/placental human GH (hGH) and insulin-growth factor-1
(IGF-1) gene families during pregnancy. The authors have also contributed articles not only
on the GH replacement therapy during pregnancy but also on the role of hGH locus in pio-
neering personalized medicine. This book proposes the impact of GH on germ cell prolifera-
tion/migration, testicular development, pubertal maturation, testicular steroidogenesis, and
erectile function. It follows the impact of GH/Insulin/IGF-1 signaling in the regulation of tes-
ticular metabolic and energy status. Finally, this book illustrates the therapeutic potentials of
GH on reproductive health and male infertility, the pegvisomant, colorectal neoplasms in
acromegaly, epidemiology and underlying mechanisms and the surgical managements of
acromegaly.

Ahmed, R.G.

Prof. Dr. of Developmental and Experimental Biology
Division of Anatomy and Embryology, Zoology department
Faculty of Science, Beni-Suef University, Egypt

Ahmet Ugar

MD, Associate Professor

University of Health Sciences, $isli Hamidiye Etfal Education and Research Hospital
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Chapter 1

Introductory Chapter: Growth Disorders

Ahmed R.G.

Additional information is available at the end of the chapter
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For most of the last decade, the field of growth disorders has evolved with more decisive
signs of its detrimental potential to the health and development of fetuses, neonates, child-
hoods, and adults. This introductory chapter is, briefly, embracing themes on the growth dis-
orders including growth hormone deficiency (GHD) and fetal growth restriction (intrauterine
growth restriction (IUGR)). It then goes on to cover the effects of GHD or IUGR on different
biological systems.

1. Harmful effects of GHD

The numerous actions of GH and insulin-growth factor-1 (IGF-1) play an important role in the
health and development of offspring/individual [1-7]. The disorder in this axis/GHD during
the development caused several complications including weight defect and developmental
distortion [8-12]. A systemic GHD can induce hypersensitivity (mechanical and thermal) dur-
ing the early postnatal period [13]. Also, GHD can decrease the minerals in bones and increase
the risk of fracture in adults [14]. The harmful actions of GHD are reinforced in the presence
of hypopituitarism [14-16].

2. IUGR and GH treatment (GHT)

On the other hand, IUGR disrupted the neurodevelopment processes (proliferation, migra-
tion, and maturation) [17-20]. IUGR/GHD can cause fetal small for gestational age (SGA)
[21] and increase the risk of cardiovascular, renal, visual, and mental diseases [22]; diabetes
mellitus/obesity (increase in fat mass) [23, 24]; metabolic inflammation [25]; liver dysfunction
[26]; mitochondrial imbalance (impair oxygen transport capacity) [27]; or immune problems
[28, 29]. Moreover, GHD can delay the development and maturation of the male reproductive
system [30] and the female reproductive system [31, 32]. The GHT is more effective on the
female fertility [31], sperm efficiency [33], and mood and cognitive behavior in patients with

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [(cc) ExgIEN



4 Growth Disorders and Acromegaly

GHD [34]. The outcome results of GHT depend on the age, gender, body mass index (BMI),
muscle/bone index, and waist circumference. However, studies of possible effects of GHT on
the gonads (sperm/ova quality) and fetal growth patterns in pregnancy are scarce.

Thus, the current Growth Disorders book will be of consciousness to scientists, embryologists,
neuroendocrinologists, neurotoxicologists, and physicians coveting to follow recent publica-
tions in this field. This book explores in more detail the effects of GH and its deficiency on
the brain, cardiovascular system, female gonadal system (ovarian functioning), liver, kidney,
adrenal gland, skeletal muscles, bones, hematopoietic system, and gastrointestinal system in
children and adults. Also, this book reviews the causes and diagnoses of fetal growth defect
including IUGR and SGA. It describes the role of the pituitary/placental human GH (hGH)
and IGF-1 gene family during pregnancy. Another theme of interest in this book is related
to the impact of GH on germ cell development (proliferation, migration, and maturation),
testicular development, pubertal maturation, testicular steroidogenesis, and erectile function.
It follows the role of GH/Insulin/IGF-1 axis in the testicular activity. Finally, this book will dis-
cuss the impact of GH replacement therapy during pregnancy and its therapeutic potentials
on reproductive health and male infertility.

Author details

Ahmed R.G.
Address all correspondence to: ahmedragab08@gmail.com

Division of Anatomy and Embryology, Faculty of Science, Zoology Department, Beni-Suef
University, Beni-Suef, Egypt
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Growth Hormone Deficiency: Is It Just a Problem of
Growth Impairment? Part |

Jesus Devesa

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.88837

Abstract

The concept that the growth hormone (GH) is a merely metabolic pituitary hormone
with effects on the longitudinal growth of the organism until the end of puberty has been
questioned in recent years. We know today that the expression of GH also occurs in vir-
tually all organs and tissues where it performs very important autocrine/paracrine and
even intracrine functions. GH acts on all organs and tissues, being particularly important
in the development of the brain during the fetal period. In addition, the hormone, after
interacting with its membrane receptor, is internalized together with its receptor, allow-
ing it to reach the cell nucleus where it acts as a transcription factor. In the first part of this
review, we will analyze the effects of GH on the brain, the cardiovascular system, and the
gonadal system, as well as the adverse effects that occur in the GH deficiency not treated
in children and adults. GH is absolutely necessary for a normal brain development and
also for repairing the nervous system after an injury. Moreover, GH plays a very impor-
tant role in the cardiovascular system, as well as in normal gonadal functioning.

Keywords: GH deficiency, IGF-I, GH and nervous system, GH and cardiovascular
system, GH and gonadal functioning

1. Introduction

Almost a century ago it was reported that the treatment of rats with bovine anterior pituitary
gland extracts led to an increase in the growth of the animals treated with these extracts [1];
however, it was not until 35 years later, when from these pituitary extracts, from humans, in
this case, the factor responsible for this effect on growth could be isolated and administered to
human dwarfs that then began to grow normally [2], but this growth factor had to be obtained

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgNN
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from human cadavers, and it was not pure and safe for its therapeutic use, until in 1971 its
primary sequence was characterized and became known as growth hormone (GH). After that,
and due to the development of genetic engineering, it was possible to start producing, since
1981, using recombinant DNA technology, unlimited amounts of the pure and safe hormone,
obtained both from prokaryotes and eukaryotes, to be used in the treatment of children with
GH deficiency (GHD).

Soon, the clinical use of GH and preclinical investigations allowed to know that the hormone
was not only responsible for the longitudinal growth of the organism, but also it is a metabolic
hormone with a counterregulatory function (it produces hyperglycemia since it antagonizes
the actions of insulin on tissue uptake of glucose and induces lipolysis and protein anabo-
lism). Moreover, GH induces the expression of many different growth factors (such as insulin-
like growth factor I [IGF-I]) and exerts direct effects on cellular proliferation, differentiation,
and survival [3].

In the last years, several investigations modified this classical description of GH as the hor-
mone responsible for growth. While there are no doubts about the fact that GHD children
grow defectively until they are treated with GH, many data indicate that the GH-growing
effect mainly depends on the GH-induced liver production of IGF-I. In turn, the liver pro-
duction of IGF-I is conditioned by the nutritional status of the organism, particularly the
hepatic metabolism of glucose, and IGF-I is the hormone responsible for the longitudinal
growth of the organism, a fact clearly seen in children of short stature in whom a defect
in the hepatic receptor for GH (GHR) impedes that GH induces hepatic IGF-I expression
[4, 5]. In this situation there are high levels of plasma GH but extremely low levels of
plasma IGF-], a condition that also can be seen GHR null mice [6, 7]. The administration
of recombinant IGF-I reverts this growth problem, as it happens in children with Laron
syndrome. Moreover, growth velocity in obese children is normal, despite that obesity leads
to decreased or practically absent GH secretion, but in them, plasma IGF-I level is high [8,
9]. On the contrary, undernourished children or anorexia nervosa patients present high GH
secretion but extremely reduced plasma IGF-I levels leading to decreased growth velocity
[10, 11]. Curiously, there have been reported cases in which growth is normal and the final
height is even above the target height in patients with persistent untreated GHD and unde-
tectable IGF-I levels [12]; these patients suffered combined pituitary hormone deficiencies
after resection of craniopharyngiomas and hypothalamic tumors. This led the authors to
suggest that growth factors different to GH, IGF-I, insulin, or prolactin could play a growth-
promoting role [12].

Currently, there are some other important concepts that go further to the classical descrip-
tion of GH. For instance, we know that there is a peripheral expression of the hormone, in
practically all the tissues and organs where it plays an autocrine/paracrine role in the cells [3].
Therefore, besides the pituitary GH, there is a peripheral GH system owning specific proper-
ties. On the other side, the hormone, after interacting with its GHR in the cell membrane, is
internalized together with its receptor via the endosomal pathway [13-15]. Once inside the
cell, the hormone, which has arrived from the plasma, and its GHR are translocated to the
nucleus where they act as transcription factors [13]. Therefore, the detection of the GHR in a
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cell nucleus indicates that there has been a previous interaction between GH and its receptor
at the level of the membrane of this cell. This concept is schematized in Figure 1.

Data from our group indicate, at least in rats, that once internalized, GH can undergo a tissue-
specific proteolytic processing, which originates different molecular forms. The actions of
these GH-derived forms are unknown, but the type of them depends on the sex and age of
the animal [16].

A review of the multiple actions that GH performs in the organism, far beyond its classically
defined effects, can be seen in [3, 17].

Of course, any child with GH deficiency should receive hormone replacement therapy, but
this does not always happen, and in the case of adults whether or not they are GHD, GH
secretion decreases gradually with age, after age 20 [18], which may have a causal relation-
ship with cardiovascular events and neurodegenerative diseases typical of aging.

Figure 1. GH induces the translocation of its receptor to the nucleus of the cell. (1) After the binding of extracellular GH
to its membrane receptor, a number of signaling pathways are activated (2) producing different biological effects. (3) GH
and its receptor also are internalized via endosomes. There they suffer proteolytic degradations giving origin to shorter
molecular forms which perhaps have a biological significance. (4) The internalization of GH and its receptor allows that
they are translocated to the nucleus of the cell, where they act as transcription factors.
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In this review we will analyze the possible harmful effects that the lack of GH can produce on
a series of tissues and organs in the human body, without considering the known affectation
of the longitudinal growth that occurs before puberty ends in untreated GHD children.

2. Untreated GH deficiency

Since many years ago, to establish that there is GHD implies the analysis of the amplitude of
the GH response to at least two provocative stimuli, such as insulin-induced hypoglycemia,
oral clonidine administration, propranolol plus exercise, etc. However, in many cases these
tests produce a number of false-positive or false-negative responses [19]. This is due to the
existence of an intrinsic hypothalamic-somatotroph rhythm, as we demonstrated in 1989 [20],
that can condition the GH response to a provocative stimulus. As far as we know, the unique
test in which no errors occur is the clonidine-GHRH test [21], but GHRH is no longer available
in Spain and many other countries. The consequence of the lack of provocative tests that do
not give uncertain results is that many children do not receive GH replacement therapy when
in fact they need it.

2.1. GHD and nervous system functioning

Both GH and IGF-I play key roles in the development, maturation, and function of the brain
[22, 23]. In fact, the presence of GHR in the brain is detected very early during neural develop-
ment [24]. This implies that GH has to be present in the brain for interacting with its receptor
[24]. This cerebral GH can come from the fetal anterior pituitary gland since the presence of
this hormone in this gland has been identified toward week 7 postconception, and in plasma
itis already detectable by 10 weeks of pregnancy [25, 26]. However, although it is well known
that plasma GH can easily reach the central nervous system (CNS) [24], since GH-binding
sites exist in the choroid plexus where they may act as carriers for plasma GH, a number of
data indicate that the own GH is also synthesized in the CNS [27, 28], where, curiously, its
regulation seems to be different to that of the pituitary GH. IGF-I is also synthesized in the
CNS [29], and its expression, induced by GH, has been detected in neural stem cells from
fetal human forebrains [30]. Both GH and IGF-I play a very important reparative role after a
brain injury, a hypothesis postulated a long time ago [31] and later proved by many preclini-
cal and clinical studies, regardless of whether the experimental animals or human patients
were GHD or not [32-49].

Of interest here and before analyzing the effects of the lack of GH on the functioning of the
brain is the case of children born small for gestational age (SGA) because of intrauterine
growth retardation (IUGR) [50]. Together with several affectations that may occur later in their
life (increased cardiovascular risk, diabetes mellitus type 2, and renal diseases), these children
usually show decreased intelligence and cognition [51], especially manifested by the decrease
of short-term memory. Animal studies in which IUGR had been induced showed that there
was a decreased volume of both hippocampus and cerebellum [52, 53], a delayed neuronal



Growth Hormone Deficiency: Is It Just a Problem of Growth Impairment? Part |
http://dx.doi.org/10.5772/intechopen.88837

migration to the cortex [54], and delayed dendritic and axonal outgrowth [53, 55, 56]; in addi-
tion, there was cortical thickness, decreased number of neurons [52, 53, 57, 58], and clearly
reduced myelination [53, 55, 59, 60]. Similar results have been found in premature children
with IUGR in whom there is a reduction of total brain volume, mainly in cerebral cortical
gray matter [61-63], later traduced in attentional deficit, among other cerebral deficits, such as
visual affectations. These concepts are schematized in Figure 2.

While it is now clear that the system GH/IGF-I plays a key role in the development of the
fetal brain, although the pituitary GH does not exert any effect on the longitudinal growth of
the fetus [3], there are no data indicating that IUGR children suffer from a deficient or absent
GH production by the neural stem cells during the fetal development. It is also not known
how the regulation of the cerebral production of this hormone takes place, but in any case
and based on the data presented, it is reasonable to think that in these children with IUGR,
a treatment with GH should be administered shortly after birth, to avoid and/or reduce the
described deficits, something that generally does not occur. If a child with short stature is
treated with GH, to increase his height, treatment usually does not begin before 4-5 years of
age, but at these ages, the brain has already developed.

Similar brain deficiencies, although perhaps more marked, occur in untreated GHD children.
Lack of attention and perception, deficient executive functions, and poor short-term mem-
ory are usual cognitive impairments observed in these children, who also show behavioral
disorders. The same happens in GHD adults, in whom, in addition, there is a deteriorated
psychological well-being. These impairments in cognitive functioning, especially subnormal
memory speed, have been visualized by functional magnetic resonance imaging [64]. GH

IUGR or prematurity
and IUGR hippocampus

 Decreased volume of=|
D) off & . b Delayed neuronal cerebellum
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Cortical thickness
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Attentional deficits
Memory deficits
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Figure 2.Schematic description of the affectations that may happen in children with IUGR or prematurity plus
IUGR. Red arrow indicates the main alterations that may appear in these children.
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replacement therapy recovers these deficits, both in children and adults, leading to marked
improvements in the quality of life [65-71].

The question that should be asked now would be: how does GH exert these important actions
in cognitive functions?

GH seems to be a very important regulator of hippocampus-dependent spatial learning and
memory, therefore being able to revert memory deficiencies produced by alterations in cho-
linergic neurons and an imbalance in hippocampal glutamatergic and GABAergic synapses
[72]; in addition, GH increases the blood flow to the brain and induces, via activation of PI3K/
Akt pathways, the translocation of Glut4 vesicles to the plasma membrane for allowing the
entry of glucose in neurons [73], and enhancement of excitatory synaptic transmission through
NMDA receptors [74-77]. Although these studies have been carried out in rats, our recent
data in an older woman support these effects of GH, not only in the hippocampus but also in
practically all cortical areas, as measured by PET scans performed before GH administration
and 1 month later [49]. It is likely that these effects of GH on cognition and the metabolic activ-
ity of the brain are also due to the effects of the hormone on the adult neurogenesis, both in
physiological conditions and after a brain injury. It is also possible that, apart from the direct
effects of GH in the brain, some of its actions are mediated by the induction of the expres-
sion of several neurotrophic factors, such as IGF-I, brain-derived neurotrophic factor (BDNEF),
erythropoietin (EPO), vascular endothelial growth factor (VEGF), epidermal growth factor
(EGF), and some cytokines [3]. GH also modifies the levels of the main neurotransmitters
(serotonin, noradrenaline, dopamine, the glutamatergic system, the opioid system, and the
cholinergic system) in several brain areas, although the type of modification differs according
to the brain area (for review, see [3]).

As stated above, the pituitary secretion of GH decreases progressively throughout aging; con-
sequently, human adults suffer affectations in their cognitive functions, mainly short-term
memory and their quality of life. Therefore, older people suffer a kind of GHD which can be
reversed with GH replacement therapy.

There are other pathological situations in which a non-classic GHD appears, susceptible of
being corrected, total or partially, with GH administration. This is the case, for instance, of
children with cerebral palsy, traumatic brain injuries, stroke, spinal cord injuries above T5-
T6, or neurosensorial hearing loss, and even injuries in central or peripheral nerves.

Data from our group indicate that in a large number of children with cerebral palsy, 70% of
them lacked normal GH secretion [78]. We do not know if this GHD is a consequence of the neo-
natal injury or if it occurs as a result of the high spasticity that leads to a deficient production of
IGF-I, but in any case GH administration in these children is very useful and helps to the kine-
sitherapy and the recovery of lost brain functions [40, 79]. Similar recoveries, after GH admin-
istration and rehabilitation, have been seen in traumatic brain injuries [35-37, 39, 4144, 47]
and after a stroke, both in rats [48] and humans [80, 81]. Figure 3 shows the recovery of a
52-year-old man who, 1 year previously, had suffered an ischemic infarction of the left middle
cerebral artery, which led to aphasia and right hemiplegia. We treated him with GH and
rehabilitation, and 18 months later he had fully recovered, without any sequel.
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Figure 3. Recovery from an ischemic stroke. The patent suffered aphasia and right hemiplegia. He was treated with
rehabilitation and GH (0.6 mg/day during 3 months, followed by 1 month without GH administration, and again
another 3 months under GH treatment. This pattern was conducted over 18 months). At discharge he had recovered all
lost functions. In the picture, it can be seen how the patient moves perfectly the right arm and leg, previously paralyzed.

In the case of the spinal cord, injuries above T5-T6, there is a loss of the afferent inputs
from the spinal cord to the sympathetic ganglionic chain resulting in a decreased or absent
supply of catecholamines to the hypothalamus. The result of this situation would be an
increased hypothalamic somatostatin release and, consequently, deficient or insufficient
GH secretion [82]. This GHD in patients with spinal cord injuries had been reported years
ago [83, 84], but never were they treated with GH, until 2007, when we began to treat these
patients with the hormone and rehabilitation, based on the fact that there are neural stem
cells in the spinal cord ependyma whose proliferation and differentiation is stimulated by
GH, with good or very good results in many cases (Figure 4), although we still have not
published our results.

Recently, the administration of GH to this type of patients has been reported to be safe and
effective [85]. The effects of GH on the spinal cord have been clearly demonstrated by our
group in a young child affected by caudal regression syndrome at the L2 level [86]. The treat-
ment started when the patient was 3 months old. Five years later and, even though the patient
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Figure 4. Recovery from a complete spinal cord injury (level C5-C6, ASIA A). The injury occurred 6 years before, at
16 years old. (1) The patient at admission. He could only move his arms but did not reach the mouth. He had a great
spasticity. He was treated with rehabilitation and GH (1 mg/day, following the same pattern described in Figure 3). (2)
Two years later he was able to walk with the help of a walker. Currently, 10 years after discharge, he walks 5 km/day,
although he still needs the walker.

also suffered from a lack of sacral bone, he was able to walk with the help of a cane and to get
up from the ground without help, has full sensitivity in the legs and feet, and has sphincter
control. This indicates that, although the spinal column did not grow, new spinal roots were
formed that fully innervated the legs, feet, and sphincters. These effects, the first case in the
world, only can be attributed to GH.

Neurosensorial hearing loss is a quite common finding in children with perinatal prob-
lems and also in children with alterations in GH secretion or its signaling pathways [87,
88]. We treated with GH and specific auditory stimulation a child with cerebral palsy,
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beginning when he was 3.5 months old, and 14-months later he was fully normal [89].
Most likely hearing loss was recovered due to the effect of GH on the production of hair
cells from stem cells existing in the cochlear sensory epithelium. These stem cells are pres-
ent only in very young children and respond to GH proliferating and differentiating. This
was the first known case in which hearing loss was recovered by the administration of this
hormone.

GH is also a promising therapy for central and peripheral nerve injuries. For instance, a com-
mon finding in children with cerebral palsy is a delayed conduction from the retina to the
occipital cortex, but we corrected it with the administration of GH and visual stimulation with
a tachistoscope [90] (Figure 5).

In this case, it is likely that the hormone increased the number of fibers in the optical nerve
and promoted myelination of them. A similar regeneration was obtained in an untreated GHD
patient, 15 years after she suffered a brain surgery because of a bulbar astrocytoma (what
was the cause of the GHD). The surgery produced paralysis of oropharyngeal structures,
paralysis of vocal cords, and lack of primary esophageal peristalsis, because of iatrogenic
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conduction velocity from the retina to the occipital cortex, after being treated with GH (0.04 mg/kg/day) and visual
stimulation with a tachistoscope. This indicates an increase in the number of fibers and myelination of the optical nerve.
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Figure 6. Recovery from cranial nerve pair damage 15 years after bulbar surgery. (1) The patient at admission was
unable to move the tongue, it was atrophic, and the mouth continuously accumulated highly dense mucous saliva
(sympathetic saliva). (2) Four months after being treated with GH (1 mg/day, 5 days/week) and speech therapy, the
tongue had increased its size and showed important mobility; the patient began to speak and ceased to accumulate
sympathetic saliva. (3) Indicates the inability to move the tongue forward (red rectangle). (4) Four months later these
forward movements clearly improved (red rectangle). (5) At admission there was paralysis of the vocal cords. (6) Eight
months later the vocal cords move normally. The patient was discharged practically recovered from her dysfunctions.

palsy of cranial nerve pairs IX, X, and XIL Therefore, the patient was unable to speak or
swallow, her tongue was atrophic, and vocal cords were paralyzed. Moreover, her mouth was
continuously full of sympathetic highly dense mucous saliva, and there was the need of noc-
turnal volumetric ventilation because of the severity and frequency of her sleep apneas. Eight
months after beginning a treatment with GH and speech therapy, the patient was discharged
practically recovered [91] (Figure 6).

Since the patient had undergone an intense oral rehabilitation for almost 15 years, without
any success, it seems clear that the administration of GH was the factor responsible for the
recovery of damaged cranial nerves.

We also demonstrated, in rats, that the administration of GH administration led to complete
functional recovery of the sciatic nerves after their transection [92], promoting the appearance
of a high number of axons and Schwann cells, while in the group of rats treated with placebo,
a persistent paralysis of the affected limb was present.
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In summary, from these and many other data, it is clear that GH is a hormone that plays many
important roles in the development and functional maintenance of the nervous system, cen-
tral and peripheral, and/or its repair when an injury exists. These effects have nothing to do
with the longitudinal growth of the organism, but do not appear in untreated GHD children
or adults when really they do need the replacement therapy with the hormone.

2.2. GHD and cardiovascular system

As it happens in the brain during fetal development, GH has direct effects in the heart of
the fetus; the hormone induces myocardial growth and improves the cardiac function [93].
Fetal GH induces mRNA expression of specific contractile proteins, increases the force of
cardiac contraction, and induces the phenoconversion of myosin toward the low ATPase
activity V3 isoform [93]. This allows to increase the number of actin-myosin cross-bridges
and their attachment time, enhances protein calcium sensitivity and calcium availability,
and allows the myocardium to function at lower energy cost. Therefore, the fetal heart is
able to beat at high frequency without spending too much energy. After birth, this changes,
and myocardial remodeling occurs; the V1 myosin is then expressed, which implies a
higher ATPase activity. Some of these effects of GH on the fetal heart may be produced by
GH-induced IGF-I expression in the heart. The GH-IGF-I axis may also regulate cardiac
metabolism, by increasing amino acid uptake, protein synthesis, cardiomyocyte size, and
myocardial-specific gene expression. In addition, GH-induced IGF-I reduces apoptosis of
cardiomyocytes, thus preventing myocyte loss, and increases the collagen deposition rate
in the heart [94-99].

Although many of the aforementioned studies come from preclinical research, the important
role that GH plays at the myocardial level can be easily observed by analyzing what happens
in untreated GHD children and adults. In them, there is cardiac atrophy with a significant
reduction in the left ventricle mass, relative wall thickness, and cavity dimensions, in com-
parison with age-, sex-, and height-matched controls [100-104]. These patients also have a low
ejection fraction, low cardiac output, and high peripheral vascular resistance [100, 102-105].
As is logical, physical exercise increases these alterations; consequently, the intensity of exer-
cise and its duration are reduced in both GHD children and adults [106, 107]. However, adult-
onset GHD does not produce a reduction in cardiac mass. GH replacement therapy in GHD
adults exerts significant positive effects on cardiac abnormalities, as it has been shown in
several trials. The left ventricular mass increases, cardiac performance improves, and diastolic
filling and systolic function also improve, both in GHD children and adults when they receive
a GH treatment [100-102, 104, 105, 108] (Figure 7).

Therefore, and given the positive effects of GH on the heart, it is likely that GH treatment
may be useful in patients with heart failure, even if they are not GHD. Many recent studies
support such a possibility, and the treatment with GH has been proposed and carried out
with very good results in untreated GHD children and adults with heart failure and also
in patients suffering this affectation even though they are not GHD [109-117], although
there are studies suggesting that this GH therapy only provides positive results in GHD
patients [118].
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Figure 7. The effect of GH treatment on cardiovascular functioning in GHD patients. Untreated GHD patients suffer
several important affectations in the heart. This leads to an increased cardiovascular risk and decreased exercise. GH
administration reverts (blue arrow) these cardiac affectations and improves the quality of life in these GHD patients.

In any case, the interactions between the heart and GH are very complex. An example of it is
the fact that the heart may condition body growth in children with heart diseases. This is due
to the fact that, in these situations, cardiomyocytes produce and release a peptide known as
GDF15, which inhibits liver signaling by GH; therefore, liver IGF-I is not released, and body
growth is affected [119].

The GH/IGF-I system also exerts important actions at the vascular level. For instance, this
system activates the production of nitric oxide (NO) that induces the relaxation of arterial
smooth muscle cells; as a consequence, the vascular tone is reduced. In addition, NO inhib-
its the proliferation and migration of smooth muscle cells, decreases platelet adhesion,
and decreases lipoxygenase activity and oxidized LDL cholesterol [120-124]. These are
some of the reasons by which GHD patients show an abnormal vascular reactivity [125],
although the lack of effect of GH on the expression of the vascular smooth muscle KATP
channel may also be involved in this affected vascular tone observed in untreated GHD
patients [126]. GHD have an increased risk of atherosclerosis and vascular mortality [127].
GH treatment restores the vascular resistance and vasodilation and even may reverse early
atherosclerosis.

GHD patients present markedly increased muscle sympathetic nerve activity [128], which
seems to be of central origin and perhaps is an important mechanism leading to secondary
hypertension and increased cardiovascular morbidity in these patients. In fact, 1 year of treat-
ment with GH induces, in adults GHD, an effect on decreasing sympathetic nerve activity in
the muscular vascular bed [129].

GH also plays a significant role on angiogenesis, contributing to regulate vascular growth
and function (for review, see [17]). Most likely this is the reason by which the skin of adult
GHD patients shows reduced capillary density and permeability, and these are improved
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after treatment with GH [130]. Retinal vascularization is reduced in children and adults GHD
[131, 132], although this may be a consequence of decreased IGF-I [132], since the vascular
effects of GH may be exerted by other angiogenic agents induced by the hormone [17].

In summary, GH plays a very important role in the cardiovascular system, and untreated
GHD patients suffer the consequences of the lack of the hormone and its mediators [109,
133, 134] and the risk of developing atherosclerosis, and suffering from cardiac affectations
increases in them.

2.3. GHD and gonadal functioning
2.3.1. GHD and testicular functioning

In males, the effects of GH on testis seem to be different according to the species and the age
of the individual. This is the case of rats and mice. Dwarf rats have small testis and normal
spermatogenic function, suggesting that GH does not play a role in spermatogenesis during
puberty and adult life, although the small testicular size may indicate that these animals have
a small number of Sertoli cells, which in turn would indicate that GH may be important
for the development of prepubertal testis [135]. However, homozygous GH-deficient mouse
mutants (Snell dwarf mice) present infantile seminal vesicles, and spermatogenesis appears
later in life [135]. From this study, the authors concluded that GHD only partially affects the
reproductive axis, and this affectation occurs at an early age.

Unlike what happens in the CNS, plasma GH cannot easily access testicular cells within
the blood-testis barrier. GH gene expression has been detected within the rat, human, and
chicken testes [136, 137]. GHR has been detected in the human testis, mainly in Leydig cells
[138]. Factors which regulate GH secretion are similarly expressed in the testis. This is the
case of growth hormone releasing hormone (GHRH) found in the testis of rats, chicken, and
humans [136, 137]. This testicular GHRH is capable of stimulating the pituitary release of GH,
which indicates that it is similar or the same than the hypothalamic GHRH, but it is also able
to induce the activity of adenylate cyclase (AC) in Sertoli cells [136]. At the testicular level,
receptors for GHRH have been found in Leydig cells, Sertoli cells, germ cells, and even in
the prostate, suggesting that this GHRH can exert specific actions on the testicle, different
from those of GH itself [139]. Another inducer of pituitary secretion of GH, such as ghre-
lin, has also been found in mature Leydig cells of rat and human testis, where it has been
shown that acting on its GHS-R type 1a receptor modulates the proliferation of Leydig cells
and the expression of important testicular genes, such as the stem cell coding factor [140].
Interestingly, negative regulators of GH secretion and the actions of this hormone, such as
somatostatin (SS) and its receptors (SSTR1-SSTR5), have been detected in Sertoli cells of mice
[141]; treatment with somatostatin significantly promotes the apoptosis of these cells and
decreases the expression of IGF-I together with a dose-dependent suppression of the mRNA
level of the kitl gene, which is important in the regulation of spermatogenesis. These findings
suggest that somatostatin and its receptors (mainly SSTR2 and SSTR5) play an important role
in the regulation and development of Sertoli cells [141]. All these data indicate that practically
all the components of the hypothalamus-somatotroph axis exist in the testicle, although it is
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Figure 8. Hormonal factors involved in the functioning of testicular Leydig and Sertoli cells. Left: In Leydig cells there is
expression of a number of hormones related to GH. There is GHR in the nucleus of these cells, indicating that there is GH
expression in Leydig cells (GH?), although the nuclear GHR could proceed from the interaction of endocrine GH with
its membrane receptor. This interaction leads to the expression of IGF-I inside the Leydig cell, and it is also responsible
for the production of testosterone (induced by LH), which is secreted to the plasma. Interestingly, there are receptors
for GHRH in the membrane of Leydig cells, although its role is unknown. In addition, another important inducer of
GH secretion, such as ghrelin, has been found to be expressed in Leydig cells. Ghrelin acts (blue arrow) on its receptor
GHS-R1a inducing the proliferation of Leydig cells and increasing the activation of stem cell coding factor. Right: As in
Leydig cells there are GHR in the membrane of Sertoli cells; this may explain the presence of the GHR in the nucleus
of these cells, although it is not well known, as it is not known if GH is expressed in Sertoli cells (GH?). In Sertoli cells
there are receptors for GHRH (GHRH-R) which activate adenylate cyclase, although the effects produced are not known.
Curiously, somatostatin (SS) and its receptors (mainly SSTR2 and SSTR5) are expressed in Sertoli cells. The interaction
of SS with its receptors (blue arrow) leads to the inhibition of IGF-I and kitl gene expression (red arrows) and induces
apoptosis of these Sertoli cells.

unknown exactly how they act and if there is any relationship with the similar endocrine axis.
These concepts are shown in Figure 8.

Despite the fact that, in this regard, the testis seem to behave like a small hypothalamic-
pituitary gland, endocrine GH promotes testicular growth and development and stimulates
gametogenesis and steroidogenesis in the adult testis. These actions seem to be mediated by
IGF-I, since it can recover testicular differentiation in fetal mice treated with GH antibodies
and testicular growth in children with Laron syndrome [142, 143].

In vitro, GH is a potent steroidogenic factor that stimulates androgen and estradiol produc-
tion by Leydig cells in a number of species including humans. In vivo, GH treatment has
been seen to increase the production of testosterone, induced by chorionic gonadotropin,
and seminal plasma volume, in fertile GHD human patients [144, 145]. Similar effects have
been described in boys with GHD after being treated with GH [146]. However, and con-
trarily to what should be expected, GH treatment in hypopituitary or moderately obese
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men decreases the concentrations of total serum testosterone [147, 148]; most likely this
effect is due to an increased aromatase activity and the resulting increased conversion of
testosterone to estradiol [149]. In this study it was also found that high GH plasma levels
were associated with reduced activity of the anti-Miillerian hormone (AMH), a marker of
the Sertoli cells.

At this point it would be of interest to analyze if there is GH expression in the testis of
GHD patients (children or adults) or experimental animals, both in cases of GHD due
to a traumatic brain injury and a GH gene mutation or deletion, since it has been shown
that in males born small for gestational age GH treatment does not affect the testicular
production of inhibin and AMH [150]. That is, it seems that the pituitary GH does not
play a key role in the testicular functioning, but acts as a co-gonadotropin that improves
the secretion of gonadotropins (Gns), particularly LH, by acting directly or through IGF-I
in the activation of GnRH pulse generator by means of the stimulation of hypothalamic
kisspeptin [151].

It is also important to reflect that the GH variant GHV, seems to be the most abundant GH
mRNA isoform in the human testis [152], while in chicken the GH 17 kDa variant is predomi-
nant [153].

In summary, from these data, it is likely that, in a normal man, endocrine GH synergizes with
gonadotropins, potentiating the effects of these hormones on testicular cells, while the role of
the testicular GH axis and its relationships with endocrine GH remain unknown.

2.3.2. GHD and ovarian functioning

The relationship between GH and ovarian functioning has been widely analyzed since many
years ago. In humans, and in many other species, GH seems to play a direct role in the
nuclear maturation of oocytes [154, 155]. In 1990, the existence of a strong immunoreactivity
for the GH receptor at the nuclear level was described not only in rat oocytes but also in
practically all the reproductive systems of the rats studied [156]. These data led to suggest
that GH could play important and direct actions on reproduction. In human oocytes, the
GHR has been detected in the membrane, in cumulus cells and in the nucleus in mature ova-
ries [157], confirming that GH has to act at this level improving nuclear maturation and the
expansion of cumulus cells, as has been demonstrated in primates [158], and also improving
the cytoplasmic maturation of mature oocytes [159]. There is a genetic expression of GHR in
cumulus cells, mature oocytes, and preimplantation human embryos, in which the expres-
sion of GHR increases from the 4-day morula onwards [154]. This study led to the conclusion
that, in humans, GH plays a role in the maturation of the oocyte and embryogenesis, from
its early stages.

Most of the GH effects on the ovarian functioning are exerted by the hormone locally pro-
duced in the ovaries; however, plasma GH released by the pituitary gland or exogenously
administered also plays an important role in the normal function of the female gonad
and reproduction [160]. In fact, GH participates in the regulation of puberty and fertility,
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although these effects may depend on GH-induced changes in Gns secretion, directly or
via IGF-1[161, 162].

Preclinical and clinical data indicate that an appropriate secretion of GH is needed for sexual
maturation and maintenance of reproductive functions, while GH deficiency may affect the
beginning of the puberty and can produce infertility. In humans, the interaction of GH-GHR
in the ovary promotes the synthesis of sex steroids and induces gametogenesis, inhibits fol-
licular apoptosis, and upregulates ovarian receptors for LH [160, 162, 163]. GHD women, in
which puberty is delayed and the reproductive function is affected, recover a normal ovar-
ian function when they are treated with GH [163]; the same happens in infertile eugonadal
women with GH deficiency in whom GH treatment restores fertility and leads to successful
pregnancies [164].

Although the onset of puberty in girls is a very complex process in which many factors
participate (genetic, nutritional status, ethnicity, among others), there seems to be a rela-
tionship between increased GH secretion and puberty, since this hormone seems to act as a
co-gonadotropin that enhances the effects of Gns on the ovarian production of sex steroids
[165]. In fact, GH deficiency has been identified as the only cause of primary amenorrhea in
three adolescent women in whom the secretion of gonadotropins was normal, suggesting
that GH would play a complementary role to gonadotropins for the onset of menarche [166].
Therefore, and as stated above, GH deficiency negatively affects ovarian function in humans
delaying sexual maturation and fertility, a situation that is reversed with GH replacement
therapy. In addition, GH plays a very important role in ovarian angiogenesis, inducing the
increased vascularization of one of the primary follicles that begin to maturate during a
menstrual cycle allowing it to be the dominant follicle which will release the ovule (for
review, see [167]).

GH also plays a role in the uterus, where the hormone acts very early in gestation. Both
GH and GHR are expressed in the uterus, independently of the existence or not of preg-
nancy [3]. GH induces uterine hypertrophy facilitating the implantation of the embryo. In
women with thin endometrium, the administration of GH leads to greater endometrium
thickness; very early, the hormone leads to higher implantation rates and greater clinical
pregnancy rates than with untreated patients [168]. These effects are due to the prolifera-
tion of endometrial cells and increased vascularization via induction of the expression of
VEGF-A. The increased rates of implantation seem to be a consequence of GH-induced
increased production of metalloproteinases and stimulation of trophoblast cells prolifera-
tion, thus allowing the formation of the blastocyst cavity and invasion of the endometrium,
as it has been seen in mice [169].

In summary, GH plays very important roles in all stages of the ovarian development and
functioning, and recent studies indicate that this hormone can be an important factor as adju-
vant therapy for in vitro fertilization and embryo transfer in infertile women or poor ovarian
responders. Untreated GHD females present delayed (or absent) onset of the puberty, and
impaired fertility is more marked in female patients with childhood-onset hypopituitarism;
they have lower fertility rates and less positive pregnancy outcomes [170]. GH replacement
therapy reverts these alterations.
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3. Conclusions

GH is a key hormone for the normal development of the brain and for repairing the ner-
vous system when it suffers any injury. This hormone also contributes to the repair of the
cardiovascular system, particularly increasing the blood flow by inducing the formation
of collateral vessels that allow overcoming a circulatory obstruction and repairing the
arterial intimate layer damaged by an arteriosclerotic process. In addition, the hormone
plays an important role at the gonadal level in both sexes, perhaps more important in
women, facilitating fertility. Untreated GHD patients suffer the consequences of the lack
of the hormone when any of the organs here described is damaged, as it has been analyzed
in this review.
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Abstract

As stated in the first part of this review, growth hormone (GH) acts on all organs and
tissues, and untreated GH-deficient (GHD) patients suffer from several affectations
occurring as a consequence of the lack of this key hormone. In the second part of this
review, we will analyze the effects of GH on the liver, the kidney, the adrenal glands, the
skeletal muscles, the bones, the hematopoietic system, the gastrointestinal system, and
the adverse effects that may occur in these organs and systems in the GH deficiency not
treated in children and adults. Apart from these, we conclude that GH is a co-hormone
that seems to be necessary for the physiological actions of other important hormones in
humans.

Keywords: GH deficiency, IGF-I, GH and liver, GH and kidney, GH and adipose tissue,
GH and the hematopoietic system, GH and skeletal muscles

1. Introduction

GH, many times directly, and in other cases by cooperating with other hormones, or act-
ing through its own mediators, plays a role in the regeneration of the liver, in the develop-
ment and normal functioning of the kidney, in the amount of fat mass, in the development
and maintenance of skeletal muscles, in the skeletal development and mineral acquisition
in bones, and in systems as complex as the hematopoietic system and the immune system;
in addition, the hormone is able to act at the gastrointestinal level and also on the adrenal
glands. In this second part of this review, we will analyze the physiological effects of the hor-
mone on these organs and systems, as well as the consequences of its loss when it is untreated
with replacement therapy.

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
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1.1. GHD and liver

The liver is an important organ, where the actions of GH take place. For instance, the loss of
critical GH signaling pathways in mice with liver-specific knockouts leads these animals to
share a common phenotype of hepatic steatosis [1-3], indicating that GH plays an important
physiological role in hepatic triglyceride metabolism. Steatosis leads to hepatic degenera-
tion, which may be corrected by GH administration. A high prevalence of liver dysfunction
has been reported in adult GHD patients [4], while GH-replacement therapy significantly
reduced serum liver enzyme concentrations in these patients and improved the histological
changes in their fatty liver [4-7]. Clinical reports in children have shown the same association
between untreated GHD and liver steatosis [8-12], which is recovered after GH-replacement
therapy. These effects of GH on liver repair are curious because the liver produces its own
factor of regeneration: hepatocyte growth factor (HGF), first identified in the sera of 70%
hepatectomized rats, as a mitogen of adult rat hepatocytes [13, 14]. Animal studies, using
either anti-HGF antibody or c-Met gene destruction techniques, revealed that both the endo-
crine and paracrine effects of HGF are involved in liver growth after 70% hepatectomy and
for recovery from hepatitis, respectively [15-18]. In spite of its liver production and its strong
liver regenerative properties, it was found that in hypophysectomized rats, the responses of
hepatic HGF gene expression and DNA synthesis to partial hepatectomy were accelerated
by treatment with GH [19]. Whether GH stimulates the transcription of HGF or facilitates, it
is not known, but our group found that GH is expressed in the liver of hypophysectomized
rats subjected to partial hepatectomy and that this GH promotes the hepatic regeneration,
directly or via HGF induction [20]. In this study, the analysis of the products obtained with
the enzyme of restriction Rsal demonstrated that the hepatic GH gives origin to two bands in
the expected molecular weight position (238 and 90 bp), identical to the bands obtained from
pituitary rat GH [20]; see Figure 7 for this reference. From these data, it is clear that there is
a hepatic expression of GH that contributes to, or determines, the high degree of regenerat-
ing ability of the liver, apart from playing important metabolic functions in this organ. As
suggested above in the case of testis in GHD patients, it would be interesting to investigate
whether the hepatic expression of GH exists or not in untreated GHD humans. In any case,
GH-replacement therapy plays an important reparative function in non-alcoholic liver steato-
sis, and perhaps in other liver diseases (Figure 1).

1.2. GHD and kidney

GH exerts important effects on the kidney, affecting renal function and kidney growth. GHR
mRNA expression has been found in rat kidney during fetal development and adulthood
[21]. This GHR expression was found in all nephron segments, with the strongest signals in
the distal convoluted tubule and the collecting duct and a very weak signal in the glomeruli
[22]. GHR expression has also been found in human fetal kidneys as early as 8.5-9 weeks
of gestation [23]. GHR expression was stronger in the outer medulla than in the cortex and
remained similar at midgestation and after birth. The fact that weak staining was also found
in immature glomeruli in early gestation but disappeared at later developmental stages [23]
suggests that GH is involved in glomerular morphogenesis. The kidney expression of GHR
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Figure 1. Effects of GH on the liver. Upper graph: There is GH expression in the normal liver (left), although this
organ has its own regeneration factor (hepatocyte growth factor—HGF). Untreated GHD may suffer non-alcoholic
liver steatosis (right), showing increased plasma levels of liver enzymes (transaminases); GH treatment recovers the
damaged liver (blue arrows); and plasma liver enzymes come back to normal levels (red arrow). Lower graph: Untreated
GHD patients cannot recover a normal liver in spite of the liver expression of GH and HGF, but GH treatment leads to
regeneration of the damaged liver (blue arrows)—it is not known if this regeneration occurs because GH administration
increases the hepatic expression of HGF or if it is due to a direct effect of GH on the liver.

seems to be induced by GH because hypophysectomy reduces GHR mRNA levels in rat kid-
neys, whereas GH therapy restores them [21]. There is also renal IGF-I biosynthesis, as it
has been demonstrated in dogs [24] and confirmed by the fact that GH treatment increased
IGF-I mRNA levels in the kidney of hypophysectomized rats [25, 26]. This is the reason by
which GHR knockout leads to small kidneys in mice [27], and compensatory renal hyper-
trophy is directly dependent on GH-induced IGF-I expression [28]. It has been suggested
that for GH-mediated kidney mass stimulation hepatic IGF-I production was crucial, while
renal production of IGF-I has little or no effects on kidney growth [29]. In any case, studies
in rodents demonstrated the importance of the GH/IGF-I system in the growth of kidneys
during ontogenesis and development; however, no data indicate that a defective GH-/IGF-I
signaling plays a significant role on kidney growth in humans.

In humans, short-term treatment with GH increases the glomerular filtration rate (GFR) [30].
This GH action is due to an IGF-1-mediated decrease in renal vascular resistance, leading to
increased glomerular perfusion [31-33]. In addition to increasing glomerular perfusion, GH
and IGF-1 augment extracellular volume and plasma volume [34], thereby also contributing
to increased glomerular filtration.
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The GH-IGF-1 system is a modulator of renal tubular sodium and water reabsorption [34].
Many years ago, the sodium-retaining properties of GH have been demonstrated in rats [35]
and normal men [36]. This effect, traduced in an increase in extracellular volume, is stronger
in men than in women [37] and seems to be dependent on the activation of the renin-angioten-
sin-aldosterone system because it has been seen that GH induces a rapid increase in plasma
renin activity and plasma aldosterone levels in normal men [38]. However, further studies
demonstrated that plasma angiotensin II and aldosterone did not increase during a treatment
with GH, but plasma levels of atrial natriuretic peptide fell significantly [39]. Later studies in
healthy volunteers [40] and GHD patients [41, 42] demonstrated that GH exerts a sodium-
retaining effect that is independent of the renin-angiotensin-aldosterone system.

IGF-I has also antinatriuretic effects, as it has been seen in GHD children in whom the GHR
is inactive because of Laron syndrome [43], and in healthy men [44]. Therefore, GH and IGF-I
seem to act by different independent mechanisms in the retention of sodium by the kidney.

GH and IGF-1 are very important in the periods of increased bone formation, such as the
growth stage, in which the phosphate metabolism must be well adjusted. As shown in almost
60 years ago, GH treatment led to decreased urinary phosphate excretion and increased
plasma phosphate concentrations in men [45]. This effect of GH on the retention of phosphate
is due to an increase in the maximum tubular phosphate reabsorption rate, as demonstrated
in normal men [30] and dogs [46], and it is independent of PTH [46].

Conversely, hypophysectomy and inhibition of pulsatile GH release in rats produce increased
urinary phosphorus losses [47, 48]. This has also been observed in normal humans [49-51]
and in GHD patients [52-54].

As it happens with phosphate, GH and IGF-1 play an important role in adapting calcium
homeostasis to the increased demands during the period of juvenile growth with accelerated
bone formation. GH and IGF-1 affect calcium homeostasis mainly through their effect on vita-
min D metabolism. GH stimulates calcitriol production in experimental animals [55] and men
[56]; further investigations in mice and isolated cells showed that this GH action was mediated
by IGF-1 stimulation of 1a-hydroxylase in the proximal tubule [57]. Chronic GH and IGF-1 defi-
ciencies are accompanied by significant changes in renal morphology and functions, as well as
by altered body composition, osteoporosis with fractures, and an increased cardiovascular risk
[58-60]. Several studies have analyzed kidney size in GHD human patients. After hypophysec-
tomy, kidney size fell by 20% after 5 months [61]. GH-untreated patients with Laron syndrome
present larger ultrasonographic measured kidneys than control subjects when corrected for
body surface area [62], but the kidney size is increased after long-term treatment with IGF-I
[62]. GH treatment of adults with childhood-onset GH deficiency increases kidney length [63].
These effects of GH/IGF-I on the kidney are shown schematically in Figure 2.

The size of the kidneys in untreated GHD patients is lower than in normal people, but the
administration of GH or IGF-I corrects this defect.

GH and IGF-1 deficiencies are associated with decreased glomerular filtration and renal
plasma flow [64-66]. GH replacement therapy increased the GFR and renal plasma flow in
some patients [64, 65] but it depends on the dose and duration of treatment. Treatment with
IGF-Iin patients with GH insensitivity also increases glomerular filtration [65].
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Figure 2. GH effects on the kidney. It is possible that GH participates in the early stages of the development of the
kidneys by inducing glomerular morphogenesis. GH administration increases glomerular filtration rate, in this effect also
participates GH-induced IGF-, although the effects of both hormones on the glomerular filtration rate are independent.
GH and IGF-I increase the retention of Na+, by decreasing its renal excretion. GH also increases the reabsorption of
phosphate, while untreated GHD patients present an increase in the excretion of phosphate. GH also induces an increase
in the intestinal absorption of Ca*, but this effect is mediated by IGF-I, which leads to the formation of Calcitriol.

An ancient study in hypopituitary children and young adults showed an increase in total
body volume, extracellular volume, and intracellular volume after 1 year of GH therapy [67].
Two clinical trials in GHD adults posteriorly showed beneficial effects of GH treatment on
body composition, with an increase in lean body mass [68, 69].

It is well known that adult GHD patients present osteoporosis with a high risk of vertebral
and femoral fractures. Low bone mass can be partially improved by GH replacement [70-73]
because GH therapy in GHD adults causes a transient increase in plasma calcium concentra-
tions and urinary calcium excretion, which usually lasts between 3 and 6 months.

GH treatment increases plasma phosphate concentrations in GHD children [73, 74] and adults
[52, 53, 75]. In contrast to plasma calcium concentrations, this increase in plasma phosphate
persisted during 12-24 months of GH therapy [53, 73-75], while urinary phosphate excretion
was decreased.
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These data show the importance of GH on a normal renal function, although most of its effects
at this level are mediated by IGF-I. Disordered regulation of the IGF system has been impli-
cated in a number of kidney diseases. IGF-I activity is enhanced in early diabetic nephropathy
and polycystic kidneys, whereas IGF-I resistance is found in chronic kidney failure. Moreover,
IGFs have a potential role in enhancing stem cell repair after a kidney injury [76].

Importantly, children with chronic kidney disease have growth failure that can be treated
with GH improving growth velocity without adverse side effects [77, 78].

For more detailed information about the effects of GH on the kidney, see [79].
1.3. GHD and adipose tissue

GH is defined as a lipolytic hormone. Untreated GHD children and adults usually present an
increase in fat mass [80, 81], preferentially visceral fat; this has been attributed to the fact that
GH inhibits lipid storage in adipose tissue by increasing the activity of hormone-sensitive
lipase, an enzyme that plays a key role on lipolysis [82, 83], and by decreasing the inhibiting
effect of insulin on hormone-sensitive lipase activity [83], although positive changes in the
secretion of certain adipokines, such as adiponectin, have also been suggested as mediators of
the increased adiposity in GHD states [84]. The adipose tissue is an endocrine organ that pro-
duces several hormones and cytokines that exert autocrine, paracrine, and endocrine effects.
Two of these hormones, leptin and adiponectin, play very important roles in the organism.
For instance, leptin is the hormone of satiety, released from adipocytes in response to food
intake, and it is correlated with total fat mass. Its function, acting on its receptors in the arcu-
ate nucleus of the hypothalamus, is related to decreasing food intake and increasing energy
expenditure; conversely, adiponectin is negatively correlated with fat mass and acts as an
insulin-sensitizing hormone [85]. Although it would be expected that GH effects on adipose
tissue would be different in terms of leptin and adiponectin secretion, it has been seen that,
in fact, these effects are negatively correlated with the release of both hormones from adipo-
cytes. For example, in Laron syndrome, there is a marked obesity and adiponectin hyperse-
cretion that does not change during long-term IGF-I treatment [86]. In any case, usually GH
therapy reverts the increased adiposity existing in pituitary GHD children and adults [80, 81],
therefore confirming the relationship between GHD and increased fat mass. Recent publica-
tions describe that in addition to its effects on the adipose tissue, GH also acts as a starvation
signal that alerts the brain about energy deficiency, triggering adaptive responses to keep a
minimum of energy deposits. This mechanism takes place at the central level by activating
hypothalamic agouti-related protein neurons (AgRP) [87]. Figure 3 shows how GH acts in the
adipocyte.

Among other factors, since GH secretion decreases progressively from puberty, it is likely
that the increase in body fat that is generally observed as we get older is related to deficient or
insufficient secretion of GH. For a more detailed review of GH and the adipose tissue, see [85].

1.4. GHD and skeletal muscles

The GH-IGF-1 axis represents an important physiological mechanism to coordinate hypertro-
phy and postnatal skeletal muscle expansion. Both in normal rats and adult-onset GHD human
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patients, the administration of GH improves muscle strength and reduces body fat [88-90]. GHR-
deficient mice have reduced muscle mass with defective myofiber specification and growth [91];
in skeletal muscles lacking GHR, there is a decrease in the size of myofibers, while the number
of myofibers is normal. The administration of GH increases myonuclear number, facilitating the
fusion of myoblasts with nascent myotubes, a mechanism mediated by the transcription factor
NFATc2; however, during a time, it has been discussed if the positive actions of GH on muscle
mass would be restricted to inducing enhanced uptake of amino acids by muscle, while the
effects on muscle protein synthesis, and consequently the increase in muscle mass, would be
dependent on GH-induced IGF-I expression, mediated by STATS5b. In fact, recent in vitro studies
indicate that treatment of primary myoblasts with GH quickly increases IGF-I mRNA, while
administration of IGF-I leads to a significant increase in primary myoblast proliferation [92].
Therefore, the role of GH on muscle would be dependent on its induction of production of IGF-I
by myoblasts, and IGF-I would then be responsible for stimulating myoblasts proliferation in an
autocrine manner. The real thing is that GH and IGF-I induce a hypertrophic effect on skeletal
muscles by different signaling pathways, and their effects are additive (Figure 4). The disruption
of GHR in skeletal muscle and the consequent histomorphometric changes in myofiber type and
size and myonuclei number result in functionally impaired skeletal muscle. In agreement with
these effects, the histology of muscles of untreated GHD patients is strongly altered, and glucose
and triglyceride uptake and metabolism in skeletal muscle of GHR mutant mice are affected.

Adipocyte
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Hyputl'lalaTic AgRP
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Figure 3. GH effects on fat mass. There are GHR in the membrane of adipocytes. After interacting with endocrine GH, the
activity of the lipase (blue arrow) is increased leading to increased lipolysis. In addition, GH-GHR interactions lead to the
inhibition of lipase activity (red arrow) induced by insulin. This insulin-inhibiting lipase activity is enhanced by adiponectin
(blue arrow), a hormone secreted by adipocytes and responsible for increasing fat mass. In untreated GHD patients, there is
hypersecretion of adiponectin. This is the reason by which these patients show excessive fat mass. In addition, GH acts on
hypothalamic neurons that express AgRP, stimulating its production to alert the brain about energy deficiency.
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In humans, a single bolus of GH induces gene expression of regulators of substrate metabo-
lism and cellular growth of skeletal muscle in vivo. Some of these genes, such as GISH gene,
seem to be directly induced by GH; however, other genes, such as ANGPTL4 gene [93], seem
to be expressed in relation to the subsequent increase in free fatty acid levels induced by
GH-dependent lipolysis (Figure 4).

These results agree with the role that GH plays on lipid metabolism. With regard to the
putative effects of GH on muscle strength, GH use has been speculated to improve physical
capacity in subjects without GHD through stimulation of collagen synthesis in the tendon and
skeletal muscle, which leads to better exercise training and increased muscle strength. In this
context, the use of GH in healthy elderly should be an option for increasing muscle strength.
However, a clinical trial showed that after 6 months of therapy, muscle strength in the bench
press responsive muscles did not increase in groups treated with GH (no GHD) or placebo and
showed a statistically significant increase in the leg press responsive muscles in the GH group.

Myoblast

Proliferation

GH

2
GH\: GISH Cellular growth of skeletal muscle
Myostatin (?)

Y

Lipolysis—=> FF.:\\__\_\*
ANGPTLY

GHD: < muscular power

GH muscular power

Figure 4. GH effects on skeletal muscle. 1: GH induces IGF-I expression in myoblasts. In turn, IGF-I leads to the
proliferation of these myoblasts and produces muscular hypertrophy. The effects of GH and IGF-I are additive. 2: GH
induces cellular growth in skeletal muscles by different mechanisms. One of them is due to the effects of GH on gene
expression of regulators of substrate metabolism and cellular growth of skeletal muscle, such as GISH; other depends
on the GH-induced lipolysis, which leads to increased levels of free fatty acids in plasma (FFA), and these stimulate
the expression of ANGPTL4 gene that acts directly on the cellular growth. In addition, GH inhibits the expression of
muscular myostatin, a negative regulator of muscular growth; however, this last effect has been questioned recently. 3:
According to the GH/IGF-I effects on skeletal muscles, untreated GHD patients have decreased muscular power, but this
is corrected with GH treatment. Blue arrows, stimulation; red arrows, inhibition; >, increase; <, decrease.
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The study demonstrated an increase in muscle strength only in the lower body part (quadri-
ceps, for instance) after GH therapy in healthy men [94]. Therefore, GH administration does
not provide significant improvements in increasing muscle power, except when GHD exists.

Of interest, sarcopenia appears while aging or after a prolonged immobilization. Although
most likely this is a multifactorial process, a predominant role is played by myostatin, a mus-
cular hormone that inhibits cell cycle progression and reduces levels of myogenic regulatory
factors, thereby controlling myoblastic proliferation and differentiation during developmental
myogenesis, as we and others demonstrated [95-97]. GH-induced muscular expression of the
IGF-I-Akt-mTOR pathway, which mediates both differentiation in myoblasts and hypertrophy
in myotubes, has been shown to inhibit myostatin-dependent signaling. Blockade of the Akt-
mTOR pathway, using siRNA to RAPTOR, a component of TORC1 (TOR signaling complex 1),
facilitates the inhibition by myostatin of muscle differentiation because of an increase in Smad2
phosphorylation [98]. Therefore, GH administration in these conditions of muscle wasting may
be useful for recovering muscle mass at expenses of inhibiting myostatin signaling. However,
a more recent study challenged these concepts, demonstrating that GH treatment in GHD did
not reduce the previously elevated levels of myostatin in plasma and skeletal muscle [99]. These
authors conclude that GH treatment is less effective than higher weight-based diets in increasing
skeletal muscle mass. Independently of it, the role of GH/IGF-I in skeletal muscle is key and clear.

1.5. GHD and bone

The actions of the GH-IGF-I axis in the growth plate to promote longitudinal growth are
already well known [100], but these are not the unique effects that the GH/IGF-I system
plays at the bone level. This axis also regulates skeletal development and mineral acquisi-
tion [101]. Mouse models with disruptions of GH-IGF-I axis present a clear deterioration
in parameters of bone health, dependent on GH-induced IGF-I expression, which increases
bone mineral density [102]. Apart from GH, other GH-independent mechanisms regulate
bone IGF-I expression, for instance, parathormone (PTH) [103]. Experimental mouse models
reveal that osteoblast-derived IGF-I is a key determinant of bone mineralization. Targeted
osteoblast-specific overexpression of IgfI via the osteocalcin promoter produced a phenotype
of increased bone mineral density and trabecular bone volume [104], whereas knockout of the
gene in bone (and muscle) but not liver via Cre recombinase expressed by the collagen type
la2 promoter included a phenotype of reduced bone accretion [105].

In summary, although the effects of GH at the bone level are mainly related to the longitudi-
nal growth of the organism before the end of puberty, and its effects are mediated by the local
production of IGF-], it cannot be discarded that GHD, both pathological and physiological (as
it happens in aging), may play a role in the development of osteopenia/osteoporosis.

1.6. GHD and hematopoietic and immune systems

GH seems to play a role in the regulation of the hematopoietic system, being involved in the
normal differentiation and function of blood cells [106]. GH increases plasma erythropoietin
(Epo) levels and Hb in adult GHD patients [107] and increases plasma granulocyte-colony stim-
ulating factor (G-CSF) levels and neutrophil counts in adult GHD patients [108] (Figure 5(1)).
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Another study carried out in GHD patients treated with GH showed that the treatment signifi-
cantly increased erythrocytes, Hb, and hematocrit and led to the recovery from anemia (typical
of GHD patients during childhood), without affecting the number of leukocytes or platelets
[109]. In all, these data indicate that GH exerts a positive role on the hematopoietic system,
similar to that played by G-CSF [110]. Circulating levels of G-CSF are significantly lower in
GHD than in non-GHD children, although in non-GHD children, the number of red blood
cells, Hb, and hematocrit values significantly increased after 1 year of GH treatment [106].
Interestingly, unpublished data from our group indicate that short-term GH administration
exerts the same effect on the hematopoietic system than G-CSF in 12-year-old Beagle dogs.

In the last years, it has been postulated that GH has a strong influence on the immune sys-
tem. The production and action of immune cell-derived GH are now well known, although
its important role in immunity is still being unveiled. Cells of the immune system express
GH, GHRH, IGF-], and its receptor, who through autocrine/paracrine and intracrine, but also
endocrine, pathways, play a role in the immune function [111] (Figure 5(2)). The intracellular
mechanisms of action of immune cell-derived GH are not well known, but, for instance, GH
promotes the maturation and activation of dendritic cells that, as antigen-presenting cells,
participate in the immune response of the organism [112].

There is GH production in lymphocytes; this GH is important for lymphocyte growth, survival,
and production of cytokines [113-121]; therefore, lymphocyte GH may be an important media-
tor of cellular immune function mediated by the TH-1 pathway [122]. Lymphocyte GH appears
to stimulate IFNy production with a small positive effect on IL-10 production [122]. Treatment
of rat lymphocytes with a specific GH antisense oligodeoxynucleotide decreased the amount
of lymphocyte GH synthesized and, at the same time, reduced lymphocyte proliferation [113],
what confirms the production by lymphocytes of the hormone and its effects on these cells,
which is inhibited by noradrenaline and cortisol. However, it is likely that some of the effects of
lymphocyte GH are due to GH-induced IGF-I production. In fact, IGF-I has also been found in
lymphocytes, and studies using neutralizing antibodies to GH found that the number of cells
positive for IGF-I decreased two-fold. This indicated that endogenously produced GH induces
the production of IGF-I by lymphocytes [114]. Consequently, it seems that lymphocyte GH acts
as an intracrine hormone [123]. It has been shown that overexpression of GH in a lymphoid cell
line, devoid of the GHR, decreases the production of superoxide and increases the production
of nitric oxide and the expression of IGF-I and IGF-IR, resulting in protection from apoptosis by
a mechanism most likely involving an increase in the production of BcL-2 [115-118].

In all, it seems that there is a complex intracrine/autocrine regulatory circuit for the produc-
tion and function of leukocyte-derived GH and IGF-I within the immune system. Therefore,
this circuit could fulfill local tissue needs for these hormones independent of the pituitary
or liver without disrupting homeostasis of other organ systems. For example, cells of the
immune system would recognize the association of bacteria, virus, and tumors as an oxida-
tive stress event and signal the release and transport GH, or different GH isoforms generated
into the cytoplasm, and GHR into the nucleus. Once in the nucleus, GH-GHR would be free to
influence transcriptional responses to the stress event and to defend the cell against oxidative
damage. The results from a study by Weigent [124] support the concept that changes in the
cellular redox status influence the intracellular levels of lymphocyte GH, which may exert
effects on elements mediating the oxidative stress response.
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Figure 5. (1) GH plays an important role on hematopoiesis. This is the reason by which untreated GHD patients present deficits
in the number of red blood cells, Hb, and hematocrit. Curiously, in these patients, there are also decreased plasma levels of EPO
and G-CSF. GH administration normalizes these deficits (blue arrow) and increases plasma levels of EPO and G-CSF. (2) GH
is expressed in cells of the immune system, as it happens with IGF-I and its receptor IGF-IR. There is also expression of GHRH,
but its role in these immune cells is unknown. In all, these expressions contribute to increase immunity, and GH, particularly,
increases the growth and survival of lymphocytes and the production of cytokines. Endocrine GH induces the activation and
maturation of dendritic cells, the antigen-presenting cells. Therefore, GH and its mediators play an important role in immunity.

A very recent study indicates that GH treatment in GHD children led to some positive changes
in the cellular and humoral immune profiles [125]. These data are similar to former results
obtained after GH treatment in adults with childhood-onset GHD [126] and to more ancient
studies in children with idiopathic short stature being treated with GH [127], although other
study did not show changes in the immune function or immune parameters in GHD children
after being treated with the hormone [128].

1.7. GHD and gastrointestinal functioning

Untreated GHD is associated with metabolic inflammation that usually is decreased when GH
treatment is given [129]. However, situations of systemic inflammation, such as inflammatory
bowel diseases (IBD), may induce GH resistance because inflammation negatively affects GH
signaling. The GHR is expressed in the intestine [130, 131] for responding to GH signaling
and enhancing the intestinal barrier function and mucosal healing [132, 133]. STAT5b, a key
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mediator of GH effects in the cells, maintains colonic barrier integrity by modulating the
survival of colon epithelial cells; this is the reason by which STAT5b-deficient mice present
increased susceptibility to develop colitis. In addition, GH enhances epithelial proliferation.
However, the expression of GHR in the colon is reduced in patients with ulcerative colitis [134],
which favors the development of resistance to the beneficial effects of GH on the function of the
intestinal barrier. According to these data, it is likely that GHD patients may suffer intestinal
dysfunctions. An example of it might be the relatively elevated prevalence of GHD in children
suffering coeliac disease, although this disease is a genetically determined gluten-sensitive
enteropathy.

1.8. GHD and adrenal glands

The system GH/IGF-I also plays a role in adrenal glands. In rats, we demonstrated that the com-
pensatory adrenal hypertrophy that follows a unilateral adrenalectomy seems to be mediated by
adrenal GH expression [135]. GH and IGF-I enhance steroidogenesis responsiveness to ACTH
in cultured adrenal cells and adrenal steroid responsiveness to ACTH increases in Turner syn-
drome after long-term treatment with high GH doses [136]. GH is an important modulator of the
activity of 11f-hydroxysteroid dehydrogenase type 1 enzyme in the adrenal gland [137], as indi-
cated by the fact that plasma DHEAS levels are significantly lower in GHD patients (even in the
patients with normal ACTH secretion) than in age-matched controls. GH replacement therapy
in these GHD patients significantly increases DHEAS plasma levels. This suggests that if there
is a normal secretion of ACTH, GH stimulates adrenal androgen secretion in GHD patients.
Conversely, GHD patients present an increased cortisol/cortisone ratio, and GH replacement
therapy reduces the increased cortisol production [138]. However, in normal subjects or labora-
tory animals, the stimulation of adrenal steroidogenesis by GH seems to be restricted to the fetal
period [139]. Years ago, it was demonstrated that GHR is strongly expressed in the ovine fetal
adrenal gland [140], but GH infusion did not affect plasma steroid levels. This suggested that the
steroidogenic effects of GH may depend on the gestational age, at least in the ovine fetus.

In all, besides from the putative effects of GH on adrenal steroidogenesis, the hormone may
also play a trophic regenerative role on the adrenal glands.

1.9. GHD and other effects of GH

In addition to the well-known metabolic effects of GH, and the effects of the hormone on virtu-
ally all organs and tissues of the body, reviewed previously, untreated GHD patients present
some other alterations. For instance, blood pressure is higher in GHD children and adults than
in normal controls [141]. This specially affects the systolic blood pressure; moreover, since GHD
is associated with increased obesity, both factors contribute to increase the risk of future car-
diovascular affectations. Quality of life and psychosocial behavior are affected in GHD children
and adults [142], usually they are more susceptible to suffer from depression, fatigue, and less
physical activity, and all these are improved after GH treatment [143]. GH is also a key modula-
tor of neonatal hypersensitivity and pain-related behaviors during developmental inflamma-
tion. It has been found in rats in which the GHR had been deleted that there was behavioral and
afferent hypersensitivity to different stimuli, mainly during early developmental stages [144].
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This led the authors to postulate that GH treatment might be a therapeutic weapon for pedi-
atric pain. Regarding the effects of GH at the brain level, it has been recently shown that GHD
mainly affects the brain network involving the somatosensory, somatic motor, and cerebellum
networks, which may contribute to the behavioral problems existing in GHD children [145].

2. Conclusions

As it has been analyzed throughout this review, GH and its mediators play a very important
role in practically the entire human organism, already from the early stages of development.
This role goes far beyond than the classical concepts attributing to the hormone a merely
metabolic role and an effect on longitudinal growth. Besides the pituitary production of GH
that acts as an endocrine hormone, there is a peripheral production of GH that acts in auto-
crine/paracrine and even intracrine in the cells, which produce it. As a consequence of its
physiological actions, the deficit of GH or its receptor leads to very important affectations.
Consequently, GH replacement therapy improves the affectations occurring in GHD patients
and their quality of life. Since GH secretion declines progressively from 20 years of age until
being practically undetectable from 50 years old, it is likely that most of the age-related dis-
eases and the decreased quality of life occur as a consequence of the absence of this hormone.
In some cases, GH acts coordinately with other hormones; therefore, for carrying out some of
its effects, it has to be considered as a co-hormone.
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Abstract

Fetal growth defect is classified into intrauterine growth restriction (IUGR) and small-for-
gestational-age (SGA) fetus based on the estimated fetal weight percentile and Doppler
hemodynamic parameters. IUGR pathophysiology and etiology are complex and diverse,
highlighting placental insufficiency as a paradigm, which explains its association with
other entities of great clinical importance such as preeclampsia. The poor long- and short-
term perinatal and postnatal results associated with this context make it necessary to
establish an early diagnosis and a therapeutic strategy, which can be challenging due to the
compromise between the threat of intrauterine permanence and the prematurity problem.
Consequently, a systematic and protocolized diagnostic-therapeutic management, based
on scientific evidence, is necessary to determine whether obstetric intervention through a
preterm delivery is advisable to improve the perinatal outcomes of these patients.

Keywords: fetal growth, intrauterine growth restriction, small-for-gestational-age fetus,
Doppler evaluation, prematurity

1. Introduction

In general terms, fetal growth defect is considered the impossibility of achieving the geneti-
cally determined potential size [1]. In the vast majority of cases, it is related to uteroplacen-
tal insufficiency in the context of intrauterine growth restriction (IUGR). Despite its origin
remains unknown, it is believed to be caused by an interaction of environmental and genetic
factors with either a fetal, placental, or maternal origin. Various complications are associated
with IUGR; these may include stillbirth, prematurity, neonatal morbi-mortality, endocrine and
metabolic alterations, increased cardiovascular risk, and long-term neurological sequelae [2].

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
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IUGR fetus identification is one of the main objectives of prenatal care, since proper perinatal
diagnosis and management reduces perinatal morbi-mortality [3]. Most small fetuses are not
diagnosed during pregnancy [4], not even in high-risk subpopulations. This is in part due to
the large number of reference tables used and the lack of international standards comparable
to those for child growth [5]. Therefore, it is necessary to improve the prenatal diagnosis of
these cases. With this purpose, it is essential to have an agreed definition between obstetri-
cians and neonatologists, which would allow to compare data, to conduct prospective stud-
ies, and to analyze results between different institutions [2].

2. Definitions

Fetal growth defect (FGD) is defined as an ultrasound estimated fetal weight (EFW) below the
10th percentile for gestational age and gender [2].

Among FGD fetuses, Doppler hemodynamic evaluation differentiates fetuses with higher
risk of perinatal morbi-mortality [6]. Hence, fetal growth restriction definition incorporates
the Doppler hemodynamic evaluation to distinguish the fetuses with placental involvement
from those without that affectation. These unaffected fetuses have a better prognosis and are
known as small-for-gestational-age (SGA) fetuses [2].

Fetal weight estimation is based on Hadlock’s formula which includes biparietal diameter
(BPD), head circumference (HC), abdominal circumference (AC), and femur length (FL) [7].
However, there is controversy about fetal weight percentile estimation in the medical litera-
ture. Percentile customization according to maternal and/or paternal features is one of the
main sources of heterogeneity in the IUGR definition. The utility of customized percentiles
is to a certain extent limited because factors used for customization are not powerful pre-
dictors of birth weight [8]. Maternal height, weight, and ethnicity/race are related to fetal
size but do not explain the important variability in birth weight. Thus, the limitations of
these parameters restrict their usefulness for IUGR definition [2]. For that reason, the Fetal
Growth Longitudinal Study, part of the Intergrowth-21st Project, aimed to develop inter-
national tabulated standards for fetal growth [9]. These curves have the advantage of using
fetal growth standards derived from healthy populations. This reduces the underdiagnosis
that may occur when fetal growth is contrasted against references including the high-risk
mothers. At the various study sites, these curves have proven to be similar for all fetal and
newborn measurements showing the same growth potential regardless of the race [10].
Thus, the reported differences were probably related to nutritional problems rather than
geographical location or ethnicity [2]. However, several subsequent studies have shown that
individualized fetal growth tables improve the identification of patients at risk of adverse
perinatal outcomes [11].

2.1. Differences between IUGR and SGA

A small fetus is associated with worse obstetric results. At least two groups of small fetuses
are distinguished: IUGR and SGA [2]. Table 1 shows its main differences:
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IUGR S5GA
Perinatal outcomes Worse Similar to normal fetuses
Crowth delay “True” “Conslilutional”

Hemodynamic

Doppler ultrasoun ormal
oppler ultrasound redistribution Nerm:
Abnormal L'I'I'n'.ITUI'II'l!IL‘I'Il' Present Absent
adaptation
Precclampsia risk Higher Lower

Table 1. Differences between IUGR and SGA.

IUGR term refers to small fetuses with a higher risk of intrauterine fetal deterioration, still-
birth, and, in general, a worse perinatal outcome than those with normal growth. These
fetuses have a “true” growth delay and are generally associated with Doppler ultrasound
signs which suggest hemodynamic redistribution due to an adaptation to fetal malnutrition/
hypoxia with histological and biochemical signs of placental disease. IUGR is also associated
with an increased risk of preeclampsia [2].

2.2. IUGR vs. SGA definition

Current evidence suggests that there is no superior parameter for differentiating IUGR from
SGA [2]. As for the individual Doppler ultrasound study, the best candidate is the cerebro-
placental ratio (CPR), which is calculated dividing the middle cerebral artery (MCA) Doppler
pulsatility index (PI) (MCA-PI) by the umbilical artery (UA) Doppler PI (UA-PI). This ratio
reflects small decreases in fetal cerebral vascular resistance with slight increases in placen-
tal resistance in a combined way. This relationship seems to be more sensitive to hypoxia
than its individual components, correlating better with a possible adverse outcome [12]. The
uterine artery (UtA) PI (UtA-PI) is a predictor of worse perinatal results in small fetuses [13].
Another poor outcome predictive factor is a very small EFW regardless of the CPR and the
UtA-PI values. An EFW below the 3rd percentile indicates a much higher risk of adverse
perinatal outcomes [14]. Therefore, when there are any of the three parameters mentioned
above (CPR, UtA-PI, and/or EFW < 3rd percentile), the risk of adverse perinatal outcomes
increases. For this reason, the definition of IUGR must include these three parameters [2].

Summarizing the definition [2, 15]:

* A SGA fetus is defined as an EFW lower than the 10th percentile and greater than or
equal to the 3rd percentile for gestational age and gender with a normal Doppler hemo-
dynamic study.

¢ AnIUGR is defined as:

o An EFW below the 3rd percentile for gestational age and gender

o An EFW below the 10th percentile for gestational age and gender plus an altered
Doppler hemodynamic study
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2.3. Severe early onset vs. moderate late onset IUGR

The IUGR is presented in two different phenotypes according to disease onset time during
pregnancy: early onset IUGR and late onset IUGR. Generally, there is a correlation between
early onset and more severe IUGR forms, so two types of IUGR are defined: severe early onset
and moderate late onset. The cutoff point for these forms has been arbitrarily established at
32 weeks [2]. In Table 2, we observe the differences between both clinical forms.

2.3.1. Severe early onset ILUGR

The severe early onset IUGR represents 20-30% of all IUGR. It is related to severe placental
insufficiency and chronic fetal hypoxia, and so UA Doppler is often pathological [16]. In this
context, this type of IUGR is associated with early preeclampsia in up to 50% of cases [17]
and with severe damage and/or stillbirth before term [18]. Besides, its clinical management
is a challenge due to the necessity to balance the risks of intrauterine permanence with the
complications derived from prematurity [2].

Without treatment, fetal well-being deteriorates with a progression toward hypoxia and aci-
dosis, which is reflected in the sequence of alterations of the UA Doppler and the PI of the
ductus venosus (DV). The latency period to severe fetal deterioration is variable, but it usually
lasts for weeks [19] and depends on the severity of the placental compromise. The sequence
of changes (Figure 1) is relatively constant, especially in the signs of advanced stages, except
in the cases where there is an associated preeclampsia which can distort the natural history.
In such cases, fetal deterioration might appear unexpectedly. These changes in fetal Doppler
allow for the monitorization of the progression of fetal deterioration and the scheduling of the
delivery in an elective manner [2].

Smn‘i ETEE-M st Moderale late-onzet TUGR
TUGR % F-30% FO-AO%
Prevalence [-2% (v 3-5% (highl
Froblem Marnagement iagnosis
Intensity Sovere Mod crafe
Flacental | LA Doppler Altered Mormal
disgase Preeclampsia .
association Lligh Lose
Hypuxia —+ +-
Cardiovascular adaptation Systemic Central
Fetal Maturiir Trmalure (elus Melalure Celis
Hyposia tolerance Hizh [y
Matural history of fetal ) L
L Presainl Alsenl [or lasl evolulion]
deleriaralion
T {but commnn stillbirth ranse).
Marbi-mortality High
Adverse long-term outoomes

Table 2. Differences between severe early-onset IUGR vs. moderate late-onset IUGR (adapted from Ref

12D
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2.3.2. Moderate late onset ILUGR

These fetuses represent 70-80% of cases [17]. The placental alteration is mild, and, therefore,
the UA is generally normal [20] and there is low association with preeclampsia (10%) [17]. In
these cases, the diagnostic rates are low, and that is what makes the late (undiagnosed) IUGR
to contribute in a large proportion of late stillbirth [21].

In moderate lateonset IUGR, there is a high rate of CPR alteration [20]. In addition, in 25%
of cases of late onset IUGR, a cerebral vasodilation may occur (MCA-PI below the 5th per-
centile), reflecting a situation of chronic hypoxia. Besides, signs of advanced fetal deteriora-
tion with changes in the ductus venosus are hardly ever observed [20]. For this reason, the
sequential fetal deterioration cascade described previously does not occur (Figure 2). These
fetuses may suffer rapid deterioration which can lead to serious injury or death. The explana-
tion behind this fact could be a combination of factors such as the low tolerance of preterm
fetuses to hypoxia (compared to preterm fetuses), the higher frequency of uterine contrac-
tions in term gestations, and some cases of acute placental failure [2]. Despite the benign
nature of this type of fetus, the risk of acute fetal deterioration before delivery significantly
contributes to late stillbirth [22] and to a high association with intrapartum fetal distress and
neonatal acidosis [23].

2.3.3. Common problems

Both IUGR types are associated with a worse long-term prognosis in neurological, cardio-
vascular, and metabolic development [24-27]. This would mean that, regardless of severity,
chronic exposure to an adverse intrauterine environment is essential to develop adverse fetal
programming. Predictably, different stages of fetal maturation would determine different
adaptive programming responses [2].

Growth Restriction

| Chronic /Diagnostic markers | i Acute [ Prognostic markers
[ i Par— | seriouss injury
| Placental Disease Hypoxia | . ik | ek "

’ Wenks 7-10 diays

P e | o)
=

Figure 1. Sequence of changes in severe early-onset IUGR. Adapted from Ref. [2].
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Figure 2. Sequence of changes of moderate late-onset IUGR. Adapted from Ref. [2].

The evidence suggests that both early and late onset IUGR are a consequence of a placental
disease, but it is unknown to what extent they are the same type of pathology. Placental insuf-
ficiency of early onset IUGR is associated with histological signs of alteration in early implanta-
tion [28]. It is not clear, however, if late IUGR is a mild form of abnormal placental implantation
at the beginning of the pregnancy or if it is an added placental damage produced in the second
half of pregnancy. The latter option would be supported by the fact that part of these patients
has abnormal UtA Doppler in the third trimester being this one previously normal [29].

3. Etiology

3.1. Placental disease

In general terms, IUGR with Doppler hemodynamic alteration shows fetal adaptation to
a hypoxia situation and chronic malnutrition due to placental insufficiency. This placental
function alteration is caused by a deficient invasion of the trophoblast in the maternal spiral
arteries, with an incomplete remodeling of these vessels, and therefore a deficit in the physi-
ological vasodilation that occurs in normal pregnancy. This phenomenon can be monitored
by assessing uterine artery resistance, which increases in the cases of growth restriction asso-
ciated with placental origin [2].

It is likely that in the future, biomarkers of placental insufficiency in maternal blood may be
incorporated as a diagnostic criterion for [IUGR as markers of placental involvement in this
pathology. Recent evidence suggests that angiogenic factors predict a poor perinatal outcome
in small fetuses, with predictive values similar to CPR and UtA Doppler, but without a proven
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additive value [30]. An increase in anti-angiogenic factors sFlt1 and soluble endoglin (sEnd)
and a decrease in pro-angiogenic factors (placental growth factor —PGF) have been observed.

3.2. Infectious disease

Cytomegalovirus: it is the first cause of congenital infection in Europe (0.3-0.6%). Most cases
are asymptomatic. The risk of congenital disease is higher if the infection occurs during the
first and second trimesters. In contrast, the transmission risk increases in the third trimester,
but fetuses infected at this time are generally born healthy [31].

Congenital varicella: it is more frequent when the maternal disease is acquired between 8
and 20 weeks of gestation. Very rare fetal involvement is observed in the second and third
trimesters. There is an affectation of the musculoskeletal system and an affectation of the
autonomic nervous system [32].

Congenital rubella: there is a higher incidence of the disease in developing countries [33].
Fetal involvement is observed in the vast majority of cases in which maternal infection occurs
in the first trimester, being infrequent beyond 17 weeks.

HIV: a relationship between HIV seropositivity and the increased risk of spontaneous abor-
tion, stillbirth, IUGR, low birth weight, premature delivery, and neurodevelopmental altera-
tion [34] has been observed. The association between premature birth and low birth weight
has also been related to the use of highly active antiretroviral therapy (HAART) [35]. In these
patients, an increased risk of placental insufficiency has been described [36].

Malaria: this infection causes a massive sequestration of erythrocytes in the syncytiotropho-
blast. Multiple mechanisms contribute to fetal growth restriction, including abnormal vascu-
larization, impaired growth hormone expression, difficulty in transporting nutrients, and a
process of inflammation and activation of the immune response [37].

3.3. Genetic disorders

Only 2% of the cases with fetal growth restriction without structural abnormalities are associ-
ated with alterations in the karyotype [38]. The risk of a genetic syndrome with cognitive
repercussion is increased if there are malformations, microcephaly, and/or progressive flat-
tening of biometrics.

3.4. External factors

Smoking is the main contributor to fetal growth restriction in our environment. The odds ratio
for developing IUGR in pregnant smokers is 1.9 (95% confidence interval (CI): 1.69-2.13). The
risk is directly proportional to consumption [39].

4. Fetal well-being assessment

Fetal well-being assessment is based on determining whether the fetus is suffering from any
chronic affectation (due to a progressive increase in hypoxemia and/or hypoxia) or an acute
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involvement (acute changes in advanced stages of fetal compromise, characterized by severe
hypoxia and metabolic acidosis) whose alteration usually precedes fetal death within a few days.

UA Doppler: it is the only measure that provides both diagnostic and prognostic information
for IUGR management. The progression of the Doppler patterns of the UA toward an absent
or reverse diastolic flow correlates with the risk of fetal injury or death [2].

MCA Doppler: it reports the presence of cerebral vasodilation, a subrogated hypoxia bio-
marker. Its alteration is considered a late manifestation. Fetuses with an altered MCA-PI have
a six times higher risk of urgent cesarean section due to suspected loss of fetal well-being than
fetuses with a normal PI [40].

CPR: it has mainly a diagnostic value. It significantly improves the sensitivity of the UA and
the isolated MCA, since the increase in placental impedance (UA-PI) is usually combined
with a decrease in brain resistance (MCA-PI) [41].

Ductus venosus (DV) Doppler: it is the parameter that, by itself, has the greatest capacity to
predict the risk of short-term stillbirth in early onset IUGR. The absent/reverse flow during
atrial contraction is associated with perinatal mortality, regardless of gestational age [42],
with a risk ranging from 40 to 100% in the cases of early onset IUGR [43].

Aortic isthmus (Aol) Doppler: it is associated with an increase in fetal mortality and neuro-
logical morbidity in the cases of early onset IUGR. This vessel reflects the balance between
cerebral impedance and the systemic vascular system [44]. Longitudinal studies show that
alterations in Aol precede those of DV in 1 week [45] and, therefore, it is not a good predictor
of short-term stillbirth risk. In contrast, Aol seems to improve the prediction of neurological
morbidity [46].

Uterine artery Doppler (UtA): the study of the uterine artery flow has mainly focused on
predicting the risk of preeclampsia and fetal growth restriction. However, this flow has also
been considered both as diagnostic and fetal well-being assessment tool in SGA fetuses. There
is a statistically significant correlation among the Doppler alteration in the UA, the Doppler
alteration in the UtA, and an adverse perinatal outcome. Both vessels are comparable in their
prediction ability [43].

Computerized cardiotocography (CTG): it provided with new knowledge about the patho-
physiology and management of IUGR. It evaluates the short-term variability (STV) of fetal
heart rate, a parameter that cannot be subjectively evaluated. Current evidence suggests that
computerized CTG is sensitive for the detection of advanced fetal impairment, and that pro-
vides a value similar to that of DV with a reverse atrial flow for the prediction of short-term
fetal death. A low variability of fetal heart rate is correlated with the presence of acidosis and
severe hypoxia, a fact that has been demonstrated with cord blood collected at the time of
cesarean section. Despite the high implementation of conventional CTG in all clinical control
protocols, it has not been shown to reduce mortality in high-risk pregnancies given its high
inter- and intra-observer variability in interpretation [47].

Biophysical profile (BPP): it is obtained by combining ultrasound evaluation of fetal tone,
respiratory movements, and body movements with amniotic fluid and conventional CTG. A
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systematic review [48] found that the use of BPP does not reduce perinatal mortality (relative
risk (RR) 1.33, 95% CI 0.60-2.98) or APGAR less than 7 at 5 min (RR 1.27, 95% CI1 0.85-1.92). An
increased risk of cesarean section was also found (RR 1.60, 95% CI 1.05-2.44). It is currently
not recommended to perform a BPP for the control of the preterm SGA fetus.

Amniotic fluid index (AFI): it is basically used as part of the BPP. There is limited evidence
on the role of oligoamnios as a predictor of perinatal complications in IUGR fetuses with
Doppler follow-up, its inclusion being questionable in management protocols [2].

5. Diagnosis

5.1. Clinical diagnosis

Uterine height will be performed at each visit from 26 weeks. The methodology will be supine
position, from fundus to pubis, and masked observation of the previous exploration. If the
uterine height is less than the 10th percentile for gestational age and no EFW is available in
the previous 2 weeks, an ultrasound EFW is required.

5.2. Ultrasound diagnosis

Fetal weight estimation requires three steps:
¢ First step: gestation dating according to crown-rump length.

* Second step: calculation of EFW according to fetal biometrics —algorithm that includes
BPD, HC, AC, and FL [49]. If the cephalic measurements are not valuable, an alternative
algorithm with FL and AC will be used [50].

¢ Third step: calculation of the growth percentile according to reference tables.

5.3. Diagnosis of the type of alteration
5.3.1. Study protocol

Detailed anamnesis:
* Toxic habits: tobacco, alcohol, drugs, medication, and work [51]

* Maternal and paternal weight and size, weight of the patient at birth, and measurement
of blood pressure (BP) at the beginning of pregnancy

¢ Sexual history of the couple: relationship time. Type of contraception. Artificial fertiliza-
tion techniques

* Previous obstetric clinical history: neonatal weight of previous children (the history of
a previous SGA doubles the risk in successive pregnancies) [52], history of fetal death,
preeclampsia, growth restriction, repeated abortions, placental abruption, and premature
deliveries [15]
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¢ Medical history: diabetes with vascular disease, moderate and severe nephropathy,
cyanotic congenital heart disease, arterial hypertension, antiphospholipid syndrome, and
systemic lupus erythematosus [53]

Maternal physical examination: weight, height, uterine height, limb examination in search of
chronic vascular disease, blood pressure.

Complementary explorations:

¢ Ultrasound: detailed anatomical assessment. 20-60% of congenital malformations are
accompanied by growth disturbance [54], and approximately 10% of fetuses with growth
restriction have an associated congenital anomaly [55]. It is also important to assess
Doppler study (UA, MCA, UtA, and CPR), placenta, amniotic fluid, and chromosomopa-
thy markers.

¢ Neurosonography and echocardiography: for a growth below the 3rd percentile.
¢ Proteinuria study.

¢ Complete blood test with hemogram, coagulation, and basal biochemistry (with liver and
kidney profile).

* Amniocentesis: it is advisable to perform an amniocentesis to rule out chromosomal
abnormalities when the diagnosis of IUGR is made at early gestational ages. The rate of
chromosomal abnormalities in IUGR fetuses is approximately 20% if diagnosed before
23 weeks, being practically null afterward [56]. Genetic studies in amniotic fluid are
recommendable if any of the following criteria is met:

o Quantitative fluorescence-polymerase chain reaction (QF-PCR) and molecular karyo-
type (array CGH):

o IUGR diagnosis prior to 24 weeks and severe (below the 3rd percentile)

o JUGR diagnosis prior to 28 weeks and severe (below the 3rd percentile) accompanied
by ultrasound markers (excluding oligoamnios), minor structural anomaly, or biomet-
rics (FL or HC) < —3 standard deviations (SD)

o EFW lower than the 10th percentile accompanied by any major structural anomaly
o Study of bone alterations (add it to QF-PCR and molecular karyotype)

o Achondroplasia and hypochondroplasia study if bone biometrics < -3 SD or femur/
foot ratio < 0.85.

o Genetic counseling to assess skeletal dysplasia study if malformations associated with
dysplasia, bone morphological alterations (fractures, curvatures, hypomineralization),
or long bone length below the 1st percentile.

o Study of specific genetic panels or exome sequencing (request genetic counseling to
assess these studies)
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o If JIUGR with more than one structural anomaly of two systems (except hypospadias)
of high syndromic risk

o Biometrics (FL or HC) < —4 SD with no signs of placental insufficiency and normal
molecular karyotype result

¢ Infections study: it is estimated that around 5% of SGA fetuses have an infectious cause.
The most frequently implicated pathogen is CMV, followed by toxoplasma and syphilis
[2]. Facing IUGR diagnosis, it is necessary to request:

o Rubella study.
o Syphilis study: treponemal and reaginic test in maternal blood.
o Malaria study: for populations at risk (from endemic areas) [57].

o CMV study: in the case of indication of invasive technique, it is necessary to perform
CMYV PCR in amniotic fluid. In the case of non-indication of invasive technique, mater-
nal serologies (IgG and IgM) will be requested only in IUGR (excludes SGA). If IgG and
IgM are negative, the infection is discarded. If IgG and IgM are positive, it is recom-
mended to perform an amniocentesis for CMV PCR in amniotic fluid. If IgG is positive
but IgM is negative, it is advisable to perform an amniocentesis only if there is an
ultrasound marker compatible with CMV infection (except an isolated oligoamnios).

5.3.2. Classification

IUGR is classified into stages, as shown in Table 3:

&y Fathophysiolagical Criteri:
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Very small EFW or ’
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*on two separated occasions > 12h.
**>50% of cycles, in free cord loop in both arteries on two separated occasions > 12h.
*** on two separated occasions > 6-12h.

Table 3. IUGR stages (adapted from Refs. [2, 15]).
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5.4. Follow-up

Follow-up visits for Doppler study will be adapted to the degree of fetal involvement [15]:

* SGA: control every 2-3 weeks

* IUGR stage I: control every 1-2 weeks

¢ JUGR stage II: control every 2—4 days

¢ IUGR stage III: control every 2448 h

* IUGR stage IV: control every 12-48 h

During visits, Doppler control and CTG will be carried out. EFW assessment will be carried out

atintervals equal to or greater than 15 days. When IUGR is accompanied by severe preeclamp-
sia, the follow-up should correspond to the follow-up of the immediately superior IUGR stage.

6. Obstetric behavior

6.1. Prenatal obstetric behavior

6.1.1. General recommendations

* Avoid complete rest, as it does not improve fetal growth or perinatal outcome [58].

* Promote the elimination of possible external factors, such as tobacco. Quitting smoking
reduces the risk of having SGA fetus. Although the benefit is greater if tobacco is aban-
doned before 15 weeks [59], smoking cessation should be advised when diagnosing SGA
fetus at any gestational age [60].

e Work leave is advisable [15].

* Lung maturation only if termination criteria are met and gestational age is greater than
26 weeks (26-34.6 weeks).

¢ The criteria for neuroprophylaxis with magnesium sulfate will be <34 weeks and when-
ever possible >4 h before birth.

6.1.2 Termination of pregnancy: gestational age and delivery

The optimal moment of termination requires a balance between the risks of prematurity with
those of intrauterine permanence (death and multiple organ damage due to inadequate tis-
sue perfusion) [61]. The objective of IUGR vigilance is to evaluate fetal and neonatal risks to
optimize intervention times, as well as to choose the best route of delivery. Table 4 shows the
recommended gestational age and delivery according to fetal growth defect.
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Table 4. Recommended gestational age and delivery according to fetal growth defect.

Depending on the gestational age when we proceed to termination, we will have various
degrees of prematurity:

* Extreme prematurity (2428 weeks). In this period, each additional day of pregnancy
represents an increase of 1-2% in the chances of survival [2]. Less than 26 weeks will be
considered in the periviable infant with chances of survival without severe sequelae below
50% [15].

* Moderate prematurity (28-34 weeks). The presence of reverse flow in the umbilical artery
is associated with a RR of 10.6 for the development of perinatal morbi-mortality [2].

* Late prematurity (34-36 weeks). There is not neither a high mortality rate nor severe mor-
bidity, but there is a worse perinatal and cognitive outcome [62]. The decrease in diastolic
velocities of the umbilical artery correlates with fetal nutritional deterioration [63] and its
neurodevelopment [64]. The fetus with absent telediastolic flow of the umbilical artery
presents four times greater risk of severe morbidity and perinatal mortality [65].

* Full-term gestation (>37 weeks). Cerebral hemodynamic redistribution is associated with
worse perinatal and cognitive outcome [13].

Labor in fetuses with growth restriction is associated with an increase in the rate of urgent
cesarean sections. Therefore, in the presence of signs of severe fetal deterioration such as
absent or reverse umbilical diastolic flow, an elective cesarean section is advised.

6.1.3. Termination methods

Cervical maturation will begin with a PGE2 slow-release device, mechanical methods, or oxy-
tocic induction depending on cervical conditions and uterine dynamics [66].

6.2. Intrapartum obstetric behavior

Continuous monitoring is necessary and an adequate resuscitation according to the baby’s
weight. It is also important to carry out a placental anatomo-pathological study in all cases.
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6.3. Postpartum obstetric behavior

6.3.1. Immediate postpartum

Protein/creatinine ratio and hepatic and renal profile: in those cases not studied prenatally
and with IUGR criteria [15].

CMV maternal serologies (IgG): to perform breast milk processing before administration
and to avoid vertical transmission. It should be carried out in those cases with no prenatal
studies and with IUGR criteria with delivery before 32 weeks or birth weight below 1500 g.

6.3.2. Quarantine

Thrombophilic study: early onset IUGR, preeclampsia, or placental abruption.

Explanation of the anatomo-pathological report of placenta. The massive deposit of perivil-
lositary fibrin is associated with a risk of recurrence of 40-60%. The patient should be informed
of the possibility of prophylaxis with heparin in a subsequent pregnancy to reduce this risk.

7. Conclusion

FGD is an important cause of perinatal morbidity. Its diagnosis, management, and monitoring
according to clinical evidence are very important to improve perinatal outcomes in these cases.

7.1. Recommendation and future directions

1.

It is very important to improve the diagnosis of fetuses with FGD. For this reason, the first
trimester ultrasound is essential to date the pregnancy correctly. A second trimester ultra-
sound should be performed to detect fetal anomalies and to detect the most severe and
early cases of FGD and a third trimester ultrasound to increase the diagnosis of late FGD.

In those cases with risk factors for growth defects, additional ultrasounds are recom-
mended in the third trimester.

A careful etiological diagnosis should be done to rule out malformations, infections, or
genetic alterations.

The management and follow-up of these gestations must be based on systematic protocols
based on clinical evidence that facilitate the unification of clinical practice.

Abbreviations

IUGR intrauterine growth restriction

SGA small for gestational age
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fetal growth defect

estimated fetal weight
biparietal diameter

head circumference

abdominal circumference
femur length

cerebroplacental ratio

middle cerebral artery
pulsatility index

umbilical artery

uterine artery

human immunodeficiency virus
highly active antiretroviral therapy
ductus venosus

computerized cardiotocography
biophysical profile

short-term variability

relative risk

confidence interval

amniotic fluid index

blood pressure

quantitative fluorescence-polymerase chain reaction
polymerase chain reaction
standard deviation
immunoglobulin G
immunoglobulin M

prostaglandin E,
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Abstract

A pregnant woman'’s body undergoes profound anatomical and physiological changes
to accommodate the needs of the maternal-fetal unit required for a successful pregnancy.
During normal pregnancy, the placenta produces a variant of human growth hormone
as well as a chorionic somatomammotropin hormone. These are the placental members
of the human growth hormone gene family and play a crucial role in the regulation of
maternal and fetal metabolism, as well as in the growth and development of the fetus. For
this reason, the scope of this chapter is to describe the differences of the biochemical and
physiological roles of the hormones coded in this locus during pregnancy, the repercus-
sions of their deficiencies, and role in some of the most prevalent pathologies during
pregnancy affecting either the mother or the fetus and also to describe how pioneering
sequencing of this locus allowed our laboratory to invent the first companion diagnostics
test and thus contributed to the dawn of the personalized medicine era.

Keywords: placenta, growth hormone family, HGH physiology, placental variant HGH,
chorionic somatomammotropin hormone, hormonal deficiencies, companion diagnostics,
personalized medicine

1. Introduction

The first correlation between growth disorders and the pituitary gland occurred at the begin-
ning of the twentieth century. Human growth hormone (HGH) was later identified as the
main promoter of postnatal body growth. Its availability as a recombinant drug at the end of
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The 1980s sparked many investigations aimed at exploring many alleged roles in adult health
and even in longevity. Likewise, the cloning of its gene and the discovery that it belongs
to a gene family along with genes for variant or placental HGH (HGH-V) and chorionic
somatomammotropin hormone (CSH: previously referred as placental lactogen) accelerated
the understanding of the role of this family in human biology and medicine [1]. Today we
understand in detail the molecular mechanisms of their functions, either direct or via media-
tors, and the role they play in many physiological and pathological processes, although other
possible but suspected roles remain unknown. One of the most interesting and fascinating
functions of this family of hormones is their contribution to fetal health during pregnancy,
although, surprisingly, normal pregnancies with total or partial absences of one or both of the
placental hormones have been reported.

2. The HGH family: anatomy, physiology, and homeostasis

In humans, the growth hormone (GH) family includes the pituitary HGH (referred as HGH-
N), the placental HGH (named HGH-V), and the CSH; along with prolactin (PRL; a more
evolutionarily distant relative) they are collectively referred as somatolactogens. By virtue of
their similarities, it was proposed that their genes were derived by gene duplication from a
common ancestor dating from the first vertebrates [2]. Over time the members of this family
became specialized, developing specific functions: HGH-N has been attributed metabolic and
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Figure 1. The hGH chapter of the human genome encyclopedia. The hGH locus was the first non-highly repetitive DNA
element to be localized in the human karyotype. It turned out to harbor the five genes here described. Its sequencing
was a world record back in 1988.
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somatogenic functions after birth, HGH-V has been attributed metabolic and somatogenic
functions during pregnancy, and CSH is considered a lactogenic hormone. PRL is considered
a multifunctional hormone [3].

In humans, the hGH locus, which includes hGH and hCSH-type genes, spans approximately
50 kb of band 24.2 at the long arm of chromosome 17. PRL is coded by a single gene that is
located on chromosome 6 [4, 5]. The locus’ five genes are arranged in tandem, all in same
orientations, and exhibit very high sequence and organizational similarities. At the 5'-end of
the locus is the hGH-N gene, followed by the pseudogene hCSH-L, then hCSH-1, next hGH-V,
and CSH-2 in the end [5] (Figure 1).

While the hGH-N gene is expressed in the pituitary and yields at least two isoforms (22 and
20 kilo Daltons), the rest do so in the placenta and are responsible: one (h1GH-V) of the placen-
tal variant of HGH or HGH-V and two (hCSH-1 and hCSH-2) for a single mature isoform of
HCS. The so-called hCSH-L is a pseudogene and thus is postulated to contribute no protein [5].

2.1. Human growth hormone (HGH)

HGH can exert metabolic effects either directly or indirectly through, in the latter case, the
increase in hepatic production of the insulin-like growth factor 1 (IGF-1). Regarding their
direct actions, the administration of HGH has been reported to antagonize the action of insu-
lin, thus producing intolerance to carbohydrates in spite of elevated plasma insulin levels.
In contrast, insulin sensitivity increases during the administration of IGF-1, which exerts
hypoglycemic effects even with concomitant suppression of insulin secretion. Another impor-
tant direct metabolic effect of HGH is to increase the mobilization and oxidation of fat and
therefore to reduce total body fat; there is no evidence that IGF-1 acts directly on adipose
tissue in vivo. The administration of HGH results in the retention of sodium through the
stimulation of Na-K-ATPase. It is suggested that part of the effects of HGH on tubular func-
tion (e.g., phosphate reabsorption) is mediated through IGF-1 [6].

The administration of HGH increases the circulating levels of IGF-1 through the stimula-
tion of its hepatic synthesis and secretion; it can also improve the synthesis of local IGF-1 in
peripheral tissues, where it exerts autocrine or paracrine effects [6]. While HGH increases
lipolysis, as a direct effect on the adipocyte, as well as the oxidation of lipids by increasing
substrate availability, IGF-1 increases lipid oxidation only when administered chronically,
most likely as a result of chronic insulinopenia. These metabolic regulators have been tested
in a variety of catabolic conditions in man, and both hormones have been effective in reducing
protein loss caused by glucocorticosteroids and in mitigating some of the catabolic effects of
severe hypogonadism in men [7].

Another function of IGF-1 is to increase myelination by increasing the number of myelinated
axons and the thickness of myelin sheaths. The latter is by mechanisms involving the stimula-
tion of myelin protein gene expression and by increasing the number of oligodendrocytes [8].
For this reason, people with IGF-1 deficiency, caused by a homozygous mutation in the IGF-1
gene at the 12q22 locus, present, in addition to intra- and extrauterine growth retardation,
mental retardation and sensorineural deafness [9].
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Some studies have compared the phenotypes of dwarfism manifested in mutant mice lack-
ing the HGH receptor, or IGF-1, or both, and have provided conclusive evidence that HGH
and IGF-1 promote postnatal growth, both by independent and by common functions, given
that the delay in the growth of double nullizygotes HGHR/IGF-1 is more severe than that
observed with any of the mutant classes separately [10].

2.1.1. Physiological regulation
2.1.1.1. Somatomedins

The insulin-like growth factors, IGF-1 and -2, share structural and functional similarities
with insulin. Together with insulin, they make up a family of phylogenetically conserved
molecules important in the regulation of both growth and metabolism. IGF-1 and IGF-2 (con-
stitute a small proportion of the total IGFs present in plasma) function predominantly as
growth regulators. While it is true that the liver is the source of most (75%) of plasma IGF-1,
it is also synthesized by multiple mesenchymal cell types [11]. As a result, there are two main
mechanisms of IGF-1 regulation: (1) The IGF-1 that is synthesized in the liver and secreted
to the blood is under the control of HGH, and (2) autocrine/paracrine IGF-1 synthesized in
peripheral tissues, such as bone, is controlled by HGH and by factors that are secreted locally
by the surrounding cell types.

IGF-1 exerts its effects through the activation of the IGF-1 receptor. This receptor is present in
multiple types of cells and tissues, which probably explains its ability to stimulate balanced
and symmetric growth [12].

2.1.1.2. HGHRH

The role of a GH-releasing hormone (GHRH) in the regulation of HGH secretion has been
recognized since the late 1950s, based on several lines of evidence that postulated its exis-
tence. These lines of evidence include that the interruption of the connection between the
hypothalamus and the pituitary gland leads to a decrease in HGH secretion; that the elec-
trical stimulation of the ventromedial nucleus and the basal hypothalamus stimulates the
secretion of HGH; and that hypothalamic crude extracts stimulate the release of HGH from
anterior pituitaries in culture [13]. The cell surface receptor for HGHRH (HGHRH-R) has
been incompletely characterized. More is known about the post-receptor events triggered by
HGHRH. The binding of HGHRH to its receptor stimulates the formation of cyclic AMP,
which stimulates an AMPc-dependent protein kinase located in the secretory granules of the
pituitary gland, which increases exocytosis of granules and causes the acute release of pre-
formed HGH [13]. HGHRH not only stimulates the release but also stimulates the synthesis of
HGH. It has been shown that HGHRH can alter the transcription of the hGH gene both in vitro
and in vivo, with an increase of 2.5 times 30 minutes after the injection of HGHRH [14].

2.1.1.3. Somatostatin

Somatostatin (SST) is one of the oldest peptides in neurobiology. It was originally discovered in
1972 as part of the hormone-releasing family because of its property to inhibit the secretion of



The Role of the Human Growth Hormone Gene Family in Pregnancy 95
http://dx.doi.org/10.5772/intechopen.89011

HGH in monolayers of pituitary cells in vitro. Despite its well-known neuroendocrine effects, it
was quickly shown to inhibit a series of endocrine and exocrine secretions along the neural-gut
axis including, for example, pancreatic insulin and glucagon or myenteric acid secretions [15].

SST is a cyclic tetradecapeptide synthesized in the hypothalamus, from where it is trans-
ported to the anterior pituitary gland where it is responsible for the pulsatile release of HGH
and for inhibiting tonically the secretion of HGH and TSH. Several loops of internal feedback,
sleep, exercise, and chemical agents control and influence the release of SST [16]. SST acts
through six separate surface receptors (SSTR-1, SSTR-1-2A, SSTR-1-2B, SSTR-1-3, SSTR-1-4,
SSTR-1-5), members of the family of G protein-coupled receptors, characterized by seven
transmembrane-helical domains, creating three intra- and extracellular loops. The binding of
the receptor and the ligand (SST/SSTR) results in specific cellular activities for each receptor,
or combinations of receptors, and their cellular/tissue localization, although it is known that
the common effect is a reduction in cyclic adenosine monophosphate (cAMP) and Ca* with
activation of protein phosphatases [16].

3.1.1.4. Other important elements of the pathway

There are many elements whose correct functioning is necessary for the hormonal system of
the HGH family to work properly; among the most important of these, we have the transcrip-
tion factor Pit-], a member of a POU-domain family of binding factors of DNA; it is a specific
pituitary factor that binds to and activates the promoters of both hGH and hPRL genes. It has
also been speculated that Pit-I could play a critical role in the ontogeny of HGH, PRL, and
thyroid-stimulating hormone (TSH) producing cells [17].

Another no less important element is prophet of Pit-1 (PROP-1), which is a transcription fac-
tor capable of binding to the sites in an early promoter of the PIT-1 gene and regulating its
expression, which is necessary for the development of the pituitary gland and the expression
of the hormone [18]. Mutations in this gene have been associated with a combined pituitary
hormone deficiency, as well as deficiencies in luteinizing hormone, follicle-stimulating hor-
mone, HGH, PRL, and thyroid-stimulating hormone [18].

2.2, The growth hormone receptor (GHR)

The cloning of the HGH receptor (HGHR) gene in 1987 opened the door for the study of HGH
signaling at the molecular level. Its mRNA encodes a protein of 638 amino acids (aa) with
single extracellular, transmembrane, and cytoplasmic domains [19]. HGHR belongs to the
transmembrane superfamily of proteins that includes the PRL receptor (PRLR) and a number
of cytokine receptors [20].

The determination of the structure of HGH bound to the extracellular domain of HGHR has
led to the model where a single molecule of HGH binds to two molecules of HGHR. This bind-
ing of HGH leading to the HGHR (2)-HGH complex is thought to be sequential. The initial
step is the binding of HGH to a high-affinity HGHR monomer, whereby a different face of
HGH is contacted by a second HGHR monomer, stabilizing the HGHR dimer. This binding of
HGH to its receptor dimer is thought to be an initial and crucial event in the HGH signaling
[19]. Subsequent to this, a conformational change in the extracellular domain of the receptor
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is important for signaling. At present, virtually nothing is known about the structure of the
cytoplasmic domain of the HGHR; a clue to the mystery of the signaling mechanism came with
the discovery that HGH promotes the tyrosine phosphorylation of receptors and other cellular
proteins. The current working model of the signal transduction of HGH action is that its bind-
ing to two HGHR monomers increases the affinity of each receptor for JAK2. The dimerization
brings two JAK2 molecules in proximity so that each JAK2 can phosphorylate the activation
tyrosine of the other JAK2 molecule, blocking it in an active conformation. This allows the
activated JAK2 to phosphorylate itself and the cytoplasmic domain of the HGHR in the tyro-
sine residues, in order to activate the signaling pathway required for the specific function of
the HGH that needs to develop: regulation of gene transcription, metabolic actions, etc. [19].

2.3. The IGF receptor

The components of the IGF system include IGFs (IGF-1 and IGF-2), IGF type 1 (IGF-1R), and
type 2 (IGF-2R) receptors, a family of six secreted IGF binding proteins (IGFBP) and IGFBP
proteases [21]. The two IGF receptors are structurally and functionally related. The signal-
ing of the IGF ligand is mediated by IGF-1R, which is a transmembrane glycoprotein with
tyrosine kinase activity. IGF-2R is a single-chain protein with no kinase activity. IGF-1R binds
to IGF-1 with up to 20 times higher affinity than with IGF-2, while IGF-2R binds strongly to
IGEF-2 but hardly recognizes IGF- 1. The genes for IGF2 and IGF2R have imprinting, express-
ing themselves in a monoallelic way depending on the parental origin [21].

IGF-1R is activated by two ligands, IGF-1 and IGF-2, and by insulin at supraphysiological
concentrations [22]. After the binding of IGF-1 to its receptor, it undergoes a conformational
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Figure 2. Molecular mechanism of IGF-1R. The signal transduction elicited by insulin and insulin-like growth factors is
depicted.
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change that unleashes its tyrosine activity kinase (TK). This autophosphorylates tyrosines
which act as coupling sites for Shc (a signaling adaptor protein) and IRS-1 or IRS-2 signaling
proteins. The IRS proteins are phosphorylated by the TK activity of the receptor and then
binds to the p85 subunit of phosphatidylinositol 3-kinase (PI3K), which is the type A regula-
tory/subunit of the isoforms of class 1 of the PI3K, leading to the activation of protein kinase B
(PKB) and the stimulation of protein synthesis, as well as the inhibition of apoptosis. The Shc
signaling protein is also phosphorylated, which allows it to bind to growth factor receptor-
bound protein 2 (Grb-2), leading to the activation of MAP kinase and the stimulation of DNA
synthesis and cell growth (Figure 2).

The critical importance of this receptor for normal development and physiology is under-
lined by neonatal lethality as a result of its complete absence. Conversely, IGF-2R, also called
mannose-6-phosphate receptor independent of cations, is less important for growth stimula-
tion but is important for the regulation of IGF-1 and IGF-2 activities, both by sequestration of
hormones, as by promoting their degradation [23].

IGF-2 is a key regulator of cell growth, survival, migration, and differentiation. Its funda-
mental role in these processes requires strict regulation, both of expression and activity. The
IGF-1R mediates the actions of IGF-2, and a family of six high-affinity binding proteins of IGF
(IGFBP-1 to IGFBP-6) regulates the circulating half-life of IGF-2 and its availability to bind to
IGF-1R. In addition, IGF2-R modulates circulating and tissue levels of IGF-2, directing it to
lysosomes for degradation [23].

An example of the growth regulation function of IGF-2 is the Beckwith-Wiedemann syn-
drome (BWS), which is a pediatric overgrowth disorder with predisposition to form
embryonic tumors. Individuals with BWS can grow at a higher rate during the second half
of pregnancy and in the first years of life [24]. BWS results from alterations in the imprint
control region 1 (ICR1), either by deletion or by DNA methylation. The ICR1 region controls
the genomic imprint of the H19 gene, a gene that, unlike many others, does not code for a
protein but rather a noncoding RNA molecule whose function is unknown, although it is
suspected that it acts as a suppressor of the tumor and of the IGF-2 gene, which has already
been mentioned previously. This anomaly alters the regulation of both genes; specifically, it
leads to a loss of the activity of the H19 gene and an increase in the activity of the IGF-2 gene
in many tissues [25].

3. HGH and IGF-1 during pregnancy

The pregnant woman undergoes profound anatomic and physiologic changes in almost
every organ system. These adaptations to the pregnant state begin just after conception and
evolve through delivery, after which they almost completely revert to the nonpregnant state
over a period of weeks. The purpose of these alterations is to accommodate the needs of the
maternal-fetal unit.

During pregnancy, pituitary HGH-N synthesis in the mother is suppressed, and HGH-V starts
to be synthesized by the placenta, becoming the predominant HGH in the pregnant women [26].
There is no precise explanation in the literature of the differential actions of HGH-N and HGH-V.
It is considered that HGH-V plays an essential role for healthy intrauterine development by
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increasing the levels of IGF-1, favoring its bioavailability for the fetus, and generating an insulin
resistance through its lower lactogenic effects to ensure a contribution of constant glucose.

The evolution of serum HGH-N in pregnant women has been studied with radioimmunoas-
says (RIA) unreactive to CSH. In such women, serum HGH-N levels progressively decline
to undetectable levels during the second half of pregnancy, while HGH-V appears in the
circulation at midpregnancy and increases thereafter up to term [27]. HGH-V is secreted by
the placenta in a non-pulsatile manner. This continuous secretion appears to have impor-
tant implications for physiological adjustment to gestation and especially in the control of
maternal IGF-1 levels [5]. The “normal” episodic peak activity of HGH-V in first-trimester
pregnant women is dramatically changed into a continuous very stable secretion during late
pregnancy. This change is first observed at 17 weeks of gestation. It is concluded that dur-
ing the second half of pregnancy, serum measurements of HGH reflect a major contribution
from a non-episodically secreted placental HGH-V and concomitant suppression of pituitary
HGH-N. This specific signal, i.e., a continuous HGH secretion, may be an important regula-
tor of maternal liver metabolism during pregnancy and is directly involved in the insulin
resistance of pregnancy [28, 29].

Placental HGH-V is the same length (191 aa) as pituitary HGH-N but contains 13 different aa,
is more basic, and possesses one glycosylation site. These small differences are thought to be
responsible for the reduced lactogenic and high somatogenic activities of placental HGH-V
compared with pituitary HGH-N [5, 30]. In vitro placental HGH-V binds to HGHR with
similar affinity than pituitary HGH-N. However, placental HGH-V has considerably lower
affinity than pituitary HGH for lactogenic receptors [5]. CSH and PRL increase maternal food
intake by induction of central leptin resistance and promotion of maternal beta-cell expansion
and insulin production to defend against the development of gestational diabetes mellitus. It
is probable that as a result of the lower affinity of placental HGH-V for lactogenic receptors
than pituitary HGH-N and the fact that its secretion is not suppressible by high glucose levels,
pregnancy is a well-known period of susceptibility for the development of diabetes and other
metabolically alterations. HGH-V is equipotent to pituitary HGH-N as a ligand for circulating
HGH binding protein and therefore circulates in the maternal circulation as both free and
bound HGH-V [5].

3.1. Growth hormone-releasing hormone

HGH releasing hormone (HGHRH) is a 44 aa peptide. Its concentration throughout preg-
nancy is similar to that in nonpregnant women despite fluctuations in HGH values, which
are always higher than in nonpregnant levels [31], thus supporting the idea that HGH val-
ues are higher during pregnancy due to the placental secretion of HGH-V not regulated by
HGHRH [29].

After delivery, placental HGH-V disappears from maternal serum within an hour. Amniotic
fluid contains low HGH concentrations; cord serum contains high HGH levels, but not
because of HGH-V (we assumed that the material responsible for the GH immunoreactiv-
ity in late pregnancy maternal serum was of placental origin, since it rapidly disappeared
after delivery); thus, it appears to be secreted selectively into the maternal compartment [27].
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HGH-V does not appear to have a direct effect on fetal growth as it is secreted only in the
maternal circulation and is not detected in the fetal blood [5]. Secreted continuously by the
placenta, it seems to control the synthesis of maternal IGF-1; indeed, maternal IGF-1 levels are
correlated with placental HGH levels [30]. Its continuous secretion by syncytiotrophoblast
villous into the maternal compartment may alter maternal metabolism during pregnancy. In
the maternal liver and other organs, HGH-V strongly stimulates gluconeogenesis, lipolysis,
and anabolism, thereby increasing nutrient availability for the fetoplacental unit [5]. HGH-V
acts in vivo as an HGH-N agonist sharing most of its biological properties [27]. HGH-N,
which is synthesized by the fetal pituitary gland (levels of which rise to a maximum at mid-
gestation) [26], has little or no physiological action on the fetus until the end of pregnancy,
because of the lack of functional HGH receptors in fetal tissues.

Growth, prenatal development, and size at birth are normal in animal fetuses of specimens
subjected to hypophysectomy and HGH deficiency, including human fetuses with mutant
genes for this and their receptors. However, this pattern is not maintained in the postnatal
period, in which the individual manifests abnormal development and growth [21]. HGH defi-
ciency does not eliminate the normal increase in IGF-1 induced by pregnancy and does not
reduce fetal weight [30]. Unlike IGF-2 levels, the levels of HGH-V do not correlate with birth
weight or placental weight [32].

In humans and mice, mutations or specific deletions of the genes for IGFs, IGF1, and IGF2, as
well as IGF1R and for its main signaling molecule IRS, lead to a restriction in fetal growth [33].
The targeted inactivation of the mouse gene for IGF-2 results in a 40% reduction in fetal growth,
but postnatal growth remains normal so that alterations in development occur exclusively in
the prenatal period. On the other hand, the interruption of the IGF-1 gene leads to a similar
decrease in fetal growth than the alteration of the IGF-2 gene, but it is also characterized by the
lack of persistent postnatal growth [34]. Most surprising, however, are the phenotypic conse-
quences of the deletion of the gene for the IGF-1 receptor (IGF-1R), which as described above,
is a transmembrane tyrosine kinase that mediates the growth promotion actions of both IGFs.
Mice with this suppression have a birth weight that is only 45% of normal and usually die in
a matter of hours after birth due to respiratory failure as a result of muscle hypoplasia [34].

3.2. Growth hormone replacement therapy during pregnancy

A retrospective study of 25 women with HGH-N deficiency (HGHD), who underwent preg-
nancy without HGH replacement therapy (HGHRT), concluded that unsubstituted HGHD dur-
ing pregnancy is not detrimental to the fetus [35]. Another publication described four HGHD
women who stopped HGHRT immediately after confirmation of pregnancy and remained
off treatment throughout the pregnancy while having no pregnancy complications and gave
birth to healthy babies of normal height and weight [36]. In a case report, physiologic HGHRT
until there was evidence of sufficient HGH-V production also led to normal pregnancy and a
healthy fetus [37]. This regimen of maintaining HGHRT during the first trimester, gradually
decreasing it during the second trimester, and discontinuing it during the third trimester was
reported to lead to successful outcomes in 12 pregnancies [38]. In addition, replacement with
HGH-N during pregnancy did not suppress the physiologic increase in HGH-V [32].
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Author

Pregnancy outcome

Product outcome

Hormone level/ molecular characterization

Alexander et al.

Barbieri et al.

Borody and
Carlton

Bradford and
Hargreaves

Geade et al.

Giampietro et al.

Hubert et al.

Moshirpur et al.

Nielsen et al.

Parks et al.

Sideri ef al.

Simon et al.

Normal pregnancy with
spontaneous labor at
39 weeks

Normal pregnancy

Normal pregnancy
(second pregnancy)

Normal pregnancy
(primigravida)

Normal pregnancy
(primigravida). Medical
induction of labor at term

Normal pregnancy
(second pregnancy) with
Cesarean section at 39th
week for alterations in
fetal heart rate

Normal pregnancy

Normal pregnancy

Normal pregnancy
(fourth pregnancy).
Spontaneous delivery

Normal pregnancy, with
spontaneous delivery at
38 weeks of gestation

Normal pregnancy (third
pregnancy) with slight
fetal growth impairment.
Spontaneous labor at

38 weeks of gestation

Two normal pregnancies.

Normal female infant;
weighted 3300 g

Normal product

Healthy female infant

Term male infant,
weighing 3420 g

Male infant weighing
3740 g

Healthy male infant,
weighing 3060 g,

51 cm tall, cranial
circumference of 34 cm.

Normal product

Healthy male infant

Healthy male infant,
weighing 3000 g, 53 cm
tall

Healthy female infant,
weighing 2650 g, 49 cm
tall

Healthy female infant
weighting 2600 g (a
value just below the
10th centile by normal
Italian standards)

Patient 1: Healthy
female infant, weighing
3640 g

Patient 2: Healthy
female infant, weighing
3250 g

CSH level < 0.006 mg/1. No molecular analysis

CSH absent, confirmed by
immunoperoxidase technique

CSH deficiency. No molecular analysis

CSH < 2.0 mg/l. No molecular analysis

CSH < 1 mg/1. No molecular analysis

CSH levels between 0.8 and 1.4 pg/ml. No
molecular analysis

CSH levels low. Messenger RNA coding for
CSH at low abundance

CSH <1 pg/ml. No molecular analysis

CSH <0.025 mg/L. No molecular analysis

Isolated partial deficiency of CSH (peak
CSH levels 1.1 pg/ml). Characterized

by restriction endonucleases analysis
(heterozygosity for two different deletions
involving hCSH genes; the paternal hGH
locus lacked the hCS-1, hGH-V, and hCS-2
genes, while the maternal only the hCS-1
gene)

No CSH could be measured by RIA. PRL

and HGH levels were within the normal
limits (137 and 14 ng/ml), and an oral glucose
tolerance test at 30 weeks was normal

DNA was investigated for the integrity of the
hGH gene cluster by Southern blotting and
hybridization with an hCSH cDNA probe.
Patient 1 was found to be homozygous for

a deletion involving hCSH-1, hGH-V, and
hCSH-2. Patient 2 was a double heterozygote,
with one chromosome bearing the same
deletion as that of patient 1, while in the
other, only the hCSH-1 gene was missing

Table 1. Comparison of reported pregnancy cases with absence of CSH or very low concentrations in maternal

plasma [40-51].
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A study describing pregnancies in a large group of patients (173 pregnancies in 144 women
with HGHD) in 15 countries using the Pfizer International Metabolic Database (KIMS) dem-
onstrates that most patients conceived while receiving HGHRT. Details of HGHRT during
pregnancy were reported in 170 out of 173 pregnancies. HGHRT was stopped at the begin-
ning of the pregnancy (or had already been stopped before conception) in 81 cases (46.7%),
partially continued in 42 pregnancies (24.7%), and continued throughout the entire pregnancy
in 47 pregnancies (27.6%). The practice of partially continuing HGHRT during pregnancy and
stopping it at the end of the second trimester was observed in nearly half of the countries but
was more prevalent in Sweden (67% of all pregnancies in that country) and Denmark (55%
of Danish pregnancies). Most physicians reported making their decisions about whether to
continue HGHRT in agreement with the patient’s wish. Outcome data were available for 139
pregnancies (80.3% of cases). In four cases the pregnancy was electively terminated (in three
cases because of the patient’s wish, in one case because of the doctor’s advice given sev-
eral concomitant diseases and the resulting need for multiple medications); these cases were
excluded from further analysis. Live birth was observed in 107 pregnancies (79% of all known
cases), with a total of 118 babies born. No congenital malformations were reported. No live
births were reported in 28 pregnancies, including two extrauterine pregnancies, one blighted
ovum (non-evolutive pregnancy), one malformation (severe cystic hygroma in ultrasound,
which determined pregnancy termination in the second trimester), one stillbirth, and 23 non-
elective abortions. Patients who partially or fully continued HGHRT during the pregnancy
did not report any miscarriages happening after the first trimester of the pregnancy [39].

There are few reported cases in the literature of pregnancies with the absence of CSH or very
low concentrations in maternal plasma throughout pregnancy, most of them progressing nor-
mally and resulting in delivery of normal babies, but only in a few cases have had the genetic
background examined in detail using molecular analysis (Table 1).

4. Role of hGH locus in pioneering personalized medicine

Biotechnology has not only been a great ally in the diagnosis of diseases but has become part
of the treatment, in the specific case of HGH through the development of HGH and CSH
recombinant versions. With this, the era of personalized medicine begins, which refers to
the design and application of prevention, diagnosis, and treatment strategies better adapted
to the genetic-molecular specificities of each patient and each disease. That is, instead of all
patients being treated in a similar way, more and more, the treatments will be adapted to
groups of selected patients defined by molecular markers (Figure 3) [52].

The first step of this personalized medicine is to know the molecular substrate of the diseases
that we face. The invention of the first companion diagnostic test was to screen for deletions
in the HGH locus in search of explaining the failure of HGHRT due to immune rejection of
the biosynthetic version of HGH. Using bioinformatics methods, our laboratory analyzed the
hGH and hCSH genes. On the basis of the high sequence similarity displayed by these genes,
we designed an ingenious strategy based on restriction enzyme characterizations that allow
differentiating each gene’s transcriptional unit. To simplify the gene analyses, gene regions
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Figure 3. Stratification of patients by molecular diagnosis. Patients apparently with the same disease usually have
genetic and thus physiological differences that influence their disease prognosis and prediction.
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Figure 4. Diagnostic test for the hGH locus. Bioinformatics prediction and confirmation in the laboratory of the
PCR + restriction enzymes test to differentiate each of the five genes constituents of the hGH locus. The gene-specific
digestion patterns predicted in silico when amplifying all genes by a simple consensus primers PCR and then subjecting
the pentagenic amplicon to “diagnostic” restriction enzymes were confirmed using cloned versions of all the gene
members of this gene family.

of highest similarities were identified by means of the GENEALIGN program [53, 54]. This
analysis resulted in the synthesis of a pair of consensus oligonucleotides complementary to
the extremes of the five genes, allowing their simultaneous amplification by PCR. We chose as
useful for this purpose what we call diagnostic restriction endonucleases: Acc I for htGH-N (0.9
and 0.6 kb) and hGH-V (0.8 and 0.7 kb), Dra I for hCSH-L (1.2 and 0.3 kb), Bst EII for hCSH-1
(1.0 and 0.5 kb), and Pou II for hCSH-2 (1.1 and 0.4 kb) [53].

To test our bioinformatics-predicted test, we then used recombinant plasmids carrying the genes
of the locus to confirm the presence of the restriction site for the chosen diagnostic endonuclease
for each gene. Amplifications and digestion of each gene-carrying plasmid were performed. The
digested PCR products were separated by 1.5% agarose gel electrophoresis. In all cases, we obtained
the expected results (Figure 4). Fragments corresponding to the h(GH-N gene (0.9 and 0.6 kb) and
hGH-V gene (0.8 and 0.7 kb) were seen when Acc I was used to digest the amplified products of
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plasmids containing h\GH-N and hGH-V genes, respectively. Likewise, fragments of 1.2 and 0.3 kb
were generated with Dra I upon digestion of the PCR product of recombinant plasmid carrying
the hCSH-L gene. The digestion of the amplified product derived from the h(CSH-1 gene-carrying
plasmid with Bst EII gave bands of 1.0 and 0.5 kb. Finally, the digestion with Pou II of the ampli-
fied product of the cloned gene hCSH-2 gave bands of 1.1 and 0.4 kb. No unexplained additional
fragments were observed in both amplifications and cutting reactions, which reflects the specific-
ity of the PCR and of the cuts with the chosen so-called diagnostic restriction endonucleases [53].

4.1. Application of the diagnostic test
4.1.1. A case of absence of CSH and HGH-V

In a pregnancy reported without HCS and HGH-V production, which was complicated by
severe growth retardation of the fetus and mild preeclampsia and cardiotocogram abnormali-
ties, the patient was given betamethasone, and Cesarean section was performed in week 35.
A male baby was delivered with an Apgar score of 7/1, 10/5 and umbilical artery pH of 7.3,
weight was 1270 g, and he measured 40 cm (the 10th percentile for weight for Danish male
reference material at this gestational age is 2100 grams). Placenta weight was 250 g and was
macroscopically normal. The umbilical cord contained only one artery. A thorough examina-
tion of the baby by a neonatologist revealed no physical abnormalities. The boy thrived; the
only problem being a tendency to low blood sugar the first days, the lowest being 1.2 mM. He
was discharged 26 days after delivery. Pediatric examination at discharge and 6 months later
revealed no malformations or other problems [54].

Using the PCR method described before, the genes at the h'GH multigene family were inves-
tigated in DNA isolated from the placenta of this case. We found that the placenta, and thus
the baby, had two different DNA deletions along the 3’ half of the gene cluster, both of which
eliminated the two active hCSH genes (hCSH-1 and hCSH-2) and the placental h1GH gene
(hGH-V). The locus retained the pituitary hGH-N gene as well as the placental h(CSH-L pseu-
dogene (see Figure 5). The absence of CSH in this patient was caused by deletion of both cop-
ies in each chromosome of the active hCSH genes (hCSH-1 and hCSH-2) in the placenta and,
thus, in the child’s genome. Both parents were heterozygous for the gene’s deletion, lacking
one copy of the three 3’ cluster genes: h'CSH-1, hGH-V, and hCSH-2. In the first instance, the
baby appeared to be a homozygote for deletion including the 3’ end of the hGH locus, but the
PCR analysis revealed that the baby was, in fact, a double heterozygote for these deletions.
Each chromosome lacks a different portion of the 3’ end of the hGH locus: one deletion begins
between hCSH-L and hCSH-1 genes and the other beginning at the first exon of the h(CSH-1
gene [54]. In the few previous reports where the molecular background for complete absence
or very low levels of CSH have been examined [55], the cause has also been the deletion of
hCSH-1, hGH-V, and hCSH-2 genes or only of the last two genes, and in some cases both types
of hCSH gene deletion have been found [49].

4.1.2. Cases of children treated with recombinant HGH to treat their severe growth retardation

Genomic DNA samples of 10 patients clinically diagnosed with isolated HGH deficiency
(IGHD) were analyzed with our new diagnostic method, to establish if the =GH-N gene was
absent and thus was the causal factor for this condition. Amplification products of all patients
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Figure 5. Molecular characterization of a case lacking CSH. Amplification by PCR with our consensus pair of primers
capable of amplifying the five genes in the hGH locus, followed by digestion with “diagnostic” restriction enzymes,
allowed to precise which genes were absent from the genome of the baby in this case of the complete absence of HGH-V
and of CSH.

were digested with Acc I, which is specific for the hGH-N gene (0.9 and 0.6 kb) and for the
hGH-V gene (0.8 and 0.7 kb) genes. This indicated to us that the former gene was absent in
this child and, thus, the cause of this patient’s disease, classifying her condition as IGHD type
IA. Moreover, the pediatrician confirmed to us that this particular patient was not responding
to the HGHRT [53] (Figure 6).

4.2. Anti-recombinant growth hormone antibodies

Pituitary HGH has been the preferred treatment for growth retardation in children since its
efficacy was first reported 40 years ago. This treatment was discontinued in most countries
in 1985 following the deaths from Creutzfeldt-Jakob disease of four patients who received
the hormone recovered from cadavers in the period of 1965 through 1975. Application of
recombinant (r) DNA technology has made the production of unlimited supplies of proteins
possible, including HGH that has important therapeutic uses. But, the immunogenicity of
commercially available rHGH is a matter of great concern. The adjuvant effects of unrelated
contaminants associated with rHGH by disulfide, ionic and/or hydrophobic links, as well as
the changes in the intrinsic primary and secondary structure, may occur during the produc-
tion and/or recovery of the hormone and lead to potential immunogenicity. The main concern
with anti-HGH antibodies could be their ability to neutralize circulating rHGH and inhibiting
its growth-promoting effect. In a study evaluating 47 children treated with rHGH for up to 6
months, serum samples were examined for specific antibodies against it by ELISA, resulting
in four patients positive for serum antibodies against the hormone [56]. Fortunately, new
preparations have shown lower immunogenicity profile with no safety concerns [57].
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Figure 6. A genetic test to identify HGH-deficient patients that would not respond to replacement therapy from
those that would. Bioinformatics analyses of the sequences of the five genes of the hGH locus allowed us to design a
simple polymerase chain reaction with just one pair of consensus primers to amplify them. Digestion of the mixture of
amplicons with Acc 1 restriction enzyme should render a ladder of four digestion bands: The first and last bands are
digestion products of the gene responsible, in the hypophysis, for the synthesis of HGH (hGH-N), while the second and
third bands are evidence of the presence of the placental gene counterpart (:1GH-V) [52].

In a study of four patients with gene defects in the GH axis, the results showed that HGH
substitution may be effective at the beginning, but development of HGH-Ab often occurs,
resulting in a HGH-resistant state with sequelae similar to GHIS (HG insensitivity syn-
drome). One patient [58] developed high-affinity and high-avidity blocking of HGH-Ab
during the first year of pituitary-derived human GH (pit-GH) treatment. Even plasmapher-
esis and immune modulating treatment to induce tolerance analogous to previous treatment
regimes in hemophiliac patients with blocking antibodies did not result in HGH responsive-
ness, and HGH-Ab reappeared shortly thereafter [59]. The HGH growth response, even
in patients with the identical genetic defect, may differ and is not clearly related to the
presence of antibodies [60]. Factors contributing to immune response are complex and
cannot be clearly demonstrated. Epidemiology and risk factors of HGH-Ab development
have not been studied in depth, but analogous to hemophilia, there are various aspects that
might be deduced: On a superior level, immune processes of self—/non-self-discrimination,
i.e., the likelihood that antibodies will be formed appears to be influenced by the age at
first antigen contact, the HLA haplotype, and other immune response genes. In particular,
epitopes giving rise to antibody formation may differ and lead to various effects which
are dependent on steric conformation changes or potency of complement activation [61].
Patients with genetic HGH defects who are exposed to exogenous rHGH will therefore gen-
erate different amounts of HGH-Ab with different affinities, thus compromising HGH bind-
ing to the receptor or HGHBP/HGHR (GH binding protein and GH receptor) dimerization
kinetics [62]. In patients with different HGHR mutations, the extent of height deficit varies
substantially and may be correlated with the presence or absence of HGHBP in plasma,
although clear genotype-phenotype associations do not exist, thus suggesting an influence
of additional genes or environmental factors [63—66]. The clinical outcome of treatment with
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rHGH in patients with IGHD IA is quite variable. The amount and the affinity of GH-Ab
modulated by genetic disposition for immune reactions may determine the overall response
to HGH therapy [62].

5. Summary

During the prenatal period, the product has a very rapid development, for which it needs an
adequate supply of nutrients by the mother. To date, many factors involved in this growth
have been described. However, one of the most important without a doubt is the somatogenic
and lactogenic hormones (collectively referred to as somatolactogens). Being the intrauterine
period essential to define the health of the product throughout its extrauterine life, it is logi-
cal to think that there are biological mechanisms in nature that were evolving to assure the
nutrient supply through the placenta. Many data point to the fact that HGH-V is one of these
biological mechanisms.

During pregnancy, the expression of pituitary HGH is suppressed, and placental HGH
becomes the predominant form of HGH in the mother [26]. This change in HGH production
indicates that there must be some difference in their functions and surely have implications in
the normal evolution of pregnancy. One of these differences is that HGH-V is secreted by the
placenta in a non-pulsatile manner. This continuous secretion seems to have important impli-
cations in the physiological adjustment to gestation and especially in the control of maternal
IGEF-1 levels [5].

The lower affinity of HGH-V for the lactogenic receptors and the fact that its secretion is not
suppressed by the high levels of blood glucose prevent glucose from being picked up by the
mother’s tissues and thus being available to the fetus. However, these effects also cause the
pregnancy to be a period of susceptibility to the development of diabetes and other meta-
bolic disorders, as is well known. HGH-V does not have a direct effect on fetal growth since
it is secreted selectively into the maternal compartment and is not detected in fetal blood
[27]. The effect on fetal growth apparently occurs indirectly through the IGF-1 maternal.
HGH-V is secreted continuously by the placenta and that seems to control the synthesis of
maternal IGF-1. This is supported by the fact that maternal IGF-1 levels are correlated with
HGH-V levels. In addition, it binds to the hepatic receptors of HGH with a higher potency
than HGH-N [27].

Unlike HGH-N, HGH-V does not increase the transcription of genes from the other compo-
nents of the IGF system [IGF-2, IGF-2R, IGF-1R, a family of six IGF binding proteins (IGFBPs),
and IGFBP proteases]. Therefore, during pregnancy, when HGH-V takes control over HGH-
N, there is a greater amount of free IGF-1 available, which may be one of the reasons for the
evolutionary divergence of the hGH locus for the creation of two GHs that will act in different
periods of life.

Besides being the hGH locus a wonderful model to investigate gene spatial and temporal
expression control, its world-record sequencing and pioneer translation into the first compan-
ion diagnostic ever invented, inaugurated the era of personalized medicine.
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Abstract

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

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

1. Introduction

Reproduction is the most essential process for any species to sustain its population. The repro-
ductive health issues along with the infertility problems are observed very frequently nowa-
days. Approximately, 15% of all the couples trying to conceive are recognized as infertile,
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and the male partners are found to be solely responsible for half of all the cases of global
childlessness [1]. In the recent time span, circa 20 years, the empirical developments have
proved that several hypothalamic and pituitary hormones, including gonadotropin-releasing
hormone (GnRH), growth hormone-releasing hormone (GH-RH), gonadotropins, and growth
hormone (GH) and their corresponding canonic receptors, are ubiquitously and differentially
expressed having diversity of biological functions [2]. There are myriad evidences showing
that these vital endocrine hormones are also expressed in extra-hypothalamic and extra-pitu-
itary tissues and are engaged in local synthesis and action, encompassing explicit effects on
reproductive growth, cellular proliferation and survival, tissue repair, immunomodulation,
cellular energy homeostasis and metabolism, antioxidative functions, and neuroregenera-
tion [3-6]. It is manifested that GH synthesis is mainly through the pituitary somatotropes
and is secreted as an endocrine hormone that regulates cellular growth and differentiation
during testicular development [7]. Postnatally, GH pulsatile release is required as a homeo-
static factor that in many tissues is indispensable for cellular proliferation and differentiation
as well as the maintenance of their metabolic actions. The GH exerts its beneficial actions
either by binding and activation to GH-receptors (GH-Rs), expressed at several target tis-
sues, viz., in the hypothalamus and other parts of the central nervous system [8], and in the
male gonad (testis), including Leydig and Sertoli cells [9]. As a pituitary endocrine hormone,
growth hormone has cardinal roles in accentuating reproductive growth in individuals with
GH deficiency [10]. Growth hormone deficiency (GHD) happens to be the most recurrent
endocrinological abnormality, followed by gonadotropin, TSH, and ACTH deficiencies [11].

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

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

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

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

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

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

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

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

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

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

2.3. Actions of GH in the modulation of testicular steroidogenesis

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

The reports from in vitro study demonstrate multifarious actions of GH, viz., alteration in
the activity of enzymes involved in the steroidogenic pathway; stimulation of steroidogenic
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acute regulatory protein (StAR) production, which mediates cholesterol translocation across
the inner mitochondrial membrane; and 3f-hydroxysteroid dehydrogenase (33-HSD), which
further converts pregnenolone into progesterone [18], in Leydig cell precursors of rodents.
Similarly, GH upregulates the formation of early steroidogenic intermediates, such as 17-a
20-p dihydroprogesterone in testicular cells of fishes [41].

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

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

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

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

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

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

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

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

By stimulating the expression of neuronal nitric oxide synthase (nNOS) in intracavernosal
nerves, GH is found to improve the erection frequency and maximal intracavernous pressure
in aged rats [61, 62]. Next in order, GH also improves the regeneration of nNOS-expressing
nerves following cavernous nerve neurotomy, accelerating the resumption of erectile func-
tion [63, 64]. This regenerative effect may involve local IGF-I and transforming growth factor
beta-2 (TGF-B2), both of which were increased as a result of GH stimulation [65]. NOS may
mediate important GH effects in humans, since GH, nitric oxide (NO), and cyclic guanosine
monophosphate (cGMP) share a robust nexus in systemic and cavernous blood of individu-
als with erectile dysfunction [60]. GH also induces both relaxation and ¢cGMP production
in human cavernous strips [66]. However, a later study indicated that GH improves cGMP
signaling in human corpora cavernosa (isolated from transsexual patients receiving hormonal
therapy) independently of (NO) [67].

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

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

The GH stimulates the production of a family of proteins, viz., IGFs in several extrahepatic tis-
sues including testis [75]. The IGFs composed predominantly of insulin, IGF1, IGF2, and their
respective canonic receptors which upon activation provide signals to regulate a variety of
cellular activities including cellular survival, proliferation, differentiation, and cellular metab-
olism [76, 77]. Importantly, testicular IGF-1 exerts its beneficial role by binding with its respec-
tive receptor and simultaneously activating it, in an autocrine/paracrine manner, and hence
contributes to the maintenance of normal male reproductive physiology. Moreover, the earlier
study utilizing IGF-1 null male mice showed infertile dwarf characteristics and also exhibit a
reduction in both spermatogenic activity and serum levels of testosterone by ~80% [78]. This
not only suggests the primary importance of GH/insulin/IGF signaling in body growth and
development but also highlights its critical role in male reproductive health (Figure 1).
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Figure 1. A schematic representation of GH/insulin/IGF signaling in the testicular axis. Both centrally (pituitary) and
locally (testicular) secreted GH binds to the GH-receptors (GH-Rs) expressed in the Leydig cell and directly activates,
releases secondary messenger i.e. cyclic adenosine monophosphate (cAMP), and stimulates (+) the activity of various
steroidogenic enzymes (viz., StAR, p450scc, and 33-HSD). Also it enhances the expression and abundance of luteinizing
hormone receptor (LH-R) in the testis. The insulin/IGF1 signaling is mediated by a multifaceted, highly integrated
network that regulates various crucial physiological processes. Two major signaling pathways are triggered by insulin/
IGF1 activation, the ERK/MAPK pathway, and the ATK/PI3K/GLUTS8 pathway, which are involved in numerous cellular
processes such as cellular metabolism, cellular growth and proliferation, and self-renewal process of spermatogenic
cells. Activation of the InsR/IGF-R signaling by insulin/IGF1/2 binding, respectively, leads to InsR (p subunits) as well
as receptor tyrosine kinase phosphorylation, and this subsequently phosphorylates IRS proteins on their tyrosine
residues, thereby activating the AKT/PI3K/GLUTs pathway. It is mainly responsible for the metabolic actions of insulin/
IGF1 signaling (which activates the ERK/MAPK pathway and primarily regulates a variety of different downstream
biological effects including mitogenesis, gene expression, and energy homeostasis by glucose and lactate transport to
the developing germ cells).

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

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

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

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

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



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

4, Conclusion

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

Pegvisomant is a GH antagonist used in acromegaly in gigantism. Pegvisomant is a
modified GH molecule with pegylation to increase half-life and nine amino acid substi-
tutions to modify GH receptor affinity and dimerization. Pegvisomant leads to an IGF1
decrease. It is administered subcutaneously every day with a median dose of 15 mg/
day in meta-analysis. This treatment is indicated in acromegaly or gigantism in case of
resistance to somatostatin analogs. This drug leads to a control of acromegaly in 90% of
patients in phase III study and about 70% of patients in real-life study. In gigantism, only
50% of children are controlled with pegvisomant. It is a well-tolerated treatment with
hepatic side effects in 3% of cases, headache in 2% of cases, and lipohypertrophy in 3%
of cases. Pegvisomant does not act on adenoma size, and 6% of increasing tumour size
is observed. Indeed, pegvisomant is an antagonist of GH receptor with a good efficacy
which can be used alone or in association with somatostatin analog or cabergoline if
acromegaly is not controlled by a somatostatin analog.

Keywords: acromegaly, gigantism, pegvisomant

1. Introduction

Pegvisomant is the only available GH antagonist. The history of pegvisomant development
is an example of how research can be surprising. By combining site-specific mutation on the
GH gene, researchers were looking for a long-acting GH treatment. However, researchers
were surprised to find with the in vivo analysis an IGF1 reduction in mice treated with the
modified GH molecule obtained. It was the beginning of pegvisomant history.

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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2. Structure-function

2.1. Development of a long-acting GH antagonist

GH three-dimensional structure contains two disulphide bridges and four helices which are
arranged in an “up-up-down-down” topology. Helices 1, 2, 3, and 4 are located between
residues 9-34, 72-92, 106-128, and 155-184, respectively (Figure 1) [1]. Helix 3 is the key to
promote a growth activity. In this helix, approximately 20 amino acids are arranged in an
amphiphilic orientation. Among them, three amino acids do not enable an ideal amphiphilic
helix [2]. When modifying these three amino acids, researchers wanted to generate a perfect
amphiphilic helix 3 and hypothesised that it would enhance GH activity. Surprisingly, trans-
genic mice expressing this modified GH analog had decreased circulating IGF1 concentra-
tions. It was the first report of a GH antagonist [3]. Further single amino acid substitutions
demonstrated that glycine at position 120 of human GH was critical for the growth-promoting
activity of the respective molecule. Crystallography studies demonstrated that this mutation
of the glycine to a lysine at position 120 (G120K) of GH led to a defect of GHR dimerisation
which is essential for GH transduction signal [4].

However, because of its small size (22 kDa), GH is rapidly cleared by the kidneys and/or
endocytosis as a GH/GHR complex. Indeed, the addition of polyethylene glycol (PEG) (5 kDa)

Hel

Helix 2

Figure 1. Two-dimensional representation of the structure of human GH (adapted from de Vos et al.) [4].
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increased the serum half-life from 30 min to 2 days. At this stage, we had a G120K-PEG GH
molecule. However, the perfect GH antagonist was not yet found because the addition of
PEG led to a decrease of binding affinity for site 1 (which is the first binding site of the GH
molecule on the GH receptor). To circumvent this problem, mutagenesis of binding site 1 was
considered. In the meantime, Cunningham and Wells published a more potent GH analog
with eight amino acid substitutions in site 1 of the GH molecule. These eight mutations were
introduced in the G120K-PEG GH molecule [5]. This molecule proved to maintain binding
affinity for binding site 1 of GHR, antagonising properties of GHR with a long half-life. That
was the birth of pegvisomant.

2.2. The pegvisomant/GHR interaction

Pegvisomant/GHR interaction has been more precisely studied. Primary studies suggest
that pegvisomant binds to one GHR and prevents GHR dimerisation because of the G120K
mutation which prevents binding to site 2. However, further studies show that pegvisomant
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Figure 2. Binding representation of GH and pegvisomant (B2036-PEG) on GH receptor and schematic effect [1]. GH
binds to GHBP and to binding site 1 and 2, inducing a conformational change of GHR, a jak/stat phosphorylation, and
internalisation [2]. Pegvisomant binds to GHBP, and the complex binds to site 1 and site 2, inducing a less functional
dimerization, a diminution of jak/stat phosphorylation, and a different intracellular trafficking with an increase of GH
receptor degradation (adapted from Ross et al.) [6].
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induces GHR dimerisation with disulphide linkage and induces internalisation, as GH do.
However, activation of jak kinase and stat 5 is less important because the conformation changes
after pegvisomant binding is different with a less functional dimerisation [6, 7]. Moreover,
internalisation after pegvisomant binding induces a different intracellular trafficking, with an
increase of degradation of GHR, a decrease of GHR expression on cellular membrane, and a
decrease of nuclear localisation of GHR [8].

Moreover, it appears that the eight mutations within site 1 do not increase affinity to GHR
but to the GH binding protein and allow the dimerisation of GHR despite the pegylation
(Figure 2) [7]. Reducing site 1 binding affinity, high doses of pegvisomant are necessary to
antagonise GH action.

3. Safety-efficacy

3.1. Phase I

In the phase I study, 36 young volunteers received a single injection of either the placebo
or pegvisomant (0.03, 0.1, 0.3, or 1.0 mg/kg). All doses were well tolerated, with no severe
adverse events. IGF1 decreased significantly in all groups with a pegvisomant dose above
0.1 mg/kg (P <0.001 vs. placebo) [9].

3.2. Phase II

In the phase II study, 46 patients with active acromegaly were randomised and received the
placebo, 30 or 80 mg of pegvisomant once a week for 6 weeks. If IGF1 levels were unchanged
in the placebo group, it decreased by 31 + 6.7% in the 80 mg groups (P < 0.001). There was
a dose-related decrease in serum IGF1. However, only three patients have a normal serum
IGF1. Pharmacokinetic study evaluated pegvisomant half-life at 70 h [10]. Because of the low
efficacy of pegvisomant in phase II and the half-life of 70 h, it was decided to give pegviso-
mant daily in phase III.

3.3. Phase III

The phase III study on 112 patients with acromegaly showed the efficacy of pegvisomant
on serum IGF1 reduction and clinical improvement. This double-blind study showed
a decrease of IGF1 from the baseline by 26.7 + 27.9%, 50.1 + 26.7%, and 62.5 + 21.3% in
the groups that received 10 mg, 15 mg, and 20 mg of pegvisomant per day, respectively
(P <0.001 for the comparison of each pegvisomant group with placebo). In these groups,
54%, 81%, and 89% had a normalised IGF1 at 12 weeks. Among patients treated with 15 mg
or 20 mg of pegvisomant per day, there were significant decreases in clinical symptoms
such as ring size, soft tissue swelling, the degree of excessive perspiration, and fatigue.
Quality of life improved in all groups. Tumour volume was similar before pegvisomant and
at 12 weeks [11]. One year later, van der Lely et al. published the extension of this study,
with 152 patients on pegvisomant at 18 months; 97% of patient normalised serum IGF1
(Table 1) [12].
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N IGF1 before = Median Median Monotherapy Normal  Tumour Liver
(female) pegvisomant exposure dose (% of IGF1 enlargement enzyme
% ULN time mg/day patients) (% of (% of elevation
(months) (min patients) patients) (% of
max) patients)
Boguszewski 109 (61) 209 (99-637)  30.5 10 11 74.1% 6 9.2
etal. [14] (10-30)
Basavilbaso  75(51) 240 (125-700) 27 12 (3-30) 45 63% 9.8 9.3
et al. [33]
Buchfelder 2090 NA 91.2 18.9 NA 73 22 3
etal. [13]
Van der Lely 90 NA 18 19.6 100 97 13 13
etal. [12]
Garcia 42 NA NA NA NA 58 NA NA
etal. [18]
Rostomyan 37 NA NA NA NA 51 NA NA
etal. [19]

NA: not available; ULN: Upper limit normal.

Table 1. Main study of pegvisomant efficacy and adverse events in real life.

3.4. Long-term experience
3.4.1. Efficacy

The ACROSTUDY is the largest international, noninterventional study of acromegaly patients
treated by pegvisomant. Two thousand and ninety patients were analysed between 2004 and
2016. When starting pegvisomant, 89% of patients had an IGF1 above the upper limit of nor-
mal (ULN), previously treated by surgery, radiotherapy, medical therapy, or a combination
of the three. After 10 years, 73% of patients had a normal IGF1 with a median dose of pegvi-
somant 18.9 mg/day (Table 1) [13].

A recent study evaluated the efficacy in real life. A Brazilian multicentre study of 109 patients
with acromegaly were included, 61% were women, and 95% have macroadenomas. Previous
treatments were surgery (89%), radiotherapy (34%), somatostatin analogs (99%), and/or
cabergoline (67%). No patients were controlled at inclusion with high IGF1 (median 209%
of ULN) and high GH secretion. For most patients the initial dose was 10 mg/day, and the
median exposure was 30.5 months. Pegvisomant was used as monotherapy in 11%. IGF1 nor-
malisation was obtained in 74% of patients with a median dose of 15 mg/day when used alone
and 10 mg/day in combined therapy. In this study, there were three response predictors:
exposure time, GH pretreatment, and IGF1 pretreatment (Table 1) [14].

In a recent meta-analysis of eight studies, 60.9% of patients were controlled (52-70; 95% CI)
and 72% if considering only patients in monotherapy in five studies [15].

Interestingly, there are two cases of persistent remission of acromegaly after pegvisomant
withdrawal. Patients were treated for 8 and 11 years and presented a normal IGF1 and GH
secretion 5 and 2 years after withdrawal, respectively [16].
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3.4.2. Adherence

In a recent study, treatment adherence to pegvisomant was evaluated in a multicentre cross-
sectional study on patients treated with pegvisomant for more than 12 months in 108 patients.
Rates of adherence varied from 61 to 92% and did not correlate to disease control. Older
patients and patients with an alternative schedule had lower adherence. However, treatment
satisfaction was high, 75 + 15%, evaluated with the “Treatment Satisfaction with Medicines
Questionnaire” (STATMED-Q). This study reveals that the principal obstacle was the trans-
portation of the pegvisomant (especially maintaining the cold chain during transportation)
and anxiety about the injection. One third of patients made mistakes during the reconstitution
(17%) and administration (22%) of pegvisomant [17].

3.5. Experience of pegvisomant in children

Experience of pegvisomant in children is quite rare. There is a recent review of the case series
of gigantism in the literature. Out of 262 patients, 42 (17.5%) were treated with pegvisomant
and 27 (58%) had normal IGF1 [18]. The biggest series was published in 2015 with 208 patients
with gigantism. Among them 37 were treated with pegvisomant and 19/37 (51%) had a nor-
mal IGF1. Indeed, gigantism seems to be more difficult to control than acromegaly in adult-
hood with pegvisomant [19].

4, Indication

4.1. Acromegaly patients

Endocrine society guidelines for acromegaly were published in 2014 [20]. The first recom-
mended treatment of acromegaly is surgery, as it offers the prospect of a cure. In case of
persistent GH secretion 12 weeks after surgery, medical treatment is indicated including
cabergoline and long-acting somatostatin (SMS) analogs. Cabergoline is indicated in case of
co-secretion of GH and PRL or if GH secretion is slightly increased (IGF1 < 2.5 times the upper
normal range) and permits 40-50% of control [21, 22]. The first generation of long-acting SMS
analog studies report around 50% of IGF1 normalisation [23]. For patients who are not con-
trolled by the first-generation SMS analogs, the recent consensus recommends several options:

Add cabergoline if IGF1 is <2.5 times the upper normal range.

Switch to pasireotide, the second-generation of SMS analogs which normalised IGF1 in up to
54% of patients [24].

Switch or add pegvisomant [25].

Pegvisomant is indicated in cases of resistance to SMS analog in a second- or third-line therapy
[20]. In addition, pegvisomant should be considered in patient with uncontrolled diabetes
with partial or no response to first-line medical therapy [25].
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4.2. Posology

For the first dose, 80 mg is recommended, followed by 10 mg/day. IGF1 should be measured
8 weeks after, and pegvisomant should be increased by stages of 5 mg.

The dose of pegvisomant required to normalise IGF1 can be evaluated with age and BMI;
however, it is recommended to monitor IGF1 in order to adapt pegvisomant dosage. Using
dose above 30 mg/day is not recommended [26].

4.3. Combination therapy

When patients are not controlled with somatostatin analog + cabergoline, the question of add-
ing pegvisomant or switching to pegvisomant is not yet resolved. Initially, with serum IGF1
normalisation in over 90% of patients with acromegaly receiving pegvisomant, the indications
for combined therapy were limited. However, in real life, as efficacy is lower (almost 70%),
the combination therapy is questionable. Moreover, because of the risk of tumour growth
and chiasma compression, the strategy for macroadenoma was often to add pegvisomant to
somatostatin analog. However, the routine use of SMS analog and pegvisomant in combina-
tion may also be prohibitively expensive [27].

A randomised trial compared the two strategies for patients uncontrolled under long-acting
octreotide: switched to pegvisomant alone or added pegvisomant. IGF1 normalisation was
similar in both groups (56% for pegvisomant alone and 62% for combined therapy). The ques-
tion still remains unanswered [28].

In a large Dutch cohort of patients with acromegaly treated with the association of somatosta-
tin analog and pegvisomant for 9 years, 97% of patients had a normal IGF1 with a median
dose of pegvisomant of 80 mg/week [29].

Moreover, the association of cabergoline and pegvisomant for patients with a slightly increase

of IGF1 under pegvisomant alone for 18 months enabled acromegaly control in four patients
(28%) [22].

4.4. Monitoring and objectives

IGF1 is the only biological marker to evaluate disease activity on pegvisomant. As it is a GH
antagonist, it is not recommended to follow GH secretion. Indeed, scoring systems have been
developed to evaluate the activity of acromegaly. In this way, SAGIT and ACRODAT are
additional tools to assess overall disease activity [30, 31]. AcroQol can be useful to evaluate
the quality of life of acromegaly patient under treatment [32].

5. Adverse events

5.1. Hepatic

In the phase III study, one patient with 15 mg/day of pegvisomant withdrew after 8 weeks
of therapy because of elevated serum aminotransferase levels, with a normalisation of liver
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function after withdrawal. In this patient, serum alanine aminotransferase and aspartate ami-
notransferase rose to 20 N and 10 N, respectively. In the cohort of patients receiving pegviso-
mant, mean serum aminotransferase levels were stable (n = 80) [11].

In the Brazilian and Argentinian cohort, elevation of liver enzymes was reported in 9% of
cases and was responsible for pegvisomant discontinuation in 1 and 5 patients, respectively
(Table 1) [14, 33].

A recent meta-analysis of 6 studies with pegvisomant in monotherapy showed an overall rate
of transaminase elevation of 3.0% (1.7-5.2%; 95% CI; 12 = 55%) (Table 1) [15].

5.2. Headache

In the phase III study, one patient with 15 mg/day of pegvisomant withdrew due to persis-
tent headaches [11]. In the Brazilian real-life study, headaches were reported in two cases
(1.8%) [14].

5.3. Cutaneous lipohypertrophy

In the phase III study, injection site reactions were reported in six patients (5%) receiving
pegvisomant [11]. In the Brazilian real-life study, it was reported in 4.6% of patients [14]. Pain
from injection was reported in 2.7% patients.

In the Argentinian cohort, 3 out of 75 patients had localised lipodystrophy [33].

A recent meta-analysis of five studies with pegvisomant showed lipohypertrophy in 1.6% of
patients (0.6-4.3%; 95% CL 12 = 69%) [15].

5.4. Antibody formation

Because of the nine amino acid substitutions, pegvisomant is different from GH and can be
considered as foreign protein leading to an immunoreactivity. Pegylation of the molecule
reduces immunogenicity. However, in the phase III study and its extension, anti-GH antibod-
ies were reported in 8/112 (7%) patients between 1:14 and 1:64 and pegvisomant antibody in
16.9% [12, 15].

5.5. Metabolic

Several studies evaluated glucose metabolism in patients with pegvisomant. In 53 patients
initially treated by long-acting octreotide, the switch for pegvisomant treatment induced
normalisation of IGF1 in 78% of cases at 32 weeks and a significant diminution of median
fasting glucose (1.4 mmol/l) and HbA1C (-0.2%) whatever the diabetes and IGF1 status. In
the subgroup of diabetic patients, a significant decrease of HbA1C (-1%) was observed [34].

In the ACROSTUDY, among the 1762 patients, 29% had diabetes before pegvisomant. At year
4, mean fasting blood glucose decreased from 140 = 59 to 120 + 44 mg/dl, and the decrease of
HbA1C was not significant whatever the diabetes status [35].

In a recent meta-analysis, pegvisomant significantly decreased fasting blood glucose level
(—0.8 mmol/L; 95% CI; —1.0 to —0.6), fasting insulin level (-5.31; 95% CI; —10.2 to —0.4), and
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HbA1c (—0.43%; 95% CI; —0.6 to —0.3). Indeed, HOMA-I also decreased —0.61 (95% CI; —1.2 to
—0.04). This increase in glucose metabolism was not correlated to IGF1 level [36].

5.6. Tumour size

In the ACROSTUDY, subjects received pegvisomant for a mean of 5.4 years, and 12 out of 542
subjects (2.2%) had a confirmed increase in tumour size (Table 1) [37].

In the Brazilian study, tumour enlargement was reported in 6.5% of cases (n = 5). In the
Argentinian study, 4 of 50 patients (8%) showed an increase in tumour size with pegvisomant
(Table 1) [33]. In the meta-analysis of five studies with pegvisomant in monotherapy, the
overall tumour growth rate was 7.2% (4.8-10.7%; 95% CI; 12 = 0%) [15].

5.7. Bones

The bone is a well-known fragility key point in acromegaly with a high incidence of vertebral
fractures [38]. A recent study evaluated vertebral fracture in 55 patients resistant to the first
generation of somatostatin analogs. Before introducing pasireotide or pegvisomant, verte-
bral fracture occurred in 23 patients (42%). In uncontrolled acromegaly, there were 78% of
vertebral fractures under pegvisomant and 25% under pasireotide (p = 0.04). In controlled
acromegaly, there were 23% of vertebral fractures under pegvisomant and 12.5% under pasir-
eotide (p = 0.4). Indeed, vertebral fractures seem to be more frequent with pegvisomant [39].

However, another longitudinal study has a different result in 83 patients treated with soma-
tostatin analog alone (42 cases), pegvisomant alone (6 cases), or in combination with somatosta-
tin analog (35 cases) for a median period of 82 months (range 36-126). In this longitudinal study,
the authors observed a global decrease in incidence of radiological vertebral fractures from 43.9
to 26.8% (p = 0.039). For patients treated by pegvisomant, the incidence of vertebral fractures
was not significantly decreased as compared to patients treated with somatostatin analog (10.0
vs. 26.7%; p = 0.09). In this study, pegvisomant did not increase vertebral fractures [40].

6. Conclusion

Pegvisomant is an antagonist of GH receptor with a good efficacy. It can be used alone or in
association with somatostatin analog or cabergoline if acromegaly is not controlled with soma-
tostatin analog alone. The efficacy in real life is around 75% in acromegaly and 50% for gigan-
tism. Indeed, pegvisomant can be used in the second medical stage after somatostatin analog.

Author details

Claire Briet*, Valentine Suteau and Patrice Rodien
*Address all correspondence to: claire.briet@chu-angers.fr

Endocrinology, Diabetology and Nutrition Department, INSERM U1083, Institut
Mitovasc, CHU, Angers, France

139



140  Growth Disorders and Acromegaly

References

(1]

[10]

[11]

[12]

Abdel-Meguid SS, Shieh HS, Smith WW, Dayringer HE, Violand BN, Bentle LA. Three-
dimensional structure of a genetically engineered variant of porcine growth hormone.
Proceedings of the National Academy of Sciences of the United States of America.
1987,84:6434-6437

Hara K, Hsu Chen CJ, Sonenberg M. Recombination of the biologically active peptides
from a tryptic digest of bovine growth hormone. Biochemistry. 1978;17:550-556

Chen WY, Wight DC, Wagner TE, Kopchick JJ. Expression of a mutated bovine growth
hormone gene suppresses growth of transgenic mice. Proceedings of the National
Academy of Sciences of the United States of America. 1990;87:5061-5065

de Vos AM, Ultsch M, Kossiakoff AA. Human growth hormone and extracellular domain
of its receptor: Crystal structure of the complex. Science. 1992;255:306-312

Cunningham BC, Wells JA. Rational design of receptor-specific variants of human
growth hormone. Proceedings of the National Academy of Sciences of the United States
of America. 1991;88:3407-3411

Ross R], Leung KC, Maamra M, Bennett W, Doyle N, Waters M]J, et al. Binding and func-
tional studies with the growth hormone receptor antagonist, B2036-PEG (pegvisomant),
reveal effects of pegylation and evidence that it binds to a receptor dimer. The Journal of
Clinical Endocrinology and Metabolism. 2001;86:1716-1723

Yang N, Langenheim JF, Wang X, Jiang ], Chen WY, Frank SJ. Activation of growth hor-
mone receptors by growth hormone and growth hormone antagonist dimers: Insights
into receptor triggering. Molecular Endocrinology. 2008;22:978-988

Lan H, Li W, Li R, Zheng X, Luo G. Endocytosis and degradation of Pegvisomant and a
potential new mechanism that inhibits the nuclear translocation of GHR. The Journal of
Clinical Endocrinology and Metabolism. 2019;104:1887-1899

Thorner MO, Strasburger CJ, Wu Z, Straume M, Bidlingmaier M, Pezzoli SS, et al.
Growth hormone (GH) receptor blockade with a PEG-modified GH (B2036-PEG) lowers
serum insulin-like growth factor-I but does not acutely stimulate serum GH. The Journal
of Clinical Endocrinology and Metabolism. 1999;84:2098-2103

van der Lely AJ, Lamberts S, Barkan A, Panadya N, Besser GM, Trainer PJ, et al. A six
week, double blind, placebo controlled study of a growth hormone antagonist, B2036-
PEG (Trovert) in acromegalic patients. In: Program of the 80th Annual Meeting of the
Endocrine Society, New Orleans, LA. 1998. p. 57

Trainer PJ, Drake WM, Katznelson L, Freda PU, Herman-Bonert V, van der Lely AJ, et al.
Treatment of acromegaly with the growth hormone-receptor antagonist pegvisomant.
The New England Journal of Medicine. 2000;342:1171-1177

van der Lely AJ, Hutson RK, Trainer PJ, Besser GM, Barkan AL, Katznelson L, et al.
Long-term treatment of acromegaly with pegvisomant, a growth hormone receptor
antagonist. Lancet. 2001;358:1754-1759



[13]

[14]

[15]

[16]

(17]

(18]

[19]

[25]

[27]

Pegvisomant in Acromegaly and Gigantism
http://dx.doi.org/10.5772/intechopen.91251

Buchfelder M, van der Lely A], Biller BMK, Webb SM, Brue T, Strasburger CJ, et al.
Long-term treatment with pegvisomant: Observations from 2090 acromegaly patients in
ACROSTUDY. European Journal of Endocrinology. 2018;179:419-427

Boguszewski CL, Huayllas MKP, Vilar L, Naves LA, Ribeiro-Oliveira Junior A, Soares
BS, et al. Brazilian multicenter study on pegvisomant treatment in acromegaly. Archives
of Endocrinology and Metabolism. 2019;63:328-336

Leonart LP, Tonin FS, Ferreira VL, Fernandez-Llimos F, Pontarolo R. Effectiveness and
safety of pegvisomant: A systematic review and meta-analysis of observational longitu-
dinal studies. Endocrine. 2019;63:18-26

Puglisi S, Spagnolo F, Ragonese M, Cannavo S, Ferrau F. First report on persistent remis-
sion of acromegaly after withdrawal of long-term pegvisomant monotherapy. Growth
Hormone & IGF Research. 2019;45:17-19

Camara R, Venegas E, Garcia-Arnes JA, Cordido F, Aller ], Samaniego ML, et al.
Treatment adherence to pegvisomant in patients with acromegaly in Spain: PEGASO
study. Pituitary. 2019;22:137-145

Garcia WR, Cortes HT, Romero AF. Pituitary gigantism: A case series from hospital de San
Jose (Bogota, Colombia). Archives of Endocrinology and Metabolism. 2019;63:385-393

Rostomyan L, Daly AF, Petrossians P, Nachev E, Lila AR, et al. Beckers A 2015 Clinical
and genetic characterization of pituitary gigantism: An international collaborative study
in 208 patients. Endocrine-Related Cancer 22:745-757

Katznelson L, Laws ER Jr, Melmed S, Molitch ME, Murad MH, Utz A, et al. Acromegaly:
An endocrine society clinical practice guideline. The Journal of Clinical Endocrinology
and Metabolism. 2014;99:3933-3951

Sandret L, Maison P, Chanson P. Place of cabergoline in acromegaly: A meta-analysis.
The Journal of Clinical Endocrinology and Metabolism. 2011;96:1327-1335

Kuhn E, Chanson P. Cabergoline in acromegaly. Pituitary. 2017;20:121-128

Lamberts SWJ], Hofland LJ. Anniversary review: Octreotide, 40 years later. European
Journal of Endocrinology. 2019;181:R173-R183

Shimon I, Adnan Z, Gorshtein A, Baraf L, Saba Khazen N, Gershinsky M, et al. Efficacy
and safety of long-acting pasireotide in patients with somatostatin-resistant acromegaly:
A multicenter study. Endocrine. 2018;62:448-455

Giustina A, Barkan A, Beckers A, Biermasz N, Biller BMK, Boguszewski C, et al. A con-
sensus on the diagnosis and treatment of acromegaly comorbidities: An update. The
Journal of Clinical Endocrinology and Metabolism. 2019

Melmed S, Bronstein MD, Chanson P, Klibanski A, Casanueva FF, Wass JAH, et al. A con-
sensus statement on acromegaly therapeutic outcomes. Nature Reviews. Endocrinology.
2018;14:552-561

Elbaum M, Mizera L, Bolanowski M. The real costs of acromegaly: Analysis of different
therapies. Endokrynologia Polska. 2019;70:74-85

141



142 Growth Disorders and Acromegaly

(28]

[29]

(30]

[31]

(32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

Trainer PJ, Ezzat S, D’Souza GA, Layton G, Strasburger CJ. A randomized, controlled,
multicentre trial comparing pegvisomant alone with combination therapy of pegviso-
mant and long-acting octreotide in patients with acromegaly. Clinical Endocrinology.
2009;71:549-557

Neggers S], Franck SE, de Rooij FW, Dallenga AH, Poublon RM, Feelders RA, et al.
Long-term efficacy and safety of pegvisomant in combination with long-acting soma-
tostatin analogs in acromegaly. The Journal of Clinical Endocrinology and Metabolism.
2014;99:3644-3652

Giustina A, Bevan ]S, Bronstein MD, Casanueva FF, Chanson P, Petersenn S, et al.
SAGIT(R): Clinician-reported outcome instrument for managing acromegaly in clinical
practice-development and results from a pilot study. Pituitary. 2016;19:39-49

van der Lely AJ, Gomez R, Pleil A, Badia X, Brue T, Buchfelder M, Burman P, Clemmons
D, Ghigo E, Jorgensen JOL, Luger A, van der Lans-Bussemaker J, Webb SM, Strasburger
CJ 2017 Development of ACRODAT((R)), a new software medical device to assess dis-
ease activity in patients with acromegaly. Pituitary 20:692-701

Webb SM, Badia X, Surinach NL, Spanish AcroQol Study Group. Validity and clinical
applicability of the acromegaly quality of life questionnaire, AcroQoL: A 6-month pro-
spective study. European Journal of Endocrinology. 2006,155:269-277

Basavilbaso NXG, Ballarino MC, Bruera D, Bruno OD, Chervin AB, Danilowicz K, et al.
Pegvisomant in acromegaly: A multicenter real-life study in Argentina. Arch Endocrinol
Metab. 2019;63:320-327

Barkan AL, Burman P, Clemmons DR, Drake WM, Gagel RF, Harris PE, et al. Glucose
homeostasis and safety in patients with acromegaly converted from long-acting octreo-
tide to pegvisomant. The Journal of Clinical Endocrinology and Metabolism. 2005;90:
5684-5691

Brue T, Lindberg A, Jan van der Lely A, Akerblad AC, Koltowska-Haggstrom M, GomezR,
et al. Diabetes in patients with acromegaly treated with pegvisomant: Observations
from acrostudy. Endocrine. 2019;63:563-572

Feola T, Cozzolino A, Simonelli I, Sbardella E, Pozza C, Giannetta E, et al. Pegvisomant
improves glucose metabolism in acromegaly: A meta-analysis of prospective interven-
tional studies. The Journal of Clinical Endocrinology and Metabolism. 2019;104:2892-2902

Freda PU, Gordon MB, Kelepouris N, Jonsson P, Koltowska-Haggstrom M, van der Lely AJ.
Long-term treatment with pegvisomant as monotherapy in patients with acromegaly:
Experience from ACROSTUDY. Endocrine Practice. 2015;21:264-274

Chiloiro S, Mormando M, Bianchi A, Giampietro A, Milardi D, Bima C, et al. Prevalence
of morphometric vertebral fractures in “difficult” patients with acromegaly with differ-
ent biochemical outcomes after multimodal treatment. Endocrine. 2018;59:449-453

Chiloiro S, Antonella G, Frara S, Bima C, Donfrancesco F, Maya FC, et al. Effects of
pegvisomant and pasireotide LAR on vertebral fractures in acromegaly resistant to



Pegvisomant in Acromegaly and Gigantism 143
http://dx.doi.org/10.5772/intechopen.91251

first-generation SRLs. Journal of Clinical Endocrinology and Metabolism. 2019. pii:
dgz054

[40] Chiloiro S, Mazziotti G, Giampietro A, Bianchi A, Frara S, Mormando M, et al. Effects
of pegvisomant and somatostatin receptor ligands on incidence of vertebral fractures in
patients with acromegaly. Pituitary. 2018;21:302-308






Chapter 8

Colorectal Neoplasm in Acromegaly: Epidemiology and
Underlying Mechanisms

Masaaki Yamamoto and Yutaka Takahashi

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.91336

Abstract

Acromegaly is characterized by autonomous growth hormone (GH) secretion from the
pituitary somatotroph adenoma and increased levels of serum insulin-like growth factor
I (IGF-I). These conditions are associated with increased morbidity and mortality due
to metabolic conditions, cardiovascular diseases, and malignant neoplasms. Among
neoplasms, while colorectal neoplasms are a well-known comorbidity in patients with
acromegaly, the prevalence of colorectal benign or malignant tumors varies among stud-
ies. Although several underlying mechanisms have been proposed, recent studies have
unveiled new insights into tumorigenesis. This review focused on the epidemiological
studies of colorectal neoplasm in acromegaly and recent advances in the elucidation of
the underlying mechanisms.

Keywords: acromegaly, colon polyp, colon cancer, GH, IGF-I

1. Introduction

Acromegaly is characterized by excess levels of insulin-like growth factor I (IGF-I) derived
from autonomous growth hormone (GH) secretion from the pituitary somatotroph adenoma,
which results in acral enlargement, coarse facial features, and visceromegaly [1, 2]. Even
worse, acromegalic patients exhibit a shorter life span than healthy subjects owing to various
comorbidities such as diabetes; hypertension; and cardiovascular, cerebrovascular, and respi-
ratory diseases [1]. Malignant neoplasms in several organs including the thyroid, breast, pros-
tate, pancreas, and digestive tract are also widely recognized as representative complications
[1, 3, 4]. Even among those, patients with acromegaly are well known to have a significantly
higher prevalence of colon neoplasms than the general population. Recent evidence suggests

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIN



146  Growth Disorders and Acromegaly

that even benign neoplasms such as adenoma and hyperplasia may have the potential to
develop into malignant adenocarcinoma, which potentially affects the prognosis of acrome-
galic patients [5-7]. Recent guidelines recommend that while acromegalic patients are neces-
sary to undergo colonoscopy regularly, they often face difficulties throughout colonoscopy
intubation owing to distinctive features of acromegaly such as elongation of the colon [8].
Recently, the molecular mechanism behind colon tumorigenesis associated with the GH-IGF-I
excess has been elucidated. In this chapter, we review the epidemiological evidence, protocol
of follow-up colonoscopy, and underlying mechanism of GH/IGF-I-associated colon tumori-
genesis in patients with acromegaly.

2. Epidemiology in colorectal neoplasms in acromegaly

Klein et al. first demonstrated an increased prevalence of colon polyps in patients with acro-
megaly in 1982, reporting a prevalence of colorectal adenomatous polyps of approximately
30% in 17 patients with acromegaly [9]. Several subsequent reports also showed that colonic
neoplasms were more frequently observed in 47% of patients with acromegaly, compared
to the control with colonic lesions in 40% of asymptomatic males >50 years [10]. A cohort
study identified 1041 male patients as having acromegaly from over 4 million men from the
database of the United States Veterans Administration, which revealed a prevalence of acro-
megaly to be 277 cases/million [11]. In this study, 13 acromegalic patients had colonic cancer,
which indicates a significantly higher prevalence than in the control group (SIR: 3.1; 95%
CI 1.7-5.1) [11]. The UK registry of acromegaly diagnosed 16 patients as having colorectal
cancer from a total of 1239 patients with acromegaly. Although this study did not show any
significant change in the frequency of colorectal carcinoma compared to healthy subjects, the
mortality rate of colon cancer was higher even though the overall mortality rate due to cancer
was not increased [4]. An investigation of the incidence of cancer in 1643 hospitalized acro-
megalic patients in North Europe was performed, and the estimated standardized incidence
ratio (SIR) was 2.6 (95% confidence interval [CI] 1.6-3.8) for overall colorectal cancer and 2.5
(95% CI 1.3-4.2) for rectal carcinoma [12]. Terzolo et al. performed colonoscopy to screen for
colorectal tumors in 235 patients with acromegaly and compared the prevalence of colorectal
tumors in this cohort with the prevalence in a control population who had no past and family
history of colonic disease. Patients with acromegaly exhibited a higher prevalence of colon
adenomas (acromegaly; 23.4% vs. control; 14.6%; P = 0.001), hyperplastic polyps (19.1% vs.
9.4%; P =0.003), and cancer (4.3% vs. 0.9%; P = 0.036) [13]. The risk factor for colon cancer in
acromegaly was young age, whereas there was no association between the prevalence of colon
neoplasms and serum IGF-1 levels or disease duration [13]. Delhougne et al. reported similar
results of acromegalic patients showing an increased prevalence of adenomatous (22.3% vs.
8%; P = 0.0024) and hyperplastic polyps (24.3% vs. 4.4%; P < 0.001) compared to a control
group [14]. In particular, younger people (younger than 55 years old) and men had a higher
prevalence of adenomatous polyp than those in the control group (20.3% vs. 3.0%; P < 0.0026)
[14]. Our recent study revealed that 57 Japanese acromegalic patients also exhibited a higher
prevalence of colon adenomas (31.6% vs. 2.5%; P < 0.0001) and hyperplastic polyps (38.6%
vs. 6.7%; P < 0.0001) than the historical control group with irritable bowel syndrome [15].
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Furthermore, colon cancer in patients with acromegaly exhibited an increased odds ratio of
14.5 (95% CI 5.8-23.3) compared to that in the general Japanese population [15].

Thus, numerous studies documented evidence regarding risk of colorectal tumors in acro-
megalic patients, and several meta-analyses have demonstrated an increased prevalence
of colorectal tumors including benign polyps and carcinomas. A German review meta-
analyzed 9 eligible papers with strict inclusion criteria from 106 studies. As benign polyps,
the pooled ORs with 95% CI of hyperplastic polyps and colon adenomas were 3.7 (95%
CL 2.6-5.3) and 2.5 (95% CI; 1.9-3.4), respectively. In terms of colon cancer, the pooled OR
with 95% CI was 4.4 (1.5-12.4) [16]. The second study meta-analyzed 14 papers to determine
the incidence of colorectal cancer [17]. After exclusion criteria was <10 expected cases, stan-
dardized incidence ratios (SIRs) were obtained from eight studies and the pooled SIR was
2.6 (95% CI; 1.7-4.0), which demonstrated an increased prevalence of colorectal cancer [18].
While the prevalence of colorectal cancer in female was significantly increased (SIR 1.86;
95% CI, 1.06-3.28 P = 0.03), male patients had no change (SIR 1.44; 95% CI, 0.72-2.88 P =0.31)
[17]. An analysis of patients with acromegaly including male and female patients revealed
that the SIR of colorectal cancer with 95% CI was significantly elevated (SIR 1.67; 95% CI,
1.07-2.58, P = 0.022) [17]. Taken together, these meta-analyses demonstrated an increased
risk of colorectal cancer in patients with acromegaly. There was a large variance in SIRs
among studies from 1.4 [4] to 18.2 [3] and the difference in SIRs was observed depends
on single center trials (SIR 7.3) and multicenter or population-based trials (SIR 2.0 and 2.2,
respectively). In addition, two meta-analyses demonstrated that Japanese cohorts exhibited
obviously higher prevalence of colorectal cancer in acromegalic patients than in other coun-
tries, suggesting that there may be an ethnic difference [16, 18].

3. Follow-up colonoscopy based on guidelines

Although some studies described the frequency of colonoscopy for the follow-up in patients
with acromegaly, there is still controversy on the appropriate follow-up [13, 19, 20]. The
guidelines in 2002 recommended that colonoscopy should be performed every 3-5 years
considering the past history of colon neoplasms and family history [21]. The next revision
in 2009 suggested that colonoscopy should be performed at least once upon diagnosis in all
patients with acromegaly. If colon polyps were detected in patients with acromegaly at the
first screening, they should be carefully followed up based on the guidelines of screening
and surveillance for general colorectal cancer [22-24]. However, several groups still appealed
the importance of repeated colonoscopy on a regular basis for acromegalic patients [25-27].
Dworakowska et al. reported that patients who were diagnosed as having adenomatous
polyp at first screening had a higher risk of developing a new lesion at the subsequent follow-
up colonoscopy. Additionally, patients with poor IGE-I control had a 7.5-fold higher risk of a
subsequent adenoma even if patients had a normal colon at the first screening [20].

The British Society of Gastroenterology and the Association of Coloproctology for Great
Britain and Ireland in 2010 classified acromegalic patients as having a moderate to high
risk of colorectal cancer on the update of the 2002 guidance, which suggested performing
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colonoscopy screening in those 40 years of age or older on a regular basis [28]. The frequency
of repeat colonoscopy should be modified depending on the conditions of the initial screening
and the activity of acromegaly. If the initial screening test showed negative results and IGF-I
level was within normal range, the next colonoscopy will be scheduled 5-10 years later. When
adenomatous polyps were detected at initial screening or higher IGF-I levels were noted,
follow-up colonoscopy should be performed every 3 years [28]. The medical guidelines of
the American Association of Clinical Endocrinologists (2011) and the Acromegaly Consensus
Group (2013) state a similar recommendation that acromegalic patients should undergo initial
colonoscopy at the time of diagnosis. If persistently elevated IGF-I level, abnormal findings
by colonoscopy, or a family history of colon cancer is noted, follow-up colonoscopy should be
performed more frequently. If not, a follow-up colonoscopy should be recommended every
10 years [29, 30].

Although current recommendations for surveillance colonoscopy in acromegaly may differ
slightly among each study, collectively, it is deemed necessary to perform follow-up colo-
noscopy for cases with poor control of IGF-I and adenomatous polyps at least every 5 years
according to five independent statements [20, 28, 29, 31]. Although an updated consensus
from the Acromegaly Consensus Group in 2019 still recommends screening by colonoscopy
at the time of diagnosis, they toned down the recommendation in terms of follow-up colo-
noscopy on a regular basis because there is no evidence linking screening frequency to colon
cancer mortality rates [32, 33]. As acromegalic patients live longer than before owing to the
improvement of biochemical control by advances in the treatment strategy, aging seems to
be a more reliable indicator of cancer in patients with acromegaly than GH/IGF-I excess [34].

4. Underlying mechanism of colon neoplasm in acromegaly

4.1. GH signal

Secreted GH interacts with the GH receptor (GHR) that belongs to the class I cytokine recep-
tor family, which is mainly expressed in the liver, fat, and muscle [35]. Consequently, phos-
phorylated GHR induces janus kinase 2 (JAK2) phosphorylation, which results in tyrosine
phosphorylation of STAT5 (signal transducer and activator of transcription 5). STAT5 is the
physiologically essential transcription factor for GH-dependent body growth, lipid metabo-
lism, and sex-specific gene expression [36]. Recent studies have revealed that STAT5 plays
an important role in tumorigenesis, especially cell proliferation and exertion of the anti-
apoptotic property [37]. The phosphorylated STAT5 is associated with the development of
malignant neoplasms including malignant prostate neoplasms, malignant breast neoplasms,
and leukemia [37-39]. In colorectal cancer, the expression level of STAT5B is higher than in the
normal colon tissue, and also correlates with the TNM stage [40]. Furthermore, phosphory-
lated STATS in colon adenocarcinomas is associated with a poor prognosis [41]. The phos-
phorylation of STATS is suppressed by suppressor of cytokine signaling-2 (SOCS2) in the GH
signaling pathway [42]. A previous paper reported that SOCS2-knockout exhibited the devel-
opment of hyperplastic mucosa and polyps in bovine GH-transgenic mice [43] Furthermore,
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d3GHR polymorphism caused the signaling enhancement, which resulted in increasing the
risk of colon adenoma regardless of circulating IGF-I concentration compared to intact GHR
in acromegalic patients [44]. Recently, we reported that the GH area under the curve in the
oral glucose tolerance test exhibited higher prevalence in colon cancer patients than in colonic
benign tumor patients [15]. These data suggest the significance of excessive GH signaling in
the development of epithelium-adenoma-carcinoma, independent of IGF-I signaling [45].

4.2. IGF-I signal

Bowel enlargement in acromegalic patients is observed associated with accumulative exces-
sive GH and IGF-I [46-48]. Enhanced proliferation of colonic epithelial cells and reduced
apoptosis of the colonic mucosa were observed in patients with acromegaly [47, 49].
Interestingly, an increased proliferation rate of colonic epithelium cells was correlated with
circulating IGF1 levels [50]. IGF-I receptor knockout mice exhibited a decreased cell prolif-
eration and increased apoptosis [1]. The IGF-I/IGF-IR system also plays an important role
in the promotion of cell adhesion, migration, and tumor microenvironment including the
angiogenesis in the tumor [51]. The IGF-IR mRNA expression level in the colon cancer tissue
was associated with paracrine/autocrine effects [1]. Even in those with normal IGF-I levels,
there was a positive association between circulating IGF-I levels and the risk of colorectal
cancer in a meta-analysis of 19 epidemiological studies [52]. However, several previous stud-
ies suggested that the classification based on the type of colorectal neoplasms or with/without
colorectal neoplasms did not correlate with serum IGF-I levels [13, 15, 53, 54]. Taken together,
elevated levels of serum IGF-I may also involve colorectal tumorigenesis, but it still needs
further investigation.

4.3. Local GH action in the colon

In terms of direct action of GH as a novel insight, it has recently been reported that locally
expressed GH in the colon is a precursor to colon cancer. Excessive GH leads to cell survival
with downregulation of tumor suppressor genes such as p53 and APC, which results in neo-
plastic colon growth [55]. GH suppressed DNA damage response (DDR) by inhibiting phos-
phorylated ataxia telangiectasia mutated (ATM), checkpoint kinase 2 (Chk2), and p53. They
also elucidated that GH significantly increased unrepaired DNA damage in colon epithelial
cells, and colon cancer cell lines of xenografted mice with GH overexpression exhibited more
metastases compared to colon cancer cell lines of control mice [56], and these mechanisms
were observed independent of IGF-I action [57].

5. Underlying mechanism of hyperplastic polyp in acromegaly

As mentioned above, various mechanisms are involved in tumorigenesis of colorectal neo-
plasms. These mechanisms can account for the tumorigenesis of colorectal adenomatous
polyps or adenocarcinomas, but not hyperplastic polyps. As a noteworthy fact, hyperplastic
polyps are basically considered as benign neoplasms, while colorectal adenoma is widely
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recognized as pre-malignant conditions based on the presence of the adenoma-carcinoma
sequence. Indeed, hyperplastic polyps are described by a superficial serrated architecture and
variably elongated crypts with proliferation confined to the lower portion of the crypt [58].
However, k-ras or BRAF mutations and microsatellite instability, which cause the malignant
colorectal tumors, are detected in hyperplastic polyps [6]. In this aspect, hyperplastic polyps
may need to be carefully diagnosed with histological examination in acromegaly. Acromegalic
patients exhibited accelerated mucosal proliferation in the colon tissue compared to normal
subjects [47, 59], which might involve in an increased prevalence of hyperplastic polyps.
Further investigation is needed to elucidate the potential risk and underlying mechanism of
the development of hyperplastic polyps in acromegaly.

6. Conclusion

Colorectal neoplasm, especially adenocarcinoma, is a life-threatening comorbidity of acro-
megaly. Accumulating data clearly demonstrate the increased prevalence of colorectal polyps
and cancer in patients with acromegaly even among different races and countries. Although
the appropriate follow-up protocol of colonoscopy remains controversial, different guidelines
state that cases with poor control IGF-I and adenomatous polyps should be classified as hav-
ing a high risk of colon cancer. In terms of molecular mechanisms, both GH and IGF-I are
implicated in colon cancer development.
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Abstract

Acromegaly is the condition produced by one of the benign tumors of the pituitary
gland. These tumors produce a variety of disorders affecting many parts of the body,
producing side effects related to abnormal hormone function. The dramatic appearance
of the acromegalic giant has attracted attention over the ages. This chapter summarizes
the history of the recognition and ultimate diagnosis of acromegaly. The biological and
physiological elements are described. The methods of diagnosis and management are
elaborated. Although the focus of the chapter is on the surgical approach for treatment,
alternative strategies are also discussed, along with the outcomes of management for
patients and the restoration of quality of life as a primary goal.

Keywords: acromegaly, gigantism, growth hormone, pituitary surgery, endoscopic
surgery

1. Introduction

By 1800, the existence of human “giants” had been established through legends and stories for
centuries. Up to that point, the story of “O’Brien the Irish Giant” was one of the most intrigu-
ing. Charles Byrne, O'Brien’s given name, was born in Ireland in 1761 and died in London
in 1783 at the age of 22 [1]. During the course of his short life, his legend grew to the level of
national fame in Great Britain and continued after he died. Byrne’s notoriety stemmed from
his terrific stature, alleged at the time to be 8 feet 4 inches. In truth, he stood at about 7 feet and
7 inches tall, still towering over the spectators who paid to see him. As a teenager, Byrne left
Ireland for Britain, where he intended to make a name for himself by displaying his body and
charging people for the chance to come see him. Sadly, Byrne’s career would end tragically
one night at a pub where he was robbed of his life’s earnings, as much as £700. He died shortly
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thereafter. Upon his death, a competition began among medical professionals to secure the
rights to his corpse, in some cases for the purpose of scientific research, in others out of curios-
ity and greed. Byrne had foreseen this outcome and had made it known that he did not wish
for anyone to dissect his body after he died, requesting that he be buried at sea [1]. This did
not stop the pursuit of Byrne’s body, and it was the infamous John Hunter who “managed to
surreptitiously procure Byrne’s corpse from a dishonest person among Byrne’s companions
for a large sum, quoted at £500.” [1] Instead of examining Byrne’s pituitary fossa, Hunter was
actually seeking Byrne’s body as a collector’s item and decided to display the man’s skeleton
in his museum [2]. For over a century, his skull would remain unexamined; in the meantime,
the medical world’s understanding of gigantism and acromegaly would grow exponentially.

In 1864, the Italian neurologist Andre Verga first documented a patient who displayed symp-
toms of a certain affliction which he named “prosopectasia,” or a widening of the face, a
common sign of the disease we now call acromegaly [3] (Figure 1).

That same year, Verga also became one of the earliest investigators to report an acromegalic
subject with a finding of sellar enlargement, growth of the area of the skull that contains
the pituitary gland. The major event in the timeline of scientific research was Pierre Marie’s
creation of the diagnostic term “acromegaly” in 1886 [3]. This marked the first time that the
characteristics and symptoms of the condition were succinctly summarized and published,
although works before Marie’s had mentioned many of the same symptoms in patients dis-
playing gigantism [3]. In the years after Marie’s paper, investigators began to understand that
tumors of the pituitary caused glandular enlargement and were the root of the disease, dis-
pelling previously held notions that they were simply by-products of gigantism. The debate
still raged about the relationship between acromegaly and gigantism. At first, Marie believed
acromegaly to be pathological, while gigantism was simply an extreme of normal human
development. It became apparent after inspecting famous giants’ skeletons that the disorders
had a “pathogenetic mechanism, but differed with regard to the age of onset.” The consensus

PROSOPECTASIA

Verga A : Caso singolare di prosopectasia. Reale Istituto Lombardo
di Scienze e Lettere, Classe Scienze Matematiche e Naturali 1864,

Figure 1. Verga’s description of prosopectasia (Author’s collection).
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was that gigantism has an earlier onset than acromegaly, appearing while the individual is
still growing, but that acromegaly occurs after puberty when the person had completed nor-
mal growth [3].

The first decade of the 1900s brought concentrated emphasis on the underlying pathological
causes behind acromegaly, expanding on the identification of the pituitary as the affected area.
This research became part of the basis for the entire “hormone theory.” In 1902, E.H. Starling
and W.M. Bayliss conducted an experiment in which they injected duodenal extract into a
dog intestine, causing the pancreas to become activated and to secrete what was later termed
“secretin.” [4] Three years later, with the advice of William Hardy, Starling became the first
to use the term “hormone” to describe this phenomenon “in which substances produced
at one site had the ability to bring about physiological changes at a distant site without a
direct neural stimulus.” [4] At this point, four major theories of the pituitary’s relationship to
gigantism and acromegaly had emerged. The first, most notably supported by Marie himself,
was that pituitary hyposecretion was the cause. Rebuking this notion, distinguished mem-
bers of the field, including Massalongo, Tamburini, Benda, Modena, and Fisher, believed that
acromegaly was due to pituitary hypersecretion [4]. A third theory, supported by Gauthier,
Strumpell, Vassale, and Guerrini, was that it was merely the result of a nutritional disorder
and that oversized pituitary fossae were by-products of the disease. Finally, a fourth camp
maintained that there was no causation whatsoever between the pituitary and acromegaly.

No one was more influential with his or her work on the pituitary than Dr. Harvey Cushing,
author of The Pituitary Body and Its Disorders, published in 1912 [4]. Cushing was a proponent
of the second theory that an overactive pituitary led to acromegaly and gigantism. The detail
in his case studies was second to none, and with his meticulous research, he was able to com-
pile a comprehensive analysis of the disease’s true nature. In fact, Cushing became the first
person to open the skull of the original Irish Giant, Charles Byrne, in 1909, over a century after
Byrne’s death. Still held in Hunter’s collection, Byrne’s worst fears became a reality when
Cushing examined his skull to find that he had, as many had long since assumed, an unnatu-
rally large pituitary fossa. In addition to this momentous discovery, Cushing also described a
large number of acromegalic patients in his 1912 book (Figure 2).

With the image above, Cushing detailed one of the more striking aspects of the disease, the
physiological changes to which the affected body is subjected. This instance in particular,
which was the first to be mentioned in his long list of case studies, shows a man who would
have been described as simply a “normal giant” before the onset of the disease [5]. By this,
Cushing meant that while he was an outlier in terms of height before he was afflicted, and
this was due to natural growth that did not have anything to do with an enlargement of the
pituitary. It was also at this time that, building upon Starling and Bayliss’s work on hormones,
Cushing became the first to posit that the pituitary was responsible for secreting a “hormone
of growth,” a massive step toward what would prove to be the correct understanding of
gigantism and acromegaly. The way in which modern medicine understands and treats acro-
megaly and gigantism would not have been possible without each person, professional, and
patient, mentioned in this book, as well as countless others who go unmentioned, who are all
owed a great deal of gratitude for their contributions.
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Figure 2. One of Cushing’s acromegaly patients from 1910, “M. Van W.,” the picture on the left shows the subject
pre-acromegaly at age 25. The middle and right pictures show the same man just 10 years later at 35, with obvious
acromegalic changes [4].

2. Making the diagnosis

For most patients, acromegaly is a subtle and slowly progressive illness. The clinical findings
evolve so slowly that it is often 5-10 years or more before patients seek medical attention. The
primary symptoms and signs of acromegaly are listed in Table 1. They include progressive
enlargement of facial features, hands, and feet; enlargement of the jaw with spacing of the
teeth and malocclusion of bite; increased perspiration, with oily skin and a tendency to have
acne and skin tags; joint pains; low-back pain; and headache [6].

There are a number of comorbidities characteristic of acromegaly [7]. They include elevated
blood pressure, diabetes mellitus, obstructive sleep apnea (OSA), snoring, enlargement of the
tongue and upper airway structures, hyperlipidemia, and, in some cases, cardiomyopathy.
They are listed in Table 2.

A variety of laboratory testing abnormalities can occur in patients with acromegaly. The cardinal
features are elevation of serum growth hormone (GH) and IGF-1. Elevations in these hormones
are present in patients with active acromegaly, and they are essential for making the diagnosis.
Some patients may have elevations in prolactin as well. Pressure on the normal pituitary gland
from the tumor can produce a decrease in cortisol, thyroid hormones, and testosterone levels,
and abnormalities of gonadotropin hormones can produce fertility problems in women.

Because the location of the pituitary tumor that produces acromegaly is at the base of the skull
in the area called the sella turcica, imaging diagnosis is routinely done by magnetic resonance
imaging (MRI). Occasionally other imaging studies are helpful in making the diagnosis and in
planning treatment. These include computerized tomography (CT) scans to accurately evalu-
ate bony structures, angiography to delineate the vascular elements around the area of the
tumor, and rarely nuclear imaging studies such as PET scans [7, 8]. A typical pituitary tumor
(macroadenoma) producing acromegaly is seen in Figure 3.
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Excessive growth: height, hands, feet, hat size, facial features (brow, nose, lips, tongue, jaw), joints (arthropathies),

acral bones

Oily skin, acne, excessive sweating (hyperhidrosis), skin tags
Dental gapping, malocclusion

Headache, chest pain

Carpal tunnel syndrome

Table 1. Symptoms and signs of acromegaly.

Hypertension, cardiomyopathy
Diabetes mellitus

Obstructive sleep apnea
Hyperlipidemia

Visual loss (from tumor growth)

Colonic polyps

Table 2. Comorbidities of acromegaly.

Imaging

Coronal and Saggital images of a GH sacrating Macroadencoma

Figure 3. MRI images of a large invasive GH macroadenoma.

3. Classification of growth hormone-secreting tumors in acromegaly

There are two basic characterizations of the size of pituitary tumors. Microadenomas are
tumors that are less than 10 mm in maximum diameter. Macroadenomas are those tumors
10 mm or more in maximum diameter. There is also a characterization of uncommon “giant”
adenomas that are defined as being 3 or 4 cm in maximum diameter. A further classification
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is related to tumor cell invasion of the structures around the pituitary. These include invasion
of the dural membranes surrounding the pituitary and invasion of the cavernous sinuses on
either side of the pituitary (Knosp grading) [9]. Tumors that extend above the pituitary into the
suprasellar space can come in contact with the optic chiasm and produce progressive visual
loss. The size and stage of these tumors help determine both the goals of surgery and the out-
comes for the patients. Occasionally, a pituitary tumor may develop what is called pituitary
tumor apoplexy [10] wherein there is hemorrhage into the tumor with rapid enlargement,
sometimes involving an emergency situation requiring prompt surgery and prompt cortisol
replacement.

4. Indications for surgical management

For the majority of patients, the presence of active acromegaly alone is the indication for
surgery, in those patients well enough to undergo anesthesia and the surgical procedure.
In addition to halting the relentless progress of acromegaly, successful surgical removal is
considered to be “first-line” management [11] and often can also correct visual loss and ame-
liorate intractable and life-threatening comorbidities. Adjunctive and second-line therapies
include various forms of radiation therapy and a number of pharmacologic approaches that
are helpful when surgery is either contraindicated or becomes ineffective. Ultimately, the goal
is improving the quality of life of our patients with acromegaly.

5. Preoperative evaluation and preparation

In patients being considered for general anesthesia and surgery, a careful preoperative evalu-
ation must be performed [12, 13]. This includes obtaining a full panel of pituitary-focused
laboratory testing, with repletion of any hormones that may be deficient, particularly cortisol
and thyroid hormone. Repletion of thyroid deficiency must be handled very slowly, as the
associated increase in metabolic rate may require adding supplementary cortisol to cover
the stress of surgery. It is also important to note that the serum chemistries are in the normal
range, especially sodium, potassium, and calcium.

Patients with significant hypertension need to be controlled, and those with a risk of cardio-
myopathy must be fully evaluated by a cardiologist. Those patients with diabetes mellitus
will need to be managed throughout the surgery and hospitalization to maintain satisfactory
glucose levels. Patients with symptomatic obstructive sleep apnea may require particular
attention with regard to airway management during surgery and in the postoperative period.
It is desirable to alert the anesthesia team in advance for patients who have acromegaly.
Acromegaly patients often have difficult airways and may require awake fiber-optic intu-
bation. If the imaging studies show that there is a more than the usual risk of damage to
blood vessels in the region of the pituitary, particularly the carotid arteries, an arterial line
may be a useful adjunct during anesthesia and postoperatively when and if intensive care
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unit observation might be necessary. Management of intraoperative fluids and postoperative
intake and output of fluids is a critical part of the recovery process for the patients, many of
whom will require a urinary catheter during the operative and the postoperative periods.

In some cases of large, invasive, suprasellar GH-secreting tumors, preoperative medical ther-
apy can be useful in shrinking the size of the tumor, making it smaller and safer to remove
surgically (Figure 4).

The patient is a 32-year-old aviator. After the onset of loss of libido 8 years prior to surgery,
he noted the progressive onset of evolving symptoms, including increased shoe and hat size,

(b)

Figure 4. Case illustration. (a) Pre-treatment coronal and sagittal images of invasive GH macroadenoma as seen in
Figure 3. (b) Post-treatment coronal and sagittal images after 3 months of Lanreotide producing major shrinkage,
facilitating the subsequent operation (See Section 9). Postoperatively he had normalization of Growth Hormone and
IGF-1, and is back flying airplanes!
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jaw enlargement, frontal bossing, skin tags, decreased muscle mass, hyperhidrosis, and loss
of energy and increasing fatigue. Visual examination revealed 20/20 acuity, bitemporal visual
field loss, and decreased retinal fiber layer on ocular computerized tomography. Laboratory
investigation revealed low testosterone, FSH, and LH, slightly elevated prolactin at 21.3, low
cortisol at 3.6, and elevated growth hormone and IGF-1 at 3.3 and 632, respectively. After 3
months of treatment with lanreotide (Somatostatin analog), the tumor decreased in size and
became more amenable to thorough surgical removal.

6. Surgery: methods and considerations

There are two basic routes of access for surgery on patients with acromegaly. Currently,
the most utilized is a transnasal transsphenoidal approach using either the operating endo-
scope or the operating microscope for visualization [8, 14]. Large tumors that extend into
the intracranial space and involve the brain, optic chiasm, and major blood vessels are often
treated with a craniotomy, so that intracranial structures in danger can be fully visualized
in a safe fashion. Because the access to the pituitary is through the nose and the sphenoid
sinus, it is often helpful to have the assistance of a qualified otorhinolaryngologist to assist
with problems such as nasal septal deviations, septal spurs, imperfect pneumatization of the
sphenoid sinus, and other obstacles that may appear during the approach [15]. Patients with
acromegaly often have unusually stout bony structures and robust nasal and sinus mucosa
which can account for significant bleeding if not carefully controlled. Once the sella turcica
has been opened, the dura of the pituitary is incised, and the pituitary tumor is encountered.
Every effort is made to spare normal pituitary gland and to accomplish a thorough removal of
the growth hormone-secreting pituitary adenoma. Occasionally the tumors are invasive of the
dura and adjacent structures. Removal of these portions can increase the risks of surgery but
may be essential for developing a complete remission of acromegaly. Some tumors perforate
the diaphragm of the sella and after their removal can result in an intraoperative spinal fluid
leak. These leaks must be controlled to avoid meningitis. A practical method is to utilize fat
taken from the abdomen to fill the empty space left by removing the tumor and secure this
leak in an effective fashion [8]. The area of leakage through the sella can also be reinforced
with a carefully constructed nasal septal flap [15]. This strategy for repair has been highly
effective in preventing postoperative spinal fluid leakage and meningitis. The duration of
surgery is usually less than 3 hours, and patients awaken promptly after recovering from
anesthesia.

7. Pathology of pituitary tumors in acromegaly

Tumor specimens from surgery are analyzed with great care. Using immunocytochemical
techniques, most of the tumors can be fully characterized [16]. The majority express growth
hormone only. Because the tumors that produce acromegaly and elevated prolactin secretion
come from the same cell line, a number of them are characterized as growth hormone-prolactin
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staining where some of the tumor cells will stain for one and/or the other of those two hor-
mones. Another less common variant is the mammosomatotroph tumor where each tumor
cell can express both growth hormone and prolactin. There is also an acidophil stem cell
tumor that is a primitive variant of the latter. The hormone staining is related to the granules
within the tumor cell cytoplasm, and they can be classified as either densely granulated or
sparsely granulated, with some evidence that the sparsely granulated tumor cells are more
aggressive. These tumors producing acromegaly, including the plurihormonal variant, are
derived from a cell lineage expressing the Pit-1 transcription promoter. Additionally, the
mitotic index is evaluated and the proliferation index of the tumor cells is characterized by
MIB-1 staining. These studies are very helpful in correlation with the clinical course of the
patients postoperatively.

8. Potential risks and complications of surgery

In experienced hands, the potential risk of serious complications and adverse events is less
than 2%. There are, however, potential problems that must be considered and measures taken
for prevention of complications [8].

There is a risk of infection, including meningitis, and this may be associated with a spinal fluid
leak that ultimately will need repair. Vascular complications can occur and include injury to
the carotid arteries, other sources of bleeding from peripheral arteries, veins, and mucous
membranes. These can result in vasospasm, stroke, and postoperative epistaxis. Problems
with fluid balance can occur, particularly if the posterior pituitary gland or the infundibulum
is injured during the operation. This can result in diabetes insipidus which must be carefully
treated until it resolves or is corrected by medication with DDAVP. Another issue with regard
to fluid balance is the syndrome of inappropriate secretion of ADH (SIADH) which can result
in symptomatic hyponatremia which must be carefully and slowly corrected in order to avoid
serious problems [17].

9. Medical management of acromegaly

Careful studies of the biology and pathology of growth hormone-secreting pituitary tumors
in acromegaly have led to a number of medical strategies for assisting in the treatment of this
disorder [5, 11, 13, 18]. The tumor cells that produce increased amounts of growth hormone
and prolactin are derived from the same cell lineage. For that reason, a dopamine agonist which
is used to treat hyperprolactinemia is moderately effective in helping to control acromegaly.
The most commonly used dopamine agonist preparation is cabergoline, usually given by
mouth twice a week, and it is usually well-tolerated. Another class of medical agents consists
of somatostatin analogs such as octreotide or lanreotide [5]. They have greater effectiveness
than cabergoline and also have the possibility of shrinking the size of some growth hormone-
secreting pituitary tumors. They are effective in approximately 60% of patients. Another class
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of drug to treat acromegaly is pegvisomant [18], a growth hormone receptor antagonist. It is
given by injection, usually on a daily basis, and is exceedingly expensive at this time. It can
be used in combination with somatostatin analogs, improving on the individual results of the
two drugs. None of these medical therapies is completely free of side effects.

10. Adjunctive radiation therapy

Another second-line therapy is the use of radiation, which can be delivered in a variety of dif-
ferent timing schedules and with variations in the radiation physics in a number of different
modalities that are currently in use [19, 20]. Conventional fractionated teletherapy has been
used for some time but currently is being supplanted by more focused methodologies termed
stereotactic radiosurgery. The radiosurgical methods include the Gamma Knife, CyberKnife,
linear accelerator with multileaf collimator, the proton beam, and the carbon ion beam. Some
of these can be given by “single shots” or by fractionation. Each of the modalities has its
advantages and disadvantages. With modern techniques, the risks of damage to surround-
ing neural structures, including the optic nerves and chiasm, and delayed appearance of
radiation-induced neoplasms are quite low. In patients with acromegaly, there is a fairly long
delay time for the radiation to gradually lower the growth hormone and IGF-1. Most of the
techniques currently utilized are effective but are also associated with a significant degree of
radiation-induced hypopituitarism regarding the other hormones.

11. Criteria for remission after therapy

Clinical signs of remission of acromegaly tend to occur fairly early in those patients who have
a satisfactory result of treatment. Some clinical signs improve rapidly, especially difficulty
with the upper airway and snoring, along with the diminishment of excessive perspiration,
and gradual improvements in the soft tissue issues affecting the hands, feet, and facial fea-
tures. Headache is often alleviated. Arthropathies tend to linger much longer, but ultimately
improve in many patients. Some patients with hypertension and diabetes will manifest pro-
gressive clinical improvement, which gradually occurs over time. More than 80% of patients
who have visual compromise are improved postoperatively.

Biochemical remission is critical, and normalization of the serum levels of growth hormone
and IGF-1 is monitored to assess the pace and degree of remission [11, 14, 15]. It often takes 3
months or more for IGF-1 to reach its nadir after surgery, but the growth hormone response
occurs more promptly. Additionally, the dynamics of growth hormone regulation can be
measured by performing an oral glucose tolerance test and measuring the response of growth
hormone, which should become significantly decreased after a glucose challenge.

Ordinarily, we wait 3 months to obtain a definitive postoperative MRI scan which will serve
as a baseline for the future. For the initial few years, annual MRI studies are often recom-
mended, and they are done if there is not a complete remission or if there is a recurrence of
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symptoms and/or abnormal laboratory results. We recommend that the pituitary hormones
and IGF-1 be measured every 6 months for the first several years.

12. Outcomes of surgical management of acromegaly

Initial remission of acromegaly as measured by clinical and biochemical criteria occurs in
50-60% of macroadenomas and 80-90% of microadenomas [11, 13, 21]. Results are less effec-
tive when the surgeon is dealing with large macroadenomas or tumors that are invasive of
surrounding structures. Postoperative improvement in the management of diabetes mellitus
and hypertension is seen in approximately 75% of patients. The majority of patients who pres-
ent with obstructive sleep apnea develop improvement after successful surgery. Although
pituitary adenomas are generally benign tumors that do not progress to malignancy, tumor
recurrence does develop in some patients over time. After initial successful surgery, recur-
rence will develop in approximately 8% of patients within the first 10 years following success-
ful surgery. Because the objective of all forms of management of acromegaly are to improve
the quality of life of the patient, a number of questionnaires and instruments have been devel-
oped [21, 22] to measure quality of life, and they provide good insight as to the results of
current therapy and for areas with needs for improvement. Studies have demonstrated that
sustained remission of patients with acromegaly provides mortality figures similar to the
general age-matched population [23]. There is evidence to suggest that significant surgical
experience is a major factor in achieving optimal outcomes [23]. Although great strides have
occurred, continuous development of knowledge concerning the genetics and molecular biol-
ogy of acromegaly will undoubtedly provide us with more versatile and effective avenues of
progress.

13. Conclusion

Acromegaly is the current quintessential example of a hyperfunctioning tumor of the pitu-
itary gland. It is usually a benign tumor; however, it has multiple side effects and comor-
bidities that threaten the life and wellbeing of the patient. Steady progress has been made
since its original description in understanding the pathophysiology of pituitary adenomas.
We have learned a great deal about the molecular biology and hypothalamic regulation of
pituitary cells that secrete growth hormone and induce elevations in IGF-1. At present, the
first-line therapy is surgery to remove the tumor, usually by the endonasal transsphenoidal
approach, often with the aid of a surgical endoscope. The results of surgical management
are generally excellent, and techniques and outcomes are steadily improving. Initial criteria
for the development of centers of excellence for pituitary adenoma diagnosis and treatment
are being developed [24]. Surely, further scientific investigation will improve the nonsurgi-
cal adjunctive management of growth hormone-secreting pituitary tumors, primarily using
appropriate drugs that target the physiological and genetic mechanisms of these tumors that
secrete excess growth hormone.
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