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Preface

While it has been known for close to 100 years that the pituitary gland regulates
growth and for almost 60 years that human growth hormone (GH) stimulates growth
in GH-deficient children, our knowledge about GH function and GH-deficient states
continues to grow. Both basic science and clinical research have contributed to our
understanding about GH, although the interactions between various systems are
complex, and some mechanisms remain unclear. The goal of this book is to provide
up-to-date information to the clinical endocrinologist on GH function and what
occurs in GH deficiency.

After the Introduction, the book is divided into three parts. The first describes the
mechanisms of human GH secretion and action. Growth hormone structure and
function are explained, along with various important regulators of GH secretion,
including sex steroids and thyroid hormone. Additionally, insight into how under-
nutrition, inflammation, and catabolic illness affect GH secretion is discussed; as
well as how the opposite state, obesity, affects GH function and testing. Included in
this part are the metabolic effects of GH on body composition and on cardiovascular
risk factors.

The second part deals with the diagnosis of GH deficiency, both in children and
in adults. It describes both the tests that can be utilized and their interpretation and
points out the challenges faced in using these studies to make a diagnosis. A chapter
is devoted to magnetic resonance imaging of the pituitary gland.

The third part explains various etiologies of GH deficiency, from molecular
mechanisms to cranial radiation to traumatic brain injury, as well as syndromes
associated with GH deficiency where the molecular defect is less clear.

The definition of “GH deficiency” remains a challenge. This book should guide
clinicians in understanding their patients’ underlying pathology. In the future, addi-
tional insights into the hypothalamic-pituitary-GH axis and GH signaling, plus
newer technologies (e.g., whole exome sequencing) to determine molecular defects,
may help us better determine which individuals have a defect in the GH signaling
pathway and which individuals do not.

Boston, MA, USA Laurie Cohen
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Chapter 1

Introduction: Discovery of Growth Hormone
and Synthesis of Recombinant Human
Growth Hormone

Laurie E. Cohen

The most famous likely growth hormone (GH)-deficient individual was Charles
S. Stratton (born February 4, 1838), nicknamed General Tom Thumb by P.T. Barnum
who discovered him at age of 10. He was born to parents of normal height who were
first cousins. His birth weight was nine and a half pounds, and he grew steadily until
age 18 months. Thereafter, he grew poorly and had delayed puberty, growing several
inches in his late twenties; he achieved an adult height of only 3 ft 2 in. He married
Lavinia Warren Bump (born October 31, 1842) on February 10, 1863, in a highly
publicized affair. Ms. Bump had grown normally until age 1 year but then only slowly,
until cessation of growth at age 10 years and achieving an adult height of 2 ft 8 in. Her
parents were third cousins of normal height. Due to their proportionate short stature,
normal birth length and weight, growth retardation starting late in the first year of life,
normal intelligence, and normal sexual development, it is assumed that both Stratton
and Bump had autosomal recessive growth hormone deficiency (GHD) [1, 2].

In the nineteenth century, individuals with growth stunting were defined as
“dwarfs” if disproportionate and as “midgets” if proportionate. At the turn of the
nineteenth to twentieth centuries, an English physician, Hastings Gilford, created
the term “ateliosis” to describe those with normal proportions and subdivided them
into “sexual” (displayed normal sexual development) and “asexual” (did not display
normal sexual development) [2].

While it was determined in 1922 that the pituitary gland regulates growth, GH was
not isolated until 1944, and human GH was not isolated until 1956. Attempts to use GH
to promote growth began in 1932, but success did not occur until 1958 when human
GH was utilized. Cadaveric human GH was used until 1985, when Creutzfeldt—Jakob
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disease, a neurodegenerative disorder caused by prions, was diagnosed in recipients of
cadaveric GH. From 1985 to present, recombinant human GH has been utilized [3].

The following are the seminal events that shaped our knowledge and understanding
of GH and GH therapy in the United States (USA), with parallel events in therapy
occurring worldwide [2-7]:

1922—Evans and Long determined that the pituitary gland regulates growth, as
injection of bovine pituitary extract into normal rats caused excess growth.

1927—Smith demonstrated that a substance in the pituitary is responsible for
growth, as hypophysectomy of rats led to cessation of growth and implantation
of pituitary tissue into these rats resulted in return of growth.

1932—Engelbach attempted to treat children with pituitary GH. From then until
close to the next 30 years, no success was reported (now known to be due to spe-
cies specificity of GH).

1943—Evans et al. reported the first bioassay for pituitary GH based on the width
of proximal tibial epiphyseal cartilage in hypophysectomized rats.

1944—1L.i and Evans reported the isolation of bovine (ox) GH.

1945—Koneff and Li showed that chronic treatment of rats with pituitary GH
caused gigantism.

1951—Raben and Westermeyer reported the isolation and purification of porcine
GH.

1956-1957—Three different laboratories purified GH from monkey and human
pituitaries using different extraction methods (Li and Papkoff, Wilhelmi, and
Raben).

1957—Knobil et al. determined that the effects of GH are species specific, as bovine
GH had no effect, while monkey GH had anabolic effects in hypophysectomized
rhesus monkeys.

1957—Beck et al. demonstrated the metabolic effectiveness of human GH in a boy.

1957—Salmon and Daughaday determined that the actions of GH are mediated
through a factor, which they named sulfation factor, later renamed somatomedin.
Subsequently, somatomedin was found to be “insulin-like” and renamed insulin-
like growth factor-I (IGF-I).

1958—Raben reported the effectiveness of human GH on growth promotion in a
boy with GHD.

1961—The National Institutes of Health established the National Pituitary Agency
(NPA) to collect pituitary glands in the USA to organize and guide the collec-
tion, extraction, and distribution of human GH to counter the black market that
had arisen. Other countries established similar agencies.

1963—Berson and Yalow’s group created a radioimmunoassay (RIA) to measure
GH.

1966—McKusick’s group used RIA to determine a marked deficiency of GH in the
blood of “dwarfs with sexual ateliosis” [8].

1969—L.i’s group announced the complete structure of human GH, revised in 1971,
and by others in 1973.

1970—Li and Yamashiro reported the synthesis of human GH.
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1973—Guillemin and coworkers reported a hypothalamic polypeptide that inhibits
GH, later named somatostatin.

1976—Commercial human pituitary GH entered the US market.

1977—Furlanetto et al. created a RIA to measure human IGF-I.

1978—Rinderknecht and Humbel reported the complete amino acid sequence of
human IGF-I.

1979—Genentech decided to produce recombinant GH by inserting the human GH
gene into the bacteria Escherichia coli.

1980—The GH gene was mapped to human chromosome 17.

1981—The first Genentech trials of recombinant human GH in children with GHD
were initiated.

1982—Two groups identified a GH-releasing factor from pancreatic tumors, later
designated growth hormone-releasing hormone (GHRH).

1985—Four young adults, who had received NPA GH in the 1960s, were diagnosed
with Creutzfeldt—Jakob disease (a neurodegenerative disease caused by prions),
and the distribution and use of human GH in the USA were halted. Other cases
of Creutzfeldt—Jakob disease were noted throughout the world.

1985—The US Food and Drug Administration (FDA) approved the use of
Genentech’s biosynthetic GH for treating children with GHD.

Between 1963 and 1985, most of the GH treatment in the USA was supervised
by the NPA. During that 22-year period, about 7700 children in the USA and 27,000
worldwide with severe childhood GHD were treated with cadaveric human GH [6].
Because of the limited supply of GH, children could not be treated continuously and
there was often a height cap (152 cm, 5 ft). In 1984, the last year of its distribution,
2450 children were receiving NPA GH and 600-800 were receiving commercial
GH in the USA [5]. In 1985 at the time of the US FDA approval of the first biosyn-
thetic GH, 10,000-15,000 children in the USA were estimated to suffer from GH
deficiency [9]. With the production of recombinant human GH, GH availability has
markedly increased, and indications for many non-GH-deficient conditions have

Table 1.1 Indications for Condition Year
growth hormone therapy and

year of approval by the US Childhood growth hormone deficiency | 1985

Food and Drug Chronic renal insufficiency 1993

Administration [6] Adult growth hormone deficiency 1996
AIDS wasting 1996
Turner syndrome 1997
Prader—Willi syndrome 2000
Small for gestational age 2001
Idiopathic short stature 2003
Short bowel syndrome 2003
Short stature homeobox-containing 2006
(SHOX) gene deficiency

Noonan syndrome 2007
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been approved (see Table 1.1, not discussed in this book). In 2006, it was predicted
that more than 40,000 children in the USA qualified for GH therapy [10].
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Chapter 2
Growth Hormone Physiology

Philippe Backeljauw and Vivian Hwa

Growth Hormone Biochemistry

Introduction

Human pituitary-derived growth hormone (GH), also known as somatotropin, is
encoded by the GHI gene, one of the five closely related genes in the 46.8 kb GH1
locus located on chromosome 17q24.2. The five exon-containing GHI gene gener-
ates three transcript variants. The transcript variant 1 (NM_000515.4) encodes the
largest of the putative GH isoforms, a protein containing 217 amino acid residues
(isoform 1). The removal of the signal peptide (residues 1-26) generates a mature
GH polypeptide of 191 residues, corresponding to a molecular mass of 22 kiloDalton
(kDa). Although this 22 kDa is the predominant human GH found in the circulation
(approximately 90 %), smaller GH isoforms have been described [1]. These include
a 20 kDa variant from an alternative in-frame splicing event (NM_022559.3) that
lacks 14 amino acid residues in the central coding region (residues 32-46) and a
17 kDa isoform lacking residues 1-66. In this section, we will summarize the known
chemistry of the predominant 22 kDa GH isoform (amino acid residue numbering
will be based on published nomenclature, which excludes the 26-amino-acid signal
peptide). We describe how accumulated biochemical knowledge led to the develop-
ment of human GH antagonists for GH excess in clinical conditions such as acro-
megaly as well as to the development of formulations of long-acting recombinant
human GH (thGH) for treatment of GH deficiency.
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PDB 1hgu : PDB 3hhr

Fig. 2.1 Model of the human growth hormone. Crystal structure analyses indicate GH is a four-
helical bundle protein. (a) The four helices are numbered (PDB 1hgu; [4]), with N-terminal and
C-terminus indicated. Yellow, loop connecting helix 1 to helix 2. Light blue, part of loop connect-
ing helix 3 to helix 4. The two disulfide linkages are depicted. (b) Crystal structure of GH in
complex with the dimeric extracellular domain of the GH receptor (PDB 3hhr; [3])

Growth Hormone Structure

The 22 kDa GH polypeptide has the three-dimensional fold of a four-helical bundle
protein, a configuration shared with other cytokines such as prolactin, erythropoie-
tin, and many interleukins [2]. Crystal structure analyses indicate the first two heli-
ces are parallel to each other and antiparallel to the remaining two helices, with long
connecting loops between the first two helices and second two helices [3, 4] (Fig. 2.1).
Of the two disulfide bonds, one links the N-terminal and C-terminal regions (Cys53-
Cys165). The second disulfide bond is located at the C-terminus (Cys182-Cys189,
Fig. 2.1a). Human GH also carries two zinc (Zn2+)-binding sites, identified at resi-
dues His44 and Glu200. The binding of Zn2+ is critical for facilitating GH dimer-
ization and aggregation in the secretory granule biogenesis, which occurs in the
anterior pituitary. This is an important GH storage mechanism that permits rapid
release of GH in response to appropriate stimulation without necessitating de novo
protein synthesis [5].

The 22 kDa GH initiates its growth-promoting and metabolic activities by inter-
acting with the cell-surface GH receptor (GHR, Fig. 2.1b), a homo-dimeric single-
pass transmembrane receptor belonging to the type 1 cytokine receptor superfamily.
It was initially proposed that the binding of GH induced dimerization of monomeric
GHR polypeptides. More recent evidence supports preformation of the dimeric
GHR independent of GH binding, followed by subsequent binding of one molecule
of GH and inducing GHR conformational and rotation changes that activate the
GHR signaling cascades [6]. Extensive in vitro mutagenesis and crystal structure
analyses reveal two essential sites within the GH protein which interact with each
monomer of the dimeric GHR [3, 7-10]. Site 1 was identified as the high-affinity
GHR binding site, with interacting residues in the connecting loop between helices
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1 and 2 (residues 41-72) and in the carboxyl region of helix 4 (residues 167-175).
Site 2 interactions involve the NH2-terminus (residues 1-16) and helix 3 (residues
103-119) [3, 9, 10]. Remarkably, up to a 400-fold change in Site 1 affinity of
GH-GHR did not significantly impact biological response, suggesting that human
GH, unlike other mammalian GH, is highly efficient at forming GH-GHR com-
plexes [11, 12]. Of note, the extracellular domain of human GHR can be proteolyti-
cally cleaved to circulate as a monomeric GH binding protein (GHBP), and binds
circulating GH in a 1:1 ratio, an association which could serve as a dynamic reser-
voir for bound and free GH [13].

While the GHR is the cognate receptor for human GH, GH can also bind to the
prolactin receptor (PRLR), albeit with considerably lower affinity. High affinity is
achieved only in the presence of Zn2+, which is chelated in the binding interface
[14, 15]. Physiological implications of this remain unclear.

Human Growth Hormone Analogs: Antagonistic Effects

In the course of elucidating residues within human GH important for binding and
inducing GHR biological activities, a glycine 120 to arginine (Gly120Arg) amino
acid exchange in helix 3 was found to abolish site 2 binding capacity without affect-
ing site 1 binding functions [9, 11, 16]. This observation, first recognized in bovine
GH [17, 18], suggested Gly120Arg acted as a competitive antagonist for GH signal-
ing. Indeed, substitution of Gly120 with any amino acid but alanine antagonized
GHR activation [19]. This was a crucial observation that has led to the development
of the GHR antagonist B2036-PEG (pegvisomant, hGH-Gly120Lys variant) to
counteract pathological GH excess in clinical conditions such as acromegaly [19, 20].
Additional modifications introduced into pegvisomant included eight amino acid
substitutions at site 1 to enhance receptor binding, and incorporation of four to five
polyethylene-glycol (PEG) modifiers, which prolonged the half-life of the GH variant
from 20 to 30 min to about 90 h, reduced immunogenicity, and reduced interactions
with GHBP as well [20, 21]. Pegvisomant is currently available worldwide for the
indication of GH excess/acromegaly and is presently being considered for cancer
indications and diabetes-induced end-organ damage [20].

Modifying Human GH: Toward Long-Acting rhGH Therapy

Recombinant hGH therapy has been available since the mid-1980s for an increasing
number of clinical indications, including GH deficiency, idiopathic short stature,
small-for-gestational-age (SGA) children not showing adequate postnatal catch-up
growth, as well as for genetic conditions such as Noonan, Prader-Willi, and Turner
syndromes. The rapid proteolysis and clearance of thGH, however, necessitate
daily subcutaneous injection, which often results in compliance and treatment
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adherence issues [22]. These concerns have driven interest in developing long-acting
rhGH compounds. Based on accumulated understanding of GH biochemistry, a
variety of formulations have been generated and tested. Some of these formulations
have since been abandoned due to unexpected adverse effects. One such formula-
tion was derived from PEGylation, which prolonged the in vivo mean half-life of
rhGH as was observed with pegvisomant. Unlike with pegvisomant, the PEGylated
GH had safety and efficacy issues: it induced lipoatrophy at the site of injection.
This was reported for 13 out of 105 treated GH-deficient adults [23]. In addition,
reduced efficacy was determined when readout of once-weekly insulin-like growth
factor-I (IGF-I) response profiles was not reached (hGH PEGylated at glutamine
141) [24], and PEG-containing vacuoles were discovered in epithelial cells of the
choroid plexus of treated monkeys (GH analog PEGylated at substituted residue 35)
[25]. A number of other formulations, however, have passed safety surveillance and
are currently in clinical trials [25]. These include prodrug formulations such as GH
fused to carriers with self-cleavage properties (ACP-001) [25] and GH carrying a
single-point mutation in the backbone to which a side chain with terminal fatty
acids (with non-covalent albumin-binding properties) has been attached (NNC0195-
0092) [26]. Formulations based on GH fusion protein technology undergoing clini-
cal trials include human serum albumin fused to the N-terminus of GH (TV-1106)
[25, 27], long hydrophilic sequences of amino acids (XTEN) added to the N- and
C- terminus of GH (VRS-317) [28], and (e) carboxyl-terminal peptide (CTP, 28
carboxyl-terminal residues of human chorionic gonadotropin) added to the N- and
C-terminus of GH (MOD-4023) [29]. Altogether, the manipulation of GH, based
on its chemistry and function, has allowed for the expansion of the therapeutic
options for a variety of clinical indications.

The Regulation of Growth Hormone Secretion

Introduction: Stimulatory [S] and Inhibitory [1] Influences

Growth hormone secretion occurs predominantly according to an intermittent or
pulsatile pattern rather than through continuous release. This is the case both during
childhood and in adult life [30]. On a day-to-day basis, more GH will be secreted
during the early to mid-adolescence years: about 700 pg/day, almost double the
secretion measured in adulthood (approximately 400 pg/day) [31]. Because of the
pulsatile pattern of GH secretion, GH concentrations are usually low (<0.2 pg/L)
when measured in serum of healthy individuals (except in neonates or young
infants). This episodic nature of GH secretion, and the regulation of it by a variety
of other hormones and particular physiologic conditions, is further linked to the
notion that GH not only plays an important role in statural growth, but is also of
great importance in a variety of nongrowth-related biological processes, e.g., the
intermediary metabolism. Growth hormone therefore has many sites of action,
consistent with its variety of physiological effects: the bone and the growth plate,
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Fig. 2.2 Simplified schematic representation of the regulation of GH secretion

muscle, and adipose tissue. As the next couple of paragraphs will illustrate, GH
secretion is controlled by many factors/influences that make it one of the more
complex-regulated hormones in the body (Fig. 2.2).

Growth Hormone-Releasing Hormone (GHRH) [S]

The episodic GH secretory pulses that occur naturally and can be documented
through frequent serum sampling are the result of the interaction between several
regulatory peptides. The most important of these are two hypothalamic peptides,
GHRH and somatostatin [32]. Growth hormone-releasing hormone, also known
as GH-releasing factor (GRF), will bind to its receptor on the anterior pituitary
somatotroph cells to stimulate the production of cyclic adenosine monophosphate
(cAMP). This will lead to increased GH synthesis and secretion via a complex
path of intracellular signaling ultimately resulting in increased GH gene transcrip-
tion [30, 33]. The GHRH receptor (GHRH-R) belongs to the family of the G
protein-coupled receptors, and the amino acid sequence of GHRH-R is, in part,
similar to receptors for parathyroid hormone and calcitonin, among others [34].
Humans given synthetic exogenous GHRH experience a quick release of GH from
the somatotrophs. Growth hormone, synthesized and stored in secretory granules [5],
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will be released within minutes; peak GH concentrations are reached after about
30 min, and these will be sustained for 1-2 h [35]. Growth hormone-releasing
hormone is used in some countries in combination with other GH secretagogues
(such as arginine) to test patients for the diagnosis of GH deficiency. Endogenously
produced GHRH is very difficult to measure, because dilution affects the periph-
eral serum concentration of GHRH and does not reflect the hypothalamic GHRH
output. To assess the latter, one would need to perform direct portal blood sam-
pling, which is neither recommended nor practically possible. Endogenous GHRH
is a 44-amino-acid peptide produced in the arcuate and ventromedial nuclei of the
hypothalamus. In humans, this will first occur between 18 and 29 weeks of gesta-
tion, which correlates to the beginning of production of GH in the developing
fetus [31].

The first real indication that GHRH stimulates GH secretion and is an important
regulator of pulsatile GH release came from observations that body growth in young
rats is severely affected after damaging their hypothalamus [36]. Additional other
animal work then confirmed the role of GHRH secreted by the hypothalamic nuclei
in GH secretion; destruction of these nuclei leads to GH reduction, and stimulation
of these nuclei leads to GH release [37, 38]. However, it is of interest to note that
GHRH was first isolated from extrahypothalamic/extrapituitary (pancreatic) tumor
cells in patients with acromegaly and not from human hypothalamic tissue [39].
Many studies in different animal models, and in humans, have unequivocally docu-
mented the role of GHRH as a GH pulse generator, but the mechanisms by which this
occurs may vary between humans and some of the animal models used. The activity
of GHRH is therefore believed to be species specific. Despite these differences,
strong correlations are found between the detection of GH pulses and increased pitu-
itary portal blood GHRH concentrations. Furthermore, overnight episodic GH secre-
tory pulses after acute administration of synthetic GHRH become suppressed when
humans are treated beforehand with competitive GHRH antagonists [40, 41].
Additional investigations with GHRH-R antagonists in patients given different stim-
uli for GH secretion (e.g., clonidine, arginine, and insulin) confirmed the importance
of GHRH in the regulation of GH secretion: those stimuli still require the action of
GHRH to induce increased GH production, which, again, can be inhibited by the
administration of GHRH-R antagonists [42].

As already described above, GH secretion is stronger in the childhood and ado-
lescent age range than in adulthood. This age-related change in GH secretion
appears to be mediated by GHRH also. Evidence for this comes from studies dem-
onstrating that the somatotroph cells maintain their ability to respond to GHRH,
while GH pulse amplitude decreases as one gets older. In addition, through phar-
macological approaches, GHRH output was found to be decreased in aging mon-
keys [43], and similar findings were observed in older men [44]. At all ages, the
effect of GHRH on GH secretion is partially blocked by the administration of
somatostatin. Somatostatin inhibits GH secretion and controls the GH pulse frequency
[45]—see below.
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Ghrelin and GH Secretagogues [S]

A number of synthetic peptides have now been identified that are also capable of
stimulating GH secretion. These particular molecules, called GH-releasing peptides
(GHRPs) or non-GHRH secretagogues, interact through a receptor that is different
from the GHRH-R. This distinct receptor is known as the GH secretagogue receptor
and is also a member of the G protein-coupled receptor family. It is strongly
expressed in the hypothalamus [46]. Ghrelin has now been identified as the GH
secretagogue receptor’s endogenous ligand, which is the reason why this receptor
has also been named the ghrelin receptor. In fact, it is the intensive study of the
GHRPs that indirectly led to the discovery and characterization of both the ghrelin
receptor and its ligand, ghrelin [46]. The GH-releasing peptides are analogous to
ghrelin, directly stimulate GH release from the pituitary gland, and can promote GH
release after stimulation by GHRH [47]. The practical application of the GHRPs is
through their ability to stimulate GH release in patients with a functionally intact
anterior pituitary gland and as possible therapeutic agents for GH deficiency that is
not secondary to pituitary damage. Administration of GHRP, which can be done via
the oral route, induces a physiological-like GH pulsatile secretion pattern, in
contrast to the single GH peak caused by a subcutaneous GH injection [48].

Ghrelin itself is a peptide hormone primarily expressed in stomach cells and func-
tions as a neuropeptide in the central nervous system. However, ghrelin mRNA has
been identified in the hypothalamus also [49]. Small amounts of ghrelin are further
expressed at other sites of the gastrointestinal system (bowel, pancreas) and in the
kidneys and gonads as well. Ghrelin is a 28-amino acid molecule that circulates in
two different forms. The ghrelin that is octanoylated seems to be the ghrelin capable
of stimulating GH. Ghrelin may release GH together with GHRH in a more or less
synergistic fashion, and mutations of the ghrelin receptor have been implicated as a
cause of GH deficiency [50]. Despite all this, it is still not clear what the exact role of
ghrelin is in controlling GH release. The other form, encoded by the same gene, is
called obestatin; it does not stimulate GH secretion, but plays a role in weight regula-
tion [51]. Ghrelin has many physiologic actions [49]. Ghrelin regulates appetite and
is important in energy homeostasis. It controls gastric secretion, affects glucose
metabolism and endocrine pancreatic function, and plays a role in gonadal function
and behavior as well.

Other Neurotransmitters and Neuropeptides Influencing GH
Secretion [Both S and I]

Many neurotransmitters and neuropeptides play some role in the regulation of
GHRH, as well as the regulation of somatostatin (see below), and indirectly in the
secretion of GH. They may affect GH secretion in a number of different physiologic
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Table 2.1 Neurotransmitters Acetylcholine
and neuropeptides that alter

. Calcitonin
GH secretion

Corticotropin-releasing hormone (CRH)
Dopamine

Gamma-aminobutyric acid (GABA)
Gastrin

Histamine

Neuropeptide Y

Neurotensin

Norepinephrine

Serotonin

Substance P

Thyroid-releasing hormone (TRH)
Vasopressin

and pathologic conditions such as sleep, exercise, physical and emotional stress
situations, prolonged fasting, and in response to hypoglycemia. The major neu-
rotransmitters and peptides that affect GH secretion are listed in Table 2.1.

Somatostatin- or Somatotropin-Inhibiting Factor (SRIF) [I]

Somatostatin, also called somatotropin release-inhibiting factor (SRIF), is a
14-amino-acid molecule (tetradecapeptide) and strong inhibitor to basal, as well as
stimulated, GH secretion [52]. Somatostatin achieves this through effects on timing
and amplitude of the GH pulses (and not by a direct effect on GH synthesis).
Somatostatin is produced by neuroendocrine cells located in the ventromedial
nucleus of the hypothalamus. Released somatostatin reaches the anterior pituitary
gland through the hypothalamo-portal vascular network, where it inhibits the secre-
tion of GH from the somatotroph cells. At this level, it has a dominant effect over
GHRH on GH release. There exists a classic negative feedback mechanism to GH
secretion, because somatostatin-secreting neurons respond to increased GH and
IGF-I concentrations by increasing somatostatin release and activity. The actions of
somatostatin are mediated through specific receptors. Five subtypes of somatostatin
receptors are known. The key GH suppressive action of somatostatin is through its
binding with somatostatin receptors 2 and 5 [45]. The half-life of somatostatin is
approximately 3 min, and it suppresses GH secretion after binding to its receptors
via inhibition of adenylate cyclase activity and reducing intracellular calcium.
This has been demonstrated after treating somatotroph cells with GHRH and soma-
tostatin together, where the latter blocks the mitogenic effects of GHRH on the
somatotrophs [53]. The currently accepted mechanism of the role of somatostatin in
GH secretion was determined from the administration of selective somatostatin
agonists and antibodies against somatostatin in both animal models and in humans
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while assessing the effects of these substances on GH secretion [32, 53]. It appears
that somatostatin modulates GH release by attenuating the effect of GHRH; GH
pulses and the GH concentrations between these pulses are suppressed, whereas the
GH pulsatility generation remains unmodified.

Long-acting somatostatin analogs (e.g., octreotide, lanreotide) are small synthetic
peptides that mimic the action of somatostatin, have a much longer half-life than
naturally occurring endogenous somatostatin, and thus have strong GH suppressive
effects. They are used for the treatment of GH hypersecretion, as found in acro-
megaly patients [54].

Effect of Sleep on GH Secretion [S]

Sleep also appears to influence the secretory pattern of GH, and a sleep-associated
increase in GH secretion has been documented in both animal models and humans.
The exact mechanism for this sleep-related increase in GH release is not known.
Growth hormone-releasing hormone may play an important role, because nighttime
GH secretion is attenuated after administration of GHRH antagonists [55]. However,
additional regulatory factors, such as hypothalamic somatostatin or ghrelin, may also
contribute. On a day-to-day basis, an irregular and intermittent pattern of GH secre-
tion can be observed soon after the onset of slow-wave sleep (during stages 3 and 4
of the sleep cycle); this is also when maximum GH concentrations are achieved. The
sleep-associated GH pulses are more pronounced in children and adolescents and
decrease with increasing age. The nighttime increase in GH secretion accounts for a
large fraction of GH secretory output in males, whereas in females, the nocturnal GH
bursts only make up a fraction of total daily GH secretion [56].

Effect of Nutrition on GH Secretion [Both S and I]

Different aspects of nutrition influence GH secretion and involve carbohydrates, as
well as proteins and lipids. These nutritional influences vary between fasting versus
fed conditions and are different in overweight/obese versus lean individuals.
Hypoglycemia: This causes an acute rise in GH secretion that is dependent both
on the severity of the hypoglycemia as well as the rate of glucose decline. Insulin-
induced hypoglycemia has been demonstrated to lead to an acute rise in GH secre-
tion that is secondary to a coincident intracellular glycopenia. This has long been
used as part of the assessment of pituitary integrity. For example, this approach to
test GH secretion from the pituitary somatotrophs is still used in adults, but seldom
in pediatric patients because of the risks associated with hypoglycemia [57].
Hyperglycemia: This causes suppression of GH secretion. In controlled settings,
administration of a fixed amount of glucose, as during an oral glucose tolerance test,
is used to assess an individual’s ability to suppress serum GH concentrations.



16 P. Backeljauw and V. Hwa

Lack of suppression of GH below a certain cutoff during an oral glucose tolerance
test is diagnostic for acromegaly, although there is some debate on what this cutoff
should be (<1 pg/L versus < 0.4 pg/L depending on the sensitivity of the GH assay
used and whether one is looking at confirming the diagnosis of acromegaly versus
defining cure after therapeutic intervention) [58].

Fasting tends to result in increased GH secretion, whereas fatty acid elevation
causes inhibition of GH release. The elevated free fatty acids probably increase
somatostatin tone, because GHRH-induced GH secretion is found to be attenuated
in the setting of free fatty acid elevation. Acute administration of amino acids leads
to GH release (arginine infusion is a commonly used provocative agent in GH defi-
ciency testing protocols), as is the ingestion of a meal rich in protein content.

Obesity (see Chap. 6 for more detail): This is associated with overall decreased
GH secretion and GH concentrations, mainly due to a decreased number of GH
secretory pulses. The amount of adipose tissue (visceral fat in particular) is corre-
lated with the degree of GH suppression [59]. Several mechanisms may be at play
here, including an effect of free fatty acids on the somatotroph cells or an increase
in basal somatostatin tonicity.

Insulin-Like Growth Factor I (IGF-I) [1]

GH secretion is also under negative feedback control from the insulin-like growth
factors, and receptors for these peptides have been identified on pituitary cells.
Insulin-like growth factor I may inhibit GH secretion either directly at the level of
the pituitary gland or indirectly at the level of the hypothalamus (Fig. 2.2). Although
the exact mechanism is not completely known, studies have clearly shown that
IGF-I infusion leads to both decreased GH pulse amplitude and lower GH concen-
trations in serum [60]. Furthermore, there also appears to be a difference in how
males and females respond to the negative feedback of IGF-I (selective suppression
of GHRH in females only). In contrast, patients with severe GH resistance or GH
insensitivity generate little IGF-I and will have significantly elevated GH concentra-
tions, which will decrease when recombinant human IGF-I is administered to them
via subcutaneous injection. On top of this classic negative feedback mechanism
affecting GH secretion, the two main regulators of GH secretion (GHRH and soma-
tostatin) also inhibit their own secretion and thereby provide an alternative feedback
loop system important for acute GH release.

Sex Steroids [S] (see Chap. 3 for more detail)

Growth hormone secretion is also influenced by the sex steroids. Although the exact
regulatory interactions between estrogens and androgens and GH are still to be fully
elucidated, in general terms, one can state that puberty is associated with increased
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GH production and consequently increased GH and IGF-I in serum. The effect of
sex steroids on GH secretion is also different in males versus females, as already
described above during the discussion of the sexual dimorphism of GHRH’s effects
on GH secretion. Some of the difficulties in elucidating the exact interplay of sex
steroids and GH secretion are due to [1] the fact that the effects of sex steroids in
certain animal models are quite different than in humans and [2] the fact that sex
steroids have direct effects on IGF-I production by other organs such as the liver,
which by itself also alters GH secretion by changes in the negative feedback result-
ing from this. Exogenous androgen administration in boys with delayed sexual
maturation leads to increased IGF-I concentrations, related to increased pulse
amplitude of GH secretion without change in pulse frequency [61]. This effect may
be first mediated through conversion of the (aromatizable) androgens to estrogens,
because when non-aromatizable androgens are given, no changes in the GH pulse
amplitude are observed. Additional work employing sex steroid blocking agents
further confirmed that the increase in GH secretion during puberty is related to
increased estrogen concentrations. Finally, the GH response to GHRH is stronger in
females than in males.

Summary

From the above notes, it is evident that GH secretion occurs in a pulsatile manner
and that many other hormones and neuropeptides interact to alter GH pulsatility.
The main regulators of GH secretion are GHRH and somatostatin, but other pep-
tides, such as IGF-I, also have an important role. Between the GH pulses, and in
the normal physiologic state, GH concentrations are usually below the lower limit
of conventional assays (<0.2 pg/L). Growth hormone pulses occur mostly at night,
with the onset of slow-wave sleep, are more common in younger men (up to 12 per
day), are more common during the puberty years, and occur less often in older
individuals. Although much is known about the regulation of GH secretion and the
interactions between the GH-IGF-I axis and peptides such as GHRH and soma-
tostatin, more investigation is needed to decipher the biological role of the pulsatile
nature of GH secretion and its implications in both healthy and pathological
conditions.
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Chapter 3
Sex Steroids and Growth Hormone Secretion

Diane E.J. Stafford

Introduction

The influence of sex steroids on growth is obvious to anyone who has witnessed the
progression of a child to adulthood. With the onset of puberty and increases in sex
steroids, boys and girls exhibit the development of secondary sexual characteristics,
but also a significant increase in growth velocity. While it is reasonable to assume
that sex steroids cause growth acceleration due to influence on growth hormone
(GH) secretion and action, the mechanisms of these interactions are complex, and
some remain elusive.

Sex Steroids and Growth Hormone-Releasing Hormone/
Somatostatin Secretion

Growth hormone secretion from the hypothalamus is largely controlled by the
opposing influences of stimulatory growth hormone-releasing hormone (GHRH)
and inhibitory somatostatin. The interplay between these neuropeptides is presumed
to determine patterns of GH secretion by the pituitary. Studies in a variety of spe-
cies, including humans, reveal sexual dimorphism in GH secretion related to pulse
frequency and GH peaks. In rats, males have high, regular, infrequent GH pulses
with low basal levels between pulses. Females have a higher baseline GH level with
irregular and more frequent low-amplitude pulses [1]. Studies in the rat have con-
cluded that this difference in secretory patterns may account for sexual differences

D.E.J. Stafford (I<)

Division of Endocrinology, Boston Children’s Hospital, Harvard Medical School,
300 Longwood Ave, Boston, MA 02115-5724, USA

e-mail: diane.stafford @childrens.harvard.edu

© Springer International Publishing Switzerland 2016 21
L.E. Cohen (ed.), Growth Hormone Deficiency,
DOI 10.1007/978-3-319-28038-7_3


mailto:diane.stafford@childrens.harvard.edu

22 D.E.J. Stafford

in body growth [1]. Tannenbaum and others have proposed a model in which gender
differences in the pattern of GHRH and somatostatin signaling to the pituitary result
in these variations in pulse frequency and amplitude [2] with phasic cycles of GHRH
and somatostatin resulting in regular GH pulsatility and inhibition in males. Indeed,
gender-related differences have been found in gene expression of GHRH and soma-
tostatin, with male rats having higher mRNA levels of both of these neuropeptides
[3]. Clifton et al. [4] have shown that somatostatin mRNA levels are increased by
the binding of testosterone to androgen receptors on somatostatin neurons in the
periventricular nucleus, though the effects of testosterone on GHRH neurons is
likely indirect.

Childhood Growth and Gender Influences

In the prepubertal phases of growth, gender and sex steroids play little role in deter-
mining growth. Children with hypogonadism (with normal karyotype) have normal
prepubertal growth [5], and there is a significant overlap in patterns of growth
between boys and girls before puberty. Gender does not appear to influence GH
secretion in prepubertal children; there is no relationship between a child's gender
and peripheral GH levels or amount secreted [6, 7].

While there is speculation that low, prepubertal levels of gonadal sex steroids
may affect normal prepubertal GH physiology, common laboratory methodology is
unable to measure sex steroids at the necessary levels. However, using an ultrasen-
sitive bioreceptor assay for estradiol (detection limit 100-fold lower than conven-
tional assays), Klein et al. found that prepubertal girls had eightfold higher levels of
estradiol than boys, suggestive of a difference in production of sex steroids prior
to puberty. The authors of this study hypothesize that this may explain the earlier
timing of puberty and growth spurt in girls [8].

Effects of Sex Steroids on Pubertal Growth and GH Secretion

The growth spurt is one of the hallmarks of adolescence. The timing of the pubertal
growth spurt and the maximal growth velocity during this phase of development are
different in boys and girls. The increase in growth velocity in girls typically occurs
early in puberty with a peak growth velocity averaging 8 cm/year and occurring at
11 to 12 years of age. Boys have an increase in growth velocity relatively later in
puberty with maximal growth velocity occurring at 13 to 14 years of age and peak-
ing at 9 cm/year on average. The increase in GH secretion noted in puberty demon-
strates a sexually dimorphic pattern that parallels these changes in growth velocity
with the increase occurring early in puberty for girls (Tanner stage II breast devel-
opment) and later in boys (Tanner stage IV genitalia) [9].

The relationship between increases in testosterone and changes in GH secretion
has been investigated by several groups, though the methods used have varied. In a
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study of normal, healthy boys at various stages of pubertal development, Kerrigan
and Rogel demonstrated that endogenous GH levels rise during mid- to late puberty,
apparently due to increased pulse amplitude [10]. Perry et al. demonstrated that
pulsatile GH increases, along with a threefold increase in serum insulin-like growth
factor-1 (IGF-I) levels, through puberty [9]. When studied over a 24 h period with
frequent blood sampling, prepubertal boys had lower 24 h GH concentrations when
compared with sexually mature boys of the same age. Prepubertal boys treated with
exogenous testosterone exhibited a marked increase in total GH output with this
effect resulting from an increase in pulse amplitude rather than pulse frequency [11].

Tanner and colleagues demonstrated the independent and additive contributions
of GH and gonadal steroids to the adolescent growth spurt by studying GH-deficient
children, some of whom also had gonadotropin deficiency [12]. Subsequent studies
demonstrated that gonadal steroids are necessary, but not sufficient for appropriate
pubertal growth. In GH-deficient patients, sex steroid supplementation alone did not
augment height velocity unless administered with concomitant GH [13]. Inversely,
GH therapy alone will not result in an appropriate increase in growth rate without
accompanying administration of sex steroids [14]. Boys and girls with Laron syn-
drome (IGF-I deficiency) do not have a discernible pubertal growth spurt, implying
that stimulation of growth through testosterone and estrogen is mediated through
the GH-IGF-I axis [15].

Multiple studies have shown that administration of testosterone causes an
increase in GH secretion. In prepubertal and peri-pubertal boys, administration of
testosterone in physiologic and pharmacologic doses increases spontaneous and
stimulated GH secretion [16—18]. The effect of testosterone appears to be mediated
through aromatization to estrogen, rather than direct effects on the androgen recep-
tor. This is suggested by studies demonstrating that administration of tamoxifen, an
estrogen receptor antagonist, to prepubertal boys causes decreased GH production
[19]. In addition, other studies demonstrate a lack of effect of the non-aromatizable
androgen, dihydrotestosterone (DHT), on GH production [20].

While studies on the direct effects of estrogen on GH secretion are less numerous,
the relationship can be demonstrated by the use of estradiol for “priming” prior to
GH stimulation testing. Estrogen exposure has been shown to improve the specific-
ity of these tests in the diagnosis of GH deficiency. Administration of p-estradiol for
2 days prior to GH stimulation testing increases the GH response in children with
normal GH secretion and allows improved differentiation from those with GH
deficiency (see Chap. 8) [21, 22].

Sex Steroids and IGF-1

In addition to effects on GH secretion from the pituitary, sex steroids exert effects
on downstream activity of GH. IGF-I, produced by the liver, is the mediator of the
anabolic effects of GH. As the liver is also responsive to sex steroids, it is a potential
site for regulatory interactions between GH and sex steroids. Coutant et al. showed
that increases in sex steroids, GH, and IGF-I concentrations are associated with
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progression through puberty. In addition, IGF-I response to GH administration
increased during puberty, suggesting that increased sex steroids result in increased
sensitivity to GH [23].

Studies in boys with GH deficiency due to hypopituitarism reveal that adminis-
tration of testosterone alone causes minimal increase in IGF-I, but that concomitant
administration of GH causes a greater than threefold increase [24]. Similar results
are found with administration of HCG to GH-deficient boys [25]. BHCG causes an
increase in gonadal testosterone production through cross-reactivity with the LH
receptor. In men with hypopituitarism, while GH therapy increased IGF-I levels,
this was enhanced by coadministration of testosterone [26]. These studies indicate
that testosterone does not directly regulate circulating IGF-I levels, but enhances
IGF-I response to GH.

The relationship between estrogen and hepatic IGF-I production appears to be
more complex. Estrogen appears to have a biphasic effect on IGF-I secretion. Low
doses of exogenous estrogen enhance IGF-I generation, and high doses decrease
IGF-1[27-33]. Estrogen is metabolized by the hepatic cytochrome system. Elevated
estrogen concentrations in the portal system impair hepatic IGF-I production and
increase GH binding protein, resulting in a blunting of GH action [34]. In girls with
tall stature, high doses of oral estrogen reduced IGF-I levels [35]. In girls with
delayed puberty, administration of oral 17p-estradiol revealed reduced IGF-I
response to GH administration [23].

Transdermal estrogen is not metabolized in the liver and, therefore, may have a
different effect on IGF-I production, but results remain unclear. One study revealed
that GH administration to women with hypopituitarism elevates IGF-I to a higher
degree with transdermal estrogen compared with oral treatment [36]. However,
other studies have shown that estrogen inhibits hepatic IGF-I production in a dose-
dependent manner regardless of route of administration [34]. As a result, while
some argue for the use of transdermal estrogen for replacement, it is unclear if this
has a distinct advantage with regard to IGF-I production. The effects of endogenous
estradiol on IGF-I production also remain unclear.

The divergent actions of estrogen and testosterone on IGF-I production suggests
that while the estrogen receptor may mediate the neurosecretory effects of testoster-
one, the peripheral effects may be mediated through the androgen receptor [37].

Effects on the Bone and Epiphyseal Fusion

In addition to exerting effects through hepatic IGF-I production, GH also has direct
effects on the bone at the level of the growth plate, increasing local IGF-I produc-
tion and recruitment of resting zone chondrocytes [38]. Androgen and estrogen
receptors have been demonstrated in the human growth plate with no gender varia-
tion. Studies imply a direct stimulatory effect of androgens on growth plate carti-
lage, possibly by promoting local IGF-I synthesis and increasing IGF-I receptor
expression [38]. The use of high-dose estrogen in girls with tall stature results in
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rapid reduction of growth velocity, but with only modest decreases in IGF-I levels,
implying direct non-GH-dependent effect on the epiphysis [39]. The active role of
estrogen on epiphyseal closure has been elucidated by patients with rare genetic
syndromes. Patients with inactivating mutations of either estrogen receptor a or the
aromatase gene have a lack of pubertal growth spurt and tall stature due to lack of
epiphyseal fusion. This suggests that estrogen is responsible for the growth spurt
seen in pubertal development and growth plate closure at the end of adolescence in
both sexes [40, 41].

Conclusion

In this chapter, the complex interaction between sex steroids and the GH axis were
reviewed. While it is clear that there are interactions at many levels and much has
been learned about their nature, questions remain. Among this is the nature of the
sexual dimorphisms resulting in the common variation in height between men and
women. Hopefully, with continued use of “natural experiments” to elucidate mech-
anisms of action and improvements in assays and other experimental techniques,
these questions can be answered in the future.
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Chapter 4
The Influence of Thyroid Hormone on Growth
Hormone Secretion and Action

Angela M. Leung and Gregory A. Brent

Introduction

Thyroid hormone and growth hormone (GH) are essential for normal growth [1].
There are multiple levels where these two pathways intersect, both in the regulation
of secretion and in sites of action, especially the bone. Deficiencies of thyroid hor-
mone and GH can occur together, such as in individuals with pituitary or hypotha-
lamic disease. The more common clinical scenario, however, is the impact of isolated
thyroid hormone deficiency on GH secretion and action. Thyroid hormone is impor-
tant for GH stimulation of insulin-like growth factor-I (IGF-I) in the liver, although
less is known about the mechanism of this action. We will examine the impact of
thyroid hormone on GH secretion and action in in vitro models, in animal models,
and in humans [2]. Although thyroid hormone may impact GH secretion and action
across the lifespan, its effects are most significant during the intense period of
somatic and linear growth in childhood [3], which will be the focus of this review.
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Molecular Studies of Thyroid Hormone Regulation of Growth
Hormone Expression

Thyroid Hormone Receptor and Gene Regulation

Thyroid hormone action is mediated predominantly by the thyroid hormone nuclear
receptor (TR) which is coded by two genes o and 3, TRa and TR [4, 5] (Fig. 4.1a).
Thyroid hormone also acts through nonnuclear pathways, and a membrane receptor
has been identified, although this pathway has not yet been linked to GH secretion
or action [4, 5]. The two TR isoforms, a and f, differ in expression developmentally,
among different tissues, and even within areas of a given tissue, such as the heart
and brain. In general, TR« is expressed first and is the predominant isoform in the
cerebral cortex [6]. TRp is crucial in sensory development, including the cochlea
and retina. The predominant TR isoforms in the anterior pituitary and hypothalamus
are TRPI and the TRP alternative splice product, TRp2. TRB1 is the isoform that
mediates T3-mediated negative regulation of the thyrotropin-releasing hormone
(TRH) and thyroid-stimulating hormone (TSH) genes [5, 7]. TR resides predomi-
nantly in the nucleus and, for most thyroid hormone-mediated nuclear signaling,
forms a heterodimer with the retinoid-X-receptor (RXR), and then binds to a spe-
cific DNA sequence, the thyroid hormone response element (TRE), located in the
5'-flanking region of most thyroid hormone-regulated genes [5] (Fig. 4.1b). For
positively regulated genes, the unliganded TR/RXR heterodimer binds to a nuclear
corepressor, such as nuclear receptor corepressor (NCoR), and this promotes chro-
matin deacetylation and inhibits gene transcription. Binding of triiodothyronine
(T3) to the receptor disrupts interaction with the corepressor and promotes binding
of the coactivator, which then recruits factors that promote chromatin acetylation
and gene transcription. Negative regulation by thyroid hormone, as in the case for
the regulation of TSH and TRH, is more complex but involves ligand-dependent
recruitment of corepressors [7]. Corepressors, such as NCoR, control thyroid hor-
mone sensitivity and the set point of the hypothalamic-pituitary-thyroid axis by
modulating feedback inhibition from circulating thyroxine (T4) and T3 [8]. The
DNA sequences that bind TR to confer negative regulation are more diverse than
those that confer positive regulation and likely mediate negative regulation by vir-
tue of the negative response element configuration, as well as the location of the
response element in the gene [9].

The first fully characterized native TRE was in the 5’-flanking region of the rat
GH gene [10]. In vitro studies showed significant T3 induction of this element, cor-
responding to in vivo studies showing the dependence of thyroid hormone for nor-
mal GH synthesis and release in the rat. Subsequent studies in other species,
including mice, showed similar sites with T3 induction, but the rat GH gene TRE
had the most robust T3 response of any of those identified in GH genes [11].
Evaluation of the analogous TRE in the human GH gene showed more complex
regulation with modest T3 induction, compared to the TRE in the rat GH gene, and
some studies reported a negative TRE. Although the influence of thyroid hormone
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Fig. 4.1 Nuclear action of thyroid hormone. (a) The TR gene has two major isoforms, 7R and
TRa; the structures of TRal and TRa2 (non-T3 binding) and TRpI and TRH2 are shown. (b)
Circulating T4 is converted locally in some tissues by membrane-bound D2 to the active form, T3.
D3 converts T3 to the inactive r'T3. In specific tissues, such as the brain, transporters such as MCT8
transport T4 and T3 into the cell. Unliganded TR heterodimerizes with RXR and binds to a TRE
and then to a corepressor, such as NCoR or SMRT, repressing gene expression. T3 binding to the
ligand-binding domain results in movement of the carboxy-terminal helix 12, disruption of core-
pressor binding, and promotion of coactivator binding, which then leads to recruitment of poly-
merase III and initiation of gene transcription (From Brent GA J Clin Invest 2012;122:3035-43)
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on GH gene regulation in humans is clear from clinical studies (see below), it is
likely that mechanisms in addition to transcriptional regulation are important.
Additional regulators of GH gene expression include glucocorticoids and cAMP,
which augment basal expression and T3 responsiveness [11].

Thyroid Hormone Metabolism and Transport

Thyroid hormone action, such as stimulation of GH gene expression, is also regu-
lated at the level of ligand activation, as well as thyroid hormone transporters in
specific tissues [12—14]. Thyroid hormone is secreted from the thyroid gland pri-
marily in the inactive form, T4, and must be activated by the 5’-deiodinase enzymes,
D1 or D2, to the active form, T3 [12]. The deiodinase enzymes have different sub-
cellular localizations, with D1 expressed on the cell membrane and D2 expressed
intracellularly. There is also differential tissue expression with D1 expressed at high
levels in the liver and D2 in high concentration in the brain, pituitary, brown adi-
pose tissue, and muscle. The 5’-deiodinase enzyme, D3, inactivates T4 to reverse
T3 and is expressed at high levels in the skin and placenta. Overexpression of D3 in
children with hepatic hemangiomas is associated with profound hypothyroidism
due to accelerated thyroid hormone inactivation and a condition known as con-
sumptive hypothyroidism [15]. In humans, D2 seems to be the predominant enzyme
contributing to the production of T3. D1 and D2 activities are differentially regu-
lated by thyroid hormone. DI gene expression is directly stimulated by T3, and the
levels of D1 expression are proportional to T3 levels. In contrast to D1, D2 becomes
more active when T3 levels are low, by a ubiquitination/deubiquitination process.
As described for the TR isoforms, the deiodinase enzymes also have a developmental-
specific pattern of expression. D3 is expressed early in development, followed by
D2 and then DI.

Thyroid hormone is hydrophobic, and most thought that it did not require trans-
porters to cross the cell membrane. Cellular thyroid hormone transporters, however,
are being increasingly recognized as important for thyroid hormone action in spe-
cific tissues, although the role of tissue transporters differs in human and rodent
models. The thyroid hormone transporters, MCT8 and OATP1C1, are important for
thyroid hormone action in the brain but not required for action in the liver [13, 14].
In mouse models, inactivation of both genes is required to see a robust neurological
phenotype [16]. In humans, however, mutations of the MCTS gene alone have been
identified as the underlying defect in the Allan-Herndon-Dudley syndrome, which
is associated with profound intellectual disability, spasticity, and delayed develop-
ment [17]. Individuals with Allan-Herndon-Dudley syndrome have a pattern of thy-
roid studies with a low serum T4 concentration and an elevated T3. MCTS is
required for secretion of T4 from the thyroid, so affected individuals have a low T4.
Since T4 feedback to the pituitary and hypothalamus requires transport and is
impaired, the serum TSH is usually in the upper normal range or elevated. Affected
individuals are hypermetabolic due to the elevated serum T3 levels, and these meta-
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bolic and nutrition issues likely secondarily influence growth [18]. Delayed growth
is part of the syndrome, although specific assessment of the GH axis has not been
reported and many other factors likely contribute to growth impairment.

In Vitro and Animal Models of Thyroid Hormone and Growth
Hormone Regulation

Thyroid Hormone and Regulation of GH Secretion

Thyroid hormone modulates GH secretion and action at the levels of both the hypo-
thalamus and pituitary gland [19]. The effects of thyroid hormone on GH produc-
tion and secretion are variable in different species, likely due to a range of additional
regulatory factors that influence gene expression. These include the regulatory
region in the genes that confer thyroid hormone responsiveness, as well as other
species-specific factors that modulate GH secretion, such as cAMP and cortisol
(Table 4.1) [11, 34, 35].

Table 4.1 Thyroid hormone regulation of growth hormone secretion and action in vitro and in
animal models

Target of thyroid
hormone regulation Effect References
GHRH gene expression Increases with thyroid hormone [20]
GH gene expression Increases with thyroid hormone (especially in rodent | [21, 22]
models)
GH receptor gene Increases with thyroid hormone [23]
expression
Hepatic expression of the | Increases with T3 replacement in thyroidectomized | [24, 25]
GH receptor sheep fetuses
Serum GH concentrations | Increases with T3 replacement in thyroidectomized [25]
sheep fetuses
Growth plate Thyroid hormone mediates growth plate [26]
chondrocyte proliferation and terminal
differentiation
Senescent in hypothyroid young mice [27, 28]
IGF-I gene transcription | Increases with T3 [29]
Plasma IGF-I Increases with T4 replacement in [30]
concentrations hypophysectomized fetal pigs
Bone growth Decreases in hypophysectomized fetal sheep (seen [31]
as shorter limbs and long bones and delayed osseous
maturation)
Skeletal dysplasia and impaired bone maturation in | [32, 33]

mice with mutations of thyroid hormone receptor o
and
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The requirement of thyroid hormone for GH production and secretion in rats is
observed at postnatal days 5-10 [36, 37]. GH levels are first detectable in the serum
at postnatal days 18—19 [38]. In rats that are made hypothyroid for 4 weeks, pitu-
itary GH concentrations are only about 1 % that of controls [21]. The decline of GH
levels is progressive and can continue up to 90 days following thyroidectomy [39].
The population of somatotrophs in the rat pituitary falls from 40 % of the cell popu-
lation to <5 % in the 2-3 weeks after thyroid hormone deprivation [40]. Hypothyroid
rats show a compensatory increase in hypothalamic growth hormone-releasing hor-
mone (GHRH) mRNA levels [41]. The increase in hypothalamic GHRH gene
expression is thought to be an indirect effect of the reduction in GH, rather than
from reduction of thyroid hormone. Hypothyroidism is associated with reduced
GH, which results in reduced negative feedback to GHRH and an increase in GHRH
secretion, consistent with GH providing negative feedback to GHRH [21]. The
reduction of GH secretion in response to GHRH is consistent with reduced levels of
somatotrophs and pituitary GH mRNA levels [42].

Thyroid hormone has a role in both the pulsatile and induced GH secretion in rats
[43]. In a mild state of hypothyroidism in rats, GH secretory pulsatility changes
from a pattern of low frequency, high amplitude to a pattern of high frequency, low
amplitude [44]. Some investigators have suggested that in the hypothyroid newborn
rat, the lack of thyroid hormone may affect pituitary somatotroph function prior to
GHRH secretion [45].

Adequate iodine nutrition is required for the production of thyroid hormone.
Rats with a modest reduction in iodine intake, however, compensate with an
increase in TSH and D2 expression, preferentially secreting triiodothyronine (T3)
to maintain euthyroidism, and thus GH secretion is not affected [46]. lodine defi-
ciency of sufficient magnitude and duration to produce reduced serum T4, how-
ever, would then be associated with reduced GH, as is seen in hypothyroidism.

IGF-1 is regulated by and mediates GH levels, and an inhibition of IGF-I release
has been demonstrated in hypothyroid rats [47]. In the fetal and neonatal rat, high
circulating GH concentrations are observed, a time of relative pituitary resistance to
IGF-I feedback; in an in vitro model, this was reversed with the addition of T3 [38].
Administration of thyroxine to hypophysectomized or thyroidectomized rats results
in an increase in serum IGF-I levels, and treatment with both T4 and GH produces
an even greater increase [35].

Thyroid Hormone and Response to Stimulation of GH Secretion

The role of thyroid hormone in GH secretion has been studied both with pharmaco-
logic stimulatory agents, as well as physiologic stimulation of GH, including direct
and indirect stimulatory pathways.
1. TRH
TRH induces secretion of GH in hypothyroidism, likely due to the presence of
TRH receptors on somatotrophs, which have increased expression when thyroid
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hormone levels are low [48]. Addition of TRH to cultured rat pituitary cells
results in a significant increase in both GH and TSH concentrations [49].
Injection of TRH in euthyroid control rats increases serum GH and TSH concen-
trations [50], while hypothyroid rats show an exaggerated elevation of GH and
TSH concentrations [50]. Low thyroid levels are associated with enhanced GH
response to TRH, and in hyperthyroid rats, the GH and TSH responses after
TRH administration are significantly inhibited [50].

In chickens and other avian species, but not in mammals [51], TRH is simi-
larly somatotropic and an important contributor to GH secretion [52, 53].
Regulatory feedback is achieved by the action of thyroid hormone. T3 directly
inhibits the secretion of pituitary GH release in birds [54]. Glucocorticoids also
play an important role, and interactions between the increased concentrations of
glucocorticoid and T3 prior to hatching in chickens also regulate GHRH receptor
gene expression [20] and GH secretion [55]. These effects in chickens, however,
are in contrast to the findings in mammals, where thyroid hormone directly stim-
ulates GH gene transcription, and thyroid hormone deprivation reduces GH syn-
thesis and release [54].

2. GHRP-6, Clonidine, and GHRH
Thyroid hormone deprivation impairs the response of GH to the stimulatory actions
of clonidine, GHRH [35, 56, 57], and growth hormone-releasing peptide-6 (GHRP-
6). GHRP-6 is a synthetic molecule which stimulates GH release. In a study of 11
patients with primary hypothyroidism, GHRP-6 administration resulted in a higher
GH response, compared to that from GHRH [58]. The stimulus for GH release by
GHRP-6 and GHRH may be regulated through distinct mechanisms.

Thyroid hormone may not influence the physiologic neonatal GH surge that
is observed in response to GHRH. Ezzat and colleagues reported that GHRH
treatment of primary pituitary cell cultures from 2- to 12-day-old neonatal rats
stimulated GH secretion by fivefold [38]. These effects were independent of the
presence of T3 and inhibited only minimally (20 %) by IGF-I. In contrast, adult
rat pituitary cells showed a 70 % inhibition of GH secretion by IGF-I, thus sug-
gesting that the neonatal surge of GH may, in part, be affected by IGF-I resis-
tance and relative thyroid hormone deficiency, as detected by the developing
somatotroph. Ignacio and colleagues showed that in rats, there is an approxi-
mately 60 % increase of D1 activity and a corresponding sixfold higher concen-
tration of GH immediately following exercise [59].

In hypothyroid rats, T3 induces changes in the cellular distribution of GH and
plays a role in the regulation of polyadenylation of GH mRNA [60]. The
administration of T3 to hypothyroid rats results in a significant increase of the
DNA synthesis of somatotrophs after 2-5 days and restoration of the normal
somatotroph population after 5-10 days [35], resulting in the gradual normaliza-
tion of pituitary GH stores and serum GH concentrations [61]. However, phar-
macologic doses of T3 injected into euthyroid rats do not further increase
pituitary GH content, and similarly, the GH response to GHRH is not augmented
in hyperthyroid rats [35]. The addition of T3 to normal human (18-22 weeks
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gestation) and monkey fetal pituitary cells decreases basal GH secretion and
attenuates the responses to GHRH [62]. Conversely, there is a reduction of both
GHRH mRNA and peptide levels among hyperthyroid rats [42].

Thyroid Hormone, Growth Hormone, and Bone Development

Thyroid hormone receptor isoforms and thyroid hormone play an important role in
bone development and growth [29]. These findings are primarily based on rodent
models with TR isoform deletions and mutations, although many of the findings
have been supported by the evaluation of individuals with thyroid hormone receptor
gene mutations [5]. The bone manifestations in congenital hypothyroidism include
delayed epiphyseal closure and widely spaced cranial sutures. Even in promptly
treated congenital hypothyroidism, this is seen in infants with the most severe thy-
roid hormone deficiency at birth. In the adult, thyroid hormone excess is associated
with loss of bone density and osteoporosis, indicating retained sensitivity to the
actions of thyroid hormone. During development, thyroid hormone acts on chon-
drocytes and growth plate cartilage. Thyroid hormone also acts directly on osteo-
clasts and osteoblasts. Thyroid hormone directly stimulates IGF-I transcription and
stimulates expression of the binding proteins IGFBP-2 and IGFBP-4, which is a
likely pathway of thyroid hormone and GH interactions.

Thyroid Hormone and Growth Hormone in Clinical Studies

Thyroid Hormone and GH Stimulators

1. Exercise is a potent stimulator of GH secretion in humans. Acute activation of
the thyroid D1 is seen with physical exercise [63] and may enhance the rise of
GH following exertion. Puberty is a strong inducer of the GH response to exer-
cise in normal subjects [64].

2. Food Restriction and Obesity

Starvation and obesity have opposing physiologic effects and have been studied
as models for thyroid hormone regulation of GH secretion. In thyroidectomized
rats, which are exposed to less food intake than control animals, there is a reduc-
tion in the nuclear T3 content and T3 receptor occupancy. Following T3 replace-
ment, nuclear T3 content is restored and there is an increase in pituitary GH [65].
In contrast, in obesity models, basal GH levels are low, although IGF-I levels are
normal, and there is an impaired response of GH to GHRH [66]. GH response
levels after TRH injection are higher among subclinically hypothyroid obese
individuals, compared to euthyroid obese individuals [67].
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3. Type 1 Diabetes Mellitus
In patients with type 1 diabetes mellitus (T1DM), there is a paradoxically
increased GH response to TRH [68]. In a study of 13 patients with T1DM, this
increase was observed in 7 individuals and was blocked by corticotropin-releas-
ing hormone (CRH) administration [69]. In contrast, CRH had no effect on TSH
response, thus suggesting that there may be distinct components in the neuro-
regulatory pathways of GH and TSH secretion [69]. Other studies demonstrate
that the administration of insulin attenuates the stimulatory effect of T3 on GH
mRNA levels, perhaps through mediation at the transcriptional and posttran-
scriptional levels [70].
4. Acute Illness

During critical illness, there is a suppression of D1 activity and increase of D3
activity, the latter of which is jointly regulated by the somatotropic and thyrotro-
pic axes [71]. Administration of growth hormone-releasing peptide-2 (GHRP-2)
and TRH reactivates the GH and TSH axes, thereby increasing T4 to T3 conver-
sion [72]. In a study of 14 patients with a mean critical illness duration of 40+28
(SD) days, infusion of GHRP-2 and TRH for 5 days resulted in increased ana-
bolic effects (seen as increase osteocalcin and leptin levels) and decreased pro-
tein degradation (as measured by urea/creatinine ratios), suggesting that this
novel tropic endocrine strategy reactivated the blunted secretions of GH and
TSH during protracted critical illness [73]. A study of 12 hypothyroid patients
who were administered exogenous GH showed decreased IGF-I concentrations
in 11 of the study samples, which was suggested to be due to either reduced GH
secretion or as a direct effect from impaired thyroid hormone production [74].
The effects of thyroid hormone deprivation may be reversible upon thyroid hor-
mone replacement in the short-term setting, as administration of thyroid hor-
mone augments the GH response to GH-releasing factor (i.e., GHRH) in patients
with primary hypothyroidism [75].

Resistance to Thyroid Hormone TRa and TRp and Growth

Resistance to thyroid hormone (RTH) syndromes provide clinical models for the
understanding of the effects of thyroid hormone regulation on GH production and
secretion [5, 13]. The genetic defects of RTH are ascribed to mutations of TRf and,
as has been described more recently, also TRa [S]. The significant difference in
phenotype between the two types of RTH is likely due to both the differences in the
TR isoform and also the difference in the thyroid hormone levels in the two condi-
tions. Interestingly, reduced growth and short stature have been reported in indi-
viduals with either TR or TRa mutations [5, 76].

Since RTH-TRp impairs TH feedback to the pituitary, which is mediated by
TRp, TSH and thyroid hormone levels are elevated. This may partially compen-
sate for the mutant TR. In RTH-TRa, feedback response to the pituitary is normal,
TSH and T4 levels are normal, and the hypothyroid phenotype is more pro-
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nounced, since there is no opportunity to compensate for the mutant receptor by
increased thyroid hormone levels.

Individuals with RTH are characterized by decreased end-organ responsive-
ness to elevated serum T3 concentrations, which occur with impairment of TSH
suppression. The phenotypes of the RTH syndromes are variable, and manifes-
tations include short stature and delayed bone growth in RTHf. The original
kindred had stippled epiphyses and winged scapulae. The effects on growth,
however, are not to the same extent as the deficits seen with thyroid hormone
deficiency. In contrast to the classic RTH-TRp, the identification of families
with mutations in the TRa gene shows individuals with delayed growth and
skeletal abnormalities as a central feature. Although rare, these individuals gen-
erally have normal thyroid function since thyroid hormone feedback at the pitu-
itary is mediated by TRp, which functions normally. They typically have a low
normal serum T4, high normal T3 (perhaps due to reduced D3 activity and con-
version to rT3), and normal TSH concentrations. Since thyroid hormone levels
do not increase to compensate for reduced tissue sensitivity, TRp-specific
actions are reduced. Growth retardation affects the lower segment more than the
upper segment, so there is growth retardation with relatively short limbs, hands,
and feet with a long thoracic span [77]. Other manifestations include delayed
bone maturation and skeletal dysplasia, constipation, intellectual disability, rel-
atively macrocephaly, and round/puffy facial features. Treatment of these
patients with thyroid hormone was associated with improved lipid profile,
enhanced IGF-I, and improved growth, but there was no improvement of cogni-
tive or motor deficits [78].

Clinical Effects of Thyroid Hormone Treatment
of Hypothyroidism on GH Secretion and Growth

The reduced GH secretion observed in hypothyroidism normalizes following
the administration of thyroid hormone in both man and rats [40]. Thyroid hor-
mones increase GH, GHRH receptor, and GH secretagogue receptor mRNA
levels [23] and the rate of GH gene transcription [35]. Clinical studies confirm
that hypothyroid individuals demonstrate a blunted GH response to GHRH that
is correctable with thyroid hormone replacement [79]. In a case report of three
children with untreated primary hypothyroidism, pituitary hyperplasia and
decreased GH secretion were observed but improved after initiation of thyroid
hormone treatment [80]. Another study reported 12 children with congenital
hypothyroidism who received appropriate treatment with thyroid replacement
hormone and showed no abnormalities of GH concentrations following TRH
stimulation [81].

In a study of 15 children with neglected congenital hypothyroidism from
Egypt, a range of parameters were followed after levothyroxine replacement was
begun [82]. The children had growth acceleration from a height standard deviation
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score (SDS) from —4.3 to —2.7, an increase in peak GH to clonidine, and a peak
IGF-I response to GH. Ultimately, T4 replacement produced significant but
incomplete catch-up growth and only partial recovery.

Given the rapid identification and treatment of congenital hypothyroidism
through neonatal screening and earlier diagnosis of hypothyroidism in children
and adults, the impact of prolonged hypothyroidism on growth is fortunately not
easily studied. One study looked at long-term growth in children with prepuber-
tal severe hypothyroidism (18 girls and 6 boys) whose heights at diagnosis were
4.04 (girls) and 3.15 (boys) SDs below the mean normal height for their ages
[83]. During the first 18 months of thyroid hormone therapy, they experienced
rapid growth, whether or not they were undergoing puberty, but their adult
height was significantly below predicted midparental height or their pre-illness
standard deviation score for height. The reduction in adult height was signifi-
cantly correlated to the duration of untreated hypothyroidism, with the onset
based on the bone age at time of diagnosis. Although catch-up growth was seen
in this group, it was not sufficient to compensate for the loss of growth during
the period of hypothyroidism. These patients had severe hypothyroidism, total
serum T4 of 1.0 in girls and 1.3 pg/dl in boys (normal 5-12 pg/dl) and mean
serum TSH concentrations of 506 mIU/ml in the girls and 551 mIU/ml in the
boys. It is unlikely that this magnitude or duration of hypothyroidism is com-
mon now, as children are tested for thyroid functional disorders earlier, but this
study shows that prolonged severe hypothyroidism can be associated with defi-
cits of adult height (Table 4.2).

Effects of GH Replacement on Serum Thyroid Function

Although the most significant clinical scenario is the impact of altered thyroid
status on GH secretion and growth, alterations of serum thyroid function have been
observed in GH-deficient states. In a study of 800 children with short stature sus-
pected of having GH deficiency, abnormalities of serum thyroid hormone function
tests were helpful in corroborating the diagnosis when GH stimulation test results
were inconclusive [94]. In another study, prepubertal children with short stature
and decreased GH concentrations, but normal GH responses to provocative testing,
showed no differences in TSH secretory patterns and of thyroid hormone levels,
compared to children with short stature and normal baseline GH concentrations
[95].

GH replacement therapy in children with GH deficiency results in decreased
serum-free T4 concentrations and increased serum T3 levels, likely due to
increased peripheral conversion of T4 to T3 [96]. GH replacement in
GH-deficient individuals is positively correlated with thyroid hormone recep-
tor TRa mRNA levels and negatively with TR mRNA levels, suggesting that
basal mRNA levels may be helpful in determining sensitivity to GH treatment
[97].
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Table 4.2 Thyroid hormone regulation of growth hormone action in humans

Type of thyroid

dysfunction Growth outcome References
Endemic cretinism Retarded bone maturation [84]
Congenital Permanent height loss in four patients with delayed [85]
hypothyroidism thyroid hormone treatment
Normal height in patients diagnosed by conventional [86-88]
screening and treated with thyroid hormone
replacement
Juvenile-acquired Failure to attain normal midparental adult height, [83]
hypothyroidism correlated with duration of hypothyroidism before
thyroid hormone replacement
Decreased predicted adult height in severe acquired [89]
juvenile hypothyroidism is correctable with GH and
GnRH agonist therapies
Prop-1 gene mutation® | Normal linear growth following replacement of GH [90]
and thyroid hormone
Pit-1 gene mutation® Near-normal linear growth following replacements of | [91]
GH and thyroid hormone
Resistance to thyroid Stippled epiphyses and winged scapula in the original | [92, 93]
hormone (TR) kindred, reduced bone density, reduced height relative
to prediction from parental height
Resistance to thyroid Growth retardation affects the lower segment more [92, 93]

hormone (TRx)

than the upper segment, so there are relatively short
limbs, hands, and feet with a long thoracic span.
Delayed bone maturation, skeletal dysplasia,
macrocephaly, reduced height relative to prediction
from parental height

3Genes involved in pituitary development, in which mutation lead to TSH deficiency, among other
pituitary hormone deficits

Conclusion

Normal GH synthesis and secretion requires thyroid hormone, and regulation occurs
at multiple levels, including the stimulation and action of IGF-I. The early diagnosis
and treatment of thyroid hormone deficiency in children is especially important
with respect to preserving normal linear growth and bone development. Genetic
defects in TR, especially TRa, although likely very rare, represent a new link of
thyroid hormone action with growth and display a primary phenotype of delayed
linear growth in children. The study of these children is likely to identify additional
targets of thyroid hormone in growth.
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Chapter 5
Undernutrition, Inflammation and Catabolic
Illness, and Growth Hormone Secretion

Charumathi Baskaran and Madhusmita Misra

Adapt or perish, now as ever, is nature’s inexorable imperative.

H.G. Wells.

Introduction

The adjustment that the human body undergoes in states of fasting and chronic
starvation is a fascinating example of nature’s indispensable phenomenon of adap-
tation. In an attempt to preserve basic metabolic functions and to provide essential
fuels to the brain, malnourished individuals develop a state of growth hormone
(GH) excess, which should facilitate increased lipolysis and availability of gluco-
neogenic substrates, while hepatic GH resistance results in low insulin-like growth
factor-I (IGF-I) levels and conservation of energy otherwise expended for primarily
IGF-I-dependent functions (such as statural growth and bone accrual). The neuro-
endocrine secretion of GH is profoundly sensitive to alterations in nutritional status,
with this regulation being species specific. Humans are characterized by GH resis-
tance that is associated with elevated GH and low IGF-I levels. In contrast, rodents
exhibit low systemic levels of GH [1] and yet demonstrate GH resistance with
decreased IGF-I response to GH injections and infusions [2].
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Normal Growth Hormone Secretion

Growth hormone is secreted in a pulsatile manner with pulse dynamic studies
revealing ten pulses lasting for about 104 min over the course of 24 h [3]. The two
major regulators of GH secretion are growth hormone-releasing hormone (GHRH),
which stimulates GH secretion, and somatostatin (SRIH), which inhibits secretion
of GH. Multiple other physiological factors influence the secretion of GH including
age, sex, nutritional status, and the state of wakefulness and hunger. As discussed in
earlier chapters, by virtue of being a peptide hormone, actions of GH are mediated
through receptors and second messengers. GH acts on the liver to induce the pro-
duction of IGF-I through signaling along the Janus kinase (JAK) signal transduction
and activators of transcription (STAT) pathway, which mediates most of GH effects.
In the following sections, we will examine alterations in GH secretion and action in
conditions of undernutrition.

Growth Hormone Concentrations in States of Undernutrition

For ease of understanding, we will classify undernutrition as states resulting from
(i) decreased availability of substrate (involuntary or self-imposed) and (ii) increased
catabolism, as seen in conditions of cachexia and inflammatory conditions.

States of Undernutrition

/ \\
Decreased availability of nutrients Increased catabolism
Self imposed Involuntary Cachexia Inflammatory
. and conditions
Anorexia Nervosa / . malignancy

¢ Inflammatory

Total Protein bowel disease
caloric deficiency * End stage renal
deprivation failure
e Marasmus e Kwashiorkor

Decreased Availability of Nutrients

Decreased energy availability can be classified into conditions that result from acute
energy limitation as in fasting or from long-term food and nutrient deprivation.
Chronic malnutrition consequent to decreased food availability is relatively rare in
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the modern era, although still evident in developing countries. A chronic reduction
in energy availability can further be categorized as complete caloric deprivation as
in marasmus or limited to specific nutrients such as proteins as in kwashiorkor.

Involuntary Reduction in Nutrient Availability

Both acute and chronic malnutrition result in increased GH levels. In one study in
humans, 5 days of fasting led to an increase in GH pulse frequency and maximum
pulse amplitude [4] with a decrease in IGF-I levels. Similar to the fasting studies,
GH levels have been found to be elevated in patients with marasmus and kwashior-
kor [5-8]. Additionally, in some of these studies, because protein supplementation
in addition to caloric replenishment, but not caloric replenishment alone, led to
restoration of GH levels, severe protein deficiency is believed to be a stimulus for
increased GH secretion [6]. These findings lead to the general consensus that GH
levels are high in conditions of undernutrition.

Despite high GH levels, children with protein-energy malnutrition have low sys-
temic IGF-I (consistent with a state of GH resistance) that improves with protein
supplementation [5]. Furthermore, multiple authors have demonstrated low IGF-I
levels in humans following fasting and malnutrition [8, 9]. The concluding evidence
for GH resistance came from studies such as that of Shapiro et al., which demon-
strated that there was a lack of increase in IGF-I following administration of human/
bovine GH in protein-malnourished animals [10].

Of note, in one of the early studies from the 1960s, malnourished infants who failed
to demonstrate weight gain despite receiving an appropriate dietary regimen were treated
with 2 mg human GH (hGH) extract weekly for 4 weeks. GH therapy led to significant
weight gain (15+8 g/day vs. 1.1+0.4 g/day without treatment), possibly from its ana-
bolic effects on the muscle [11]. Indeed, these patients had significant retention of nitro-
gen, phosphorus, and potassium following GH administration, as indicated by metabolic
balance studies, suggesting better utilization of these sources with GH treatment.

Hypoglycemia and stress associated with undernutrition, and predominantly the
low IGF-I levels found in these conditions, act as stimuli to increase GH production.
The direct lipolytic effect of GH results in increased availability of free fatty acids
to the brain, an important metabolic fuel. Additionally, low IGF-I level results in
decreased protein synthesis in a compromised state of nutrition. Changes in the
GH-IGF-I axis in states of starvation are likely an adaptive response to preserve
energy for vital bodily functions at the cost of stunted growth.

Factors Influencing Secretion and Action of GH in Marasmus and Kwashiorkor
(Fig. 5.1)

Hypothalamus: Role of GHRH and SRIH Animal studies investigating mRNA
expression of GHRH and SRIH in chronically food restricted sheep show an
increased expression of GHRH in the arcuate nucleus and decreased expression of
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Hypothalamus 1. Increased GHRH stimulation
2. Decreased Somatostatin
¥ A
inhibition
3. Altered cholinergic control of

Somatostatin
Normal somatotroph cells

e

Increased GH

1. Decreased GH receptors
2. Post receptor defects

Decreased IGF-I

1. Increased FGF21
2. Increased LEPROT and
LEPROTL1

Fig. 5.1 Mechanism mediating GH resistance in under nutrition

SRIH in the rostral periventricular and ventromedial nuclei of the hypothalamus
[12]. Further, some studies have speculated that increased GH secretion by the pitu-
itary somatotrophs may be a consequence of reduced sensitivity of pituitary cells to
the inhibitory effect of SRIH [13].

Pituitary Studies assessing changes in pituitary morphology and histology in
conditions of chronic energy depletion have reported conflicting findings with
Paullada [14] reporting no morphological changes in the pituitary, Zubiran and
Gomez-Mont reporting degenerative changes in the pituitary, and Tejada and
Russfield reporting hypertrophy of trophic cells in autopsies of children with pro-
tein-energy malnutrition [15, 16].

Studies evaluating GH secretion in response to provocative stimuli in children
with malnutrition have also had variable results. One study suggested that children
with marasmus may have impaired GH secretion following arginine stimulation,
whereas children with kwashiorkor have a robust response [17]. Subsequent studies
confirmed normal GH secretion in both marasmus and kwashiorkor [18, 19].

Liver: Receptor and post-receptor modifications A proposed mechanism for
low IGF-I production in conditions of chronic energy deficiency despite robust GH
secretion is a reduction in GH receptor expression [20]. Young rat pups aged 3, 6,
and 8 weeks that were fed a low-protein diet (~5 % of total caloric intake) for a
week demonstrated decreased number of hepatic GH receptors associated with low
IGF-I levels. However, the lack of an association between decreased hepatic GH
receptors and IGF-I levels in older rat pups led the authors to propose a post-receptor
defect in the nutrient-deficient state in addition to decreased GH receptor expres-
sion. Further evidence of a post-receptor defect comes from a lack of increase in
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IGF-I levels in these animals despite normalization of GH receptors with continu-
ous GH infusion [2]. Furthermore, the same authors demonstrated the inability of
recombinant IGF-I to produce adequate tail growth in protein-deficient rats suggest-
ing an element of IGF-I resistance in these animals [21].

More recently, multiple other mechanisms have been proposed by researchers to
explain this state of GH resistance in malnutrition. FGF21, which belongs to the
family of fibroblast growth factors, has gained significant interest in this front with
fasting studies showing increased expression of FGF21 in the liver and cartilage
[22]. FGF21 has further been shown to mediate GH resistance through its inhibitory
action on STAT-5 (which otherwise potentiates GH action) [23] resulting in
decreased IGF-I production. In addition, it has been proposed that GH resistance by
FGF21 is mediated by increased expression of leptin receptor overlapping transcript
(LEPROT) and LEPROT-like 1 (LEPROTL1) [24]. LEPROT and LEPROTLI are
genes that code for small proteins that regulate intracellular protein trafficking.
Importantly, overexpression of LEPROT and LEPROTLI is associated with
decreased cell surface GH receptors [25]. When compared with animals fed ad lib,
the expression of LEPROT and LEPROTL1 in the liver and cartilage was increased
in rats that were food restricted for 4 weeks. Further this increase was not noted in
FGF21 knockout animals, indicating that FGF21 might act via the LEPROT and
LEPROTLI1 to cause GH resistance [24].

Another factor postulated to mediate GH resistance through STAT-5 inhibi-
tion is Sirtuinl (SIRT1). Yamamoto et al. reported that SIRT1 was able to
inhibit GH-induced IGF-I production in hepatocytes through its inhibitory
effect on STAT-5 [26].

Self-Imposed Food Restriction: Anorexia Nervosa (AN)

Low body weight is a distinctive feature of this common psychiatric disorder that is
characterized by an abnormal body image and an intense fear of gaining weight.
This disorder is the most frequent cause of mortality in adolescent girls, and its
effects on the GH-IGF-I axis are similar to those observed in marasmus or kwashi-
orkor. Multiple studies have demonstrated high levels of GH with low levels of
IGF-I in patients with AN. Similar to the other states of malnutrition, GH resistance
constitutes an important feature of this eating disorder. Advances in techniques to
assess secretory hormone dynamics have helped quantify the secretory activity of
hormones in this condition. Deconvolution analysis of GH levels in adult women
with AN revealed a fourfold increase in the daily pulsatile secretion of GH with a
20-fold increase in basal secretion [27]. In a study conducted by our group, adoles-
cent girls with AN, in addition to having increased pulsatile and basal secretion,
also had increased disorderliness of GH secretion associated with low IGF-I levels
[28] (Fig. 5.2). Indicators of nutritional status such as body mass index (BMI),
leptin, and body fat were inversely correlated with GH in this study, indicating the
impact of nutritional status on the neuroendocrine regulation of GH secretion.
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Convincing evidence in support of GH resistance in patients with AN emerged
from a randomized placebo-controlled study conducted by our group administering
supraphysiological doses of recombinant human growth hormone (thGH) to women
with AN. rhGH at a maximum dose of 1.4+0.12 mg/day was administered to these
women for 12 weeks with no resultant increase in IGF-I levels, suggesting no role
for high-dose rhGH treatment to overcome GH resistance in AN [29, 30].

Factors Influencing Secretion and Action of GH in Anorexia Nervosa

Hypothalamus In addition to GH resistance, there is evidence that GH secretion is
dysregulated in AN. However, it is unclear whether increased GH secretion in AN
is secondary to decreased negative feedback at the hypothalamus from low IGF-I
levels or whether there is a primary hypothalamic defect in GHRH/SRIH secretion.
Low-dose rhIGF-I given to AN patients inhibits GHRH-mediated GH release only
partially, suggesting a coexistent hypothalamic defect in the regulation of GH secre-
tion [31]. The somatostatinergic control of GH secretion, which is mediated by
cholinergic pathways, might also be altered in AN [32, 33]. In one study of eight
women with AN and eight age- and sex-matched controls, participants were given
one of the following infusions: (a) GHRH, (b) GHRH plus low-dose SRIH, and (c)
GHRH plus high-dose SRIH, and GH area under the curve (AUC) was assessed
over 120 min following the specific infusion [32]. Compared with controls, women
with AN showed an exaggerated GH response to GHRH infusion alone. SRIH infu-
sion in low doses inhibited the GHRH-mediated increase in GH secretion, indicat-
ing that the sensitivity of pituitary cells to SRIH is preserved in AN. Nevertheless,
this dose was unable to inhibit GHRH-induced GH release in control women indi-
cating alterations in somatostatinergic control of GH secretion.

Similar to these findings, Fassino et al. demonstrated an exaggerated GH response
to GHRH in women with AN compared with controls. Additionally, following treat-
ment with cholinergic drugs, GHRH no longer caused this increase in GH levels,
suggesting an impaired cholinergic regulation of GH secretion in AN [34].

Another possible mediator of high GH levels in AN is the GH secretagogue,
ghrelin. Ghrelin is an orexigenic hormone, and levels of ghrelin are appropriately
increased in patients with AN compared with controls [35-37]. Misra et al. reported
positive associations of ghrelin with GH secretory parameters, and ghrelin was an
independent predictor of GH secretion in AN [36].

Pituitary Histopathological examination of pituitary biopsies obtained from
patients who died from AN has not revealed specific changes to suggest a primary
pituitary abnormality [38].

Liver Serum GH-binding protein (GHBP) levels, a good indicator of GH receptor
expression, are low in patients in AN suggesting a decrease in GH receptors [39,
40], similar to patients with malnutrition. Further, the binding capacity of GHBP is
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reduced in AN compared with controls [39]. Studies conducted by our group have
demonstrated a positive association of FGF21 with GH-AUC in adolescents with
AN even after controlling for body fat and insulin resistance, indicating a possible
role of FGF21 in GH resistance in AN, similar to that seen in animal models of
malnutrition [29, 30].

Effects of Acquired GH Resistance in AN on End Organs

1. Body composition and glycemia: GH has lipolytic effects, and our studies have
demonstrated a strong inverse association of GH-AUC with total, and particularly
trunk, fat in adolescents with AN, suggesting that reduced body fat in this condition
may be consequent to high GH concentrations [35, 37]. This is consistent with the
role of GH as a gluconeogenic hormone that, through lipolysis, provides gluconeo-
genic substrate at times of chronic energy deficiency. Effects of GH on fat are direct
end-organ effects not mediated via IGF-I and thus are evident even when IGF-I
levels are low. Consistent with this, administration of rhGH in supraphysiological
doses to adult women with AN led to a reduction in body fat mass over a 3-month
period despite no significant increase in IGF-I levels [29, 30]. In contrast, there was
no effect of thGH on lean mass.

2. Bone: In addition to a hepatic resistance to GH in AN as evidenced by low circu-
lating IGF-I levels, AN is characterized by a resistance to GH at the level of the
bone, which contributes to impaired bone metabolism. Both GH and IGF-I are bone
anabolic hormones, and in normal-weight adolescents, we have shown strong posi-
tive associations between GH concentrations and bone turnover markers [28].
However, this association is completely lost in adolescent girls with AN, indicative
of GH resistance in the bone [28]. Consistent with these findings, administration of
supraphysiological doses of rhGH for 3 months to adult women with AN did not
result in a significant increase in levels of bone formation markers compared with
placebo [29, 30]. In contrast, administration of rhIGF-I in replacement doses does
cause an increase in bone formation markers in both adults and adolescents with AN
[41, 42].

Disorders Characterized by Increased Catabolism
Cachexia

Cachexia is defined as a metabolic syndrome characterized by weight loss of at
least 5 % over 12 months (or a BMI<20 kg/m?) resulting from muscle wasting
secondary to chronic disease [43]. Cachexia can be consequent to a number of
chronic disease states such as congestive heart failure, chronic kidney disease, and
infectious disorders such as HIV or secondary to malignancy. Cachexia is distinct
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from AN in that it is irreversible with nutritional repletion and thus is not just a
consequence of anorexia. Similar to other states of undernutrition, alterations in
the GH-IGF-I axis are a major feature of cachexia. Although GH levels may be
variable at different stages of the underlying conditions that eventually lead to
cachexia, an acquired state of GH resistance is evident once cachexia develops.
Cachexic states are thus characterized by elevated GH and low IGF-I levels [44,
45]. However, deconvolution analysis examining secretory dynamics of GH in
patients with rheumatoid cachexia with diminished body cell mass did not show
any significant differences in GH secretion compared with controls [46]. Because
of the anabolic effects of GH and IGF-I, many studies have attempted to use these
hormones to improve the underlying nutritional status of cachexic patients with
variable results. Administration of rhGH to 21 patients with AIDS induced
cachexia resulted in a less significant response in IGF-I levels compared with age-
matched controls, suggestive of a partial GH-resistant state [47]. Furthermore, low
IGF-I levels are a marker of nutritional status and predict mortality in these sub-
jects. Ghrelin and ghrelin receptor agonists, which are potent GH secretagogues,
can improve IGF-I levels in cachexic states [48-50]. Inflammatory cytokines
thought to mediate cachexia are also believed to be responsible for GH resistance
in this condition.

Factors Influencing GH Secretion and Action

Hypothalamus While there are no studies to our knowledge that address the
impact of GHRH and SRIH on GH release in cachexic states, some understanding
of the regulation GH secretion in cachexia comes from studies using ghrelin in this
condition. Ghrelin is a potent GH secretagogue (GHS) that acts through the GHS
type 1 alpha receptor. Ghrelin is believed to be beneficial in these conditions because
of its orexigenic and GH-independent anti-inflammatory effects, and studies in
cachexia have shown an increase in GH and IGF-I levels following ghrelin admin-
istration suggesting a GH-mediated effect as well [49].

Pituitary One study from Japan reported that the pituitary gland of patients dying
from senile cachexia weighed less than in controls (0.46 g vs. 0.60 g, p <0.01), with
a significant reduction in somatotrophs [51].

Liver Evidence points toward suppressed/decreased transcription of GH receptors
in the liver induced by tumor cytokines as a possible mechanism for GH resistance
in cachexia. Overexpression of inflammatory cytokines in transgenic mice induces
GH resistance with reduced growth. One study reported a tumor necrosis factor
(TNF)-mediated reduction in DNA binding of GH receptor gene promoter Sp1/Sp3
transactivators in the mouse liver cells [52]. Further, IL-6 has been implicated in
mediating post-receptor defects in GH signaling by upregulating cytokine-inducible
inhibitor of signaling (CIS) and suppressor of cytokine-inducible signaling (SOCS)-3
genes, thereby leading to inhibition of STAT-5 phosphorylation [53].
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Inflammatory Conditions

Stunted growth constitutes a major feature of inflammatory conditions in childhood,
as seen in conditions such as inflammatory bowel disease (IBD) and juvenile
idiopathic arthritis. Varying response to GH stimulation tests have been noted in
IBD with Tenore et al. reporting normal GH peak response following insulin and
McCaffery et al. showing a blunted GH response to insulin [54, 55]. A more
recent retrospective study of children with colitis who presented with growth
retardation revealed a spectrum of GH abnormalities ranging from GH deficiency
to GH resistance. These children were subjected to insulin tolerance tests, and
GH deficiency was diagnosed when the peak GH response was <6 mcg/L. Of the
28 children who underwent testing, 15 had low GH (four children with <3 mcg/L,
11 children with values between 3 and 6 mcg/L and low IGF-I indicating GH
deficiency), 11 children had normal GH secretion with low IGF-I indicating GH
resistance, and two children had normal to high GH levels and IGF-I-SDS >0
indicating some degree of IGF-I resistance in addition to GH resistance [56].
In rat models that were induced with colitis, 60 % of the subsequent growth retar-
dation was explained by undernutrition and the remaining attributed to the under-
lying inflammatory process [57]. Thus inflammatory disorders represent a unique
situation where GH secretion is impacted not only by the underlying undernutri-
tion but also by the presence of pro-inflammatory cytokines such as TNFa, inter-
leukin (IL)-1 and IL-6.

Deconvolution analysis of GH parameters in premenopausal women with active
rheumatoid arthritis has shown nonsignificant elevation of integrated GH levels
compared with normal controls, with no difference in secretory dynamics of GH
[58] except for a shorter GH half-life in patients with active rheumatoid arthritis.
However, in this study IGF-I and IGFBP-3 trended lower than in controls, which
along with unaltered 24 h GH secretion suggests GH resistance.

Cytokines and the GH-IGF-I Axis Cytokines are pro-inflammatory in nature and
are produced by different cell types. They mediate their effect on the GH-IGF-I axis
by altering GH action at the level of GH receptors as well as by post-receptor mech-
anisms (Fig. 5.3).

TNFa inhibits expression of the hepatocyte GH receptor [52]. IL-6, the other
major cytokine involved in inflammatory bowel disorders, acts through SOC3 pro-
teins to inhibit the JAK-STAT pathway, thereby resulting in GH resistance [53].
Furthermore, in rat hepatocytes, IL-1 has been shown to decrease the ability of GH
to induce acid-labile subunit (ALS) mRNA expression. In effect, this leads to
decreased IGF-I levels since ALS is one of the three main components of the circu-
lating 150 Dka complex [59].

Additional evidence for the role played by cytokines in mediating the GH resis-
tance comes from a study where administration of a TNF-alpha receptor blocker to
adult patients with inflammatory bowel disease resulted in significant increases in
IGF-I and IGFBP-3 levels [60].
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Fig. 5.3 Influence of cytokines on GH-IGF-I axis

Some rodent studies reveal intriguing details regarding the mucosal protective role
played by GH in IBD. Transgenic mice overexpressing GH demonstrated increased
survival associated with decreased inflammation and enhanced mucosal repair com-
pared to wild-type controls [61]. However, trials using GH for improvement of
inflammatory disease have yielded inconsistent results. In adults with chronically
active Crohn’s disease, administration of GH (1.5 mg/day for 1 week following a
loading dose of 5 mg/day) for four months led to a decrease in Crohn’s disease activ-
ity index compared to those treated with placebo [62]. In contrast, a pediatric ran-
domized-controlled trial using 0.075 mg/kg/day of GH plus corticosteroid treatment
versus corticosteroid alone in 20 patients aged 7—18 years showed no difference in
endoscopic disease activity with use of GH. They concluded that despite an increase
in height z-scores in the GH group, GH therapy did not promote mucosal repair [63].

The confluence of poor nutrition, inflammatory effect of cytokines, and side
effects of medications used for these conditions appears to lead to growth failure in
inflammatory disorders such as IBD [64]. Similar to the response seen with GH
therapy, treatment with cytokine inhibitors has failed to elucidate a unifying response
in terms of improvement in growth [64]. At the present, there is limited evidence in
favor of endocrine treatments for improving growth in inflammatory conditions.

Conclusion

Regardless of the underlying mechanism that leads to undernutrition, humans
exhibit a state of GH excess with low IGF-I levels in conditions of undernutri-
tion, indicating a state of GH resistance. Alterations at the level of the
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hypothalamus and the liver, including downregulation of the GH receptor and
post-receptor defects, have been implicated in this phenomenon. Additionally,
cytokines play a major role in mediating GH resistance in inflammatory states.
Attempts at using GH for these conditions have yielded variable results reflecting
the adaptive nature of this phenomenon. The elevated GH levels promote lipoly-
sis and availability of fatty acid substrates to the brain at times of energy defi-
ciency, while the low level of IGF-I facilitates a decrease in anabolic activities.
Therefore, GH resistance in undernutrition is a key regulatory mechanism to
improve survival.
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Chapter 6
Obesity and Growth Hormone Secretion

Takara L. Stanley

Introduction

An association between obesity and reduced growth hormone (GH) secretion has
been recognized for several decades. In children and adults, both spontaneous [1-5]
and stimulated [6-8] GH secretion decreases with increasing body mass index
(BMI). In response to provocative testing, approximately 25-30 % of otherwise
normal obese adults will meet criteria for frank GH deficiency (GHD) [9, 10]. This
chapter will discuss obesity-related alterations in the GH-insulin-like growth factor-
I (IGF-I) axis along with the physiological effects and clinical implications of these
changes.

Abdominal Adiposity and GH Secretion

In detailed studies of body composition and GH secretion, central adiposity
emerges as a stronger determinant of GH secretion than overall adiposity or BMI,
suggesting an interrelationship between abdominal fat in particular and GH secre-
tion [11]. In adults, Makimura et al. demonstrated that the decline observed in peak
stimulated GH with increasing BMI could be explained by measures of central
adiposity. Figure 6.1 shows peak GH responses for 75 men who underwent
GH-releasing hormone (GHRH)-arginine stimulation testing by weight status and
waist circumference. In modeling including both BMI and waist circumference,
waist circumference showed a significant independent association with peak stim-
ulated GH, whereas BMI was not significantly associated with peak GH after
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Fig. 6.1 Scatter plot of peak stimulated GH levels following GHRH-arginine stimulation testing
according to (a) weight category (lean [BMI <25 kg/m?, N=23], overweight [BMI > 25 kg/m? and
<30 kg/m?, N=28], and obese [BMI > 30 kg/m?, N=24]) and (b) waist circumference (<102 cm
[N=47] or 2102 cm [N=28]) [12]. Republished with permission of The Endocrine Society, from
Makimura et al., The effects of central adiposity on growth hormone (GH) response to GH-releasing
hormone-arginine stimulation testing in men. J Clin Endocrinol Metab. 2008. 93(11): 4254-60.
Permission conveyed through Copyright Clearance Center, Inc.

adjusting for waist circumference. Similarly, in modeling including both BMI and
visceral fat as measured by computed tomography (CT), visceral fat was signifi-
cantly associated with peak GH, whereas BMI no longer predicted peak GH after
adjusting for visceral fat [12]. A similar independent association between abdomi-
nal fat and peak GH, adjusted for BMI, has also been shown in other populations,
including women and adolescent girls [8, 13]. The finding that abdominal fat,
rather than overall adiposity, is most strongly associated with reductions in GH
likely reflects the mechanisms of GH reduction in obesity. As discussed below,
decreased GH likely results, at least in part, from hyperinsulinism and increased
free fatty acids (FFA), both of which are more strongly associated with abdominal
adiposity than with general adiposity.

Mechanisms of Altered Growth Hormone Secretion in Obesity

In both children and adults, obesity-related reductions in GH secretion is reversed
after significant weight loss [14, 15]. Thus, although stimulated peak GH levels in
obese individuals overlap with levels in patients who have true pituitary GHD, the
relative GHD of obesity is considered to be functional. Obesity is characterized by
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decreased GH pulse amplitude, with substantially less GH released per secretory
burst [4, 16-18], as well as increased GH clearance [4, 17-20]. The reasons for
increased GH clearance remain unclear but appear to include increased renal frac-
tional excretion [19].

Multiple mechanisms have been proposed to explain obesity-related reductions
in GH secretion, including suppression of GH secretion by insulin and/or FFA,
increased somatostatin tone, and reductions in ghrelin. Short-term nutritional status
is an important mediator of GH secretion. Short-term caloric reduction significantly
increases GH in obese individuals [21], whereas short-term overfeeding reduces
GH secretion in normal-weight controls [22]. In both experimental conditions,
changes in GH secretion occur prior to any measurable changes in body composi-
tion, suggesting the importance of metabolic regulators such as insulin or FFA. In
healthy, normal-weight men who consumed approximately 4000 kcal daily, signifi-
cant reductions in GH was seen after 3 days of overfeeding, in conjunction with a
significant increase in circulating insulin levels [22]. The suppressive effect of insu-
lin on GH secretion is strongly supported by in vitro studies, in which insulin added
to pituitary cell culture dose-dependently decreases mRNA expression of GH as
well as GHRH-receptor and GH secretagogue receptor (ghrelin receptor) [23, 24].
Free fatty acids also suppress GH secretion, and obesity-related elevation in FFA
may be another mechanism whereby GH is reduced in obesity [25]. In support of
this hypothesis, administration of the anti-lipolytic agent acipimox to obese indi-
viduals partially restores GH responsiveness to provocative stimuli [26]. The pre-
cise mechanisms by which FFA suppress GH remains unclear. FFA may directly
inhibit GH secretion and/or increase somatostatin, which mediates the effect.
Obesity is thought to be associated with increased somatostatin tone [27, 28], and
this is yet another proposed mechanism for decreased GH in obesity.

Finally, reductions in ghrelin may also cause decreased GH in obesity. In a
recent study of GH and ghrelin in obese women, ghrelin secretion was the only
significant independent predictor of reduced GH secretion in modeling including
body composition and insulin measures [29]. It is likely that many or all of these
factors act together to reduce GH secretion in obesity. In addition, as discussed
below, it is possible that changes in free IGF-I due to obesity-related alterations
in IGF-binding proteins may affect GH levels through negative feedback at the
level of the pituitary.

Obesity-Related Changes in IGF-I and IGF-Binding Proteins

Whereas the inverse association between adiposity and GH secretion is highly
reproducible, the relationship between obesity and circulating levels of IGF-I
and IGF-binding proteins is less clear. Multiple studies have investigated the
levels of IGF-I and binding proteins in obese vs. lean individuals, with varying
results (see Table 6.1).

With regard to total IGF-I, levels are generally reported to be unchanged or mod-
estly decreased with increasing BMI. Studies in children have generally shown no
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Table 6.1 Effect of obesity on levels of IGF-I and IGF-binding proteins

IGF-

First author, year N I Free IGF-1 IGFBP-1 |IGFBP-2 | IGFBP-3

Children and adolescents

Argente, 1997 [30] | 65 obese - 1 l l )
37 controls

Attia, 1998 [31] 19 obese | /1 l o l
20 controls

Ballerini, 2004 22 obese - NR NR | -

[32] 17 controls

Park, 1999 [33] 36 obese o o o NR 1
39 controls

Radetti, 1998 [34] |21 obese o NR l l 1
32 controls

Saitoh, 1998 [35] 20 obese - NR l NR -
20 controls

‘Wabitsch, 1996 73 obese T NR 1 1 1

[36] 100 controls

Adults

Frystyk, 1999 [37] |24 obese o 1 l | 1
26 lean

Frystyk, 2009 [38] |34 F | « (bioactive) l NR o

Gomez, 2004 [39] |24 obese M |« “ NR NR “
110 lean M
36 obese F || 1 NR NR PN
98 lean F

Nam, 1997 [40] 45 obese “ 1 ! l “

45 controls

NR indicates data not reported
IGF-I insulin-like growth factor-I, /IGFBP insulin-like growth factor-binding protein

difference in total IGF-I levels between obese and normal-weight groups, but these
studies have relatively limited sample size and may have limited statistical power
(see Table 6.1). In adults, studies suggest that total IGF-I is unchanged or modestly
decreased [41]. The discrepancy between studies is likely due, at least in part, to
significant variation in the assays used, differential selection of control groups, and
relatively limited sample sizes. In addition, gender, hormonal status, and nutritional
status are also likely to mediate changes in IGF-1 in the context of low GH secretion.
Utz et al. have shown that, in obese women, free androgen levels are increased and
appear to contribute to preservation of IGF-I levels in spite of decreased GH secre-
tion [42]. In a study of 620 pre- and postmenopausal women, Lukanova et al.
showed no change in IGF-I with increasing BMI in premenopausal women but
demonstrated that, in postmenopausal women, IGF-I levels were highest in those
women with BMI between 24 and 25 kg/m? and decreased at lower or higher BMIs
[43]. Further study is needed to better clarify the roles of gonadal steroids, body
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composition, and nutritional status as determinants of IGF-I in obesity. Additionally,
GH sensitivity appears to be increased in obesity and requires further characteriza-
tion in this population [44, 45]. Nonetheless, available data demonstrate that,
although IGF-I levels may be modestly decreased in obese individuals, they are not
reduced to the degree expected by the magnitude of reduction in GH.

A second critical question is the status of “free” or bioavailable IGF-I in obesity.
Discussion of this question must first acknowledge two significant challenges in the
assessment of free IGF-I. First, free IGF-I assays are technically difficult, and, given
that free IGF-I represents only about 1 % of total IGF-I in the circulation, factors
such as temperature that may change the equilibrium between bound and unbound
hormone may significantly bias the results [46]. Second, IGF-binding proteins
(IGFBP) may modulate IGF-I action at the receptor level, such that free IGF-I mea-
surements may not perfectly reflect IGF-I bioactivity [38, 46]. Hepatic IGFBP-1
expression is suppressed by insulin, and IGFBP-1 is generally shown to be decreased
in obesity [30, 34, 37, 40]. Most studies also indicate decreased IGFBP-2 in obesity
[30, 34, 37, 40], although the mechanisms underlying this reduction are less clear.
IGFBP-3 is variably reported as unchanged, increased, or decreased in obesity, with
most reports indicating no significant change (see Table 6.1). The net effect of
obesity-related alterations in GH secretion and IGFBPs on free IGF-I levels is con-
troversial. Multiple studies have suggested that free IGF-I levels are increased in
obesity [30, 40]. Indeed, one hypothesis proposed to explain reduced GH in obesity
is that obesity-related reductions in IGFBP-1 and IGFBP-2 lead to increased free
IGF-I levels, which, in turn, inhibit GH secretion. Other studies show unchanged
free IGF-I, however, and a more recent investigation using an IGF-I receptor activa-
tion assay [47] showed no difference in bioactive IGF-I according to BMI [38].

Although further study is required to clarify obesity-related changes in IGF-I and
IGFBPs, existing data allow for important preliminary conclusions. First, IGFBPs 1
and 2 appear to be decreased in obesity, whereas IGFBP-3 is probably not substan-
tially altered. Second, total IGF-I levels may be normal or modestly decreased but
clearly are not reduced to the degree expected by reductions in GH, likely reflecting
increased GH sensitivity in obesity. Finally, free or bioactive IGF-I levels are likely
to be unchanged or somewhat increased in obesity. The relative preservation of total
and free IGF-I in obesity is clinically important, as it suggests that obesity-related
reductions in GH is likely to be relevant only for those physiological actions of GH
that are independent of IGF-I.

Physiological Effects of Altered GH Secretion in Obesity

As above, those effects of GH that are largely mediated by IGF-I appear to be rela-
tively unaffected in obesity. For example, obese children are often taller than their
peers during childhood and reach normal adult height. Additionally, there is no
evidence that bone mineral density is compromised in obese individuals due to
GHD. In contrast, GH has IGF-I independent effects on lipid metabolism, body
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composition, and inflammatory and fibrinolytic pathways, and it is in these areas
that obesity-related reductions in GH may be physiologically relevant.

Patients with untreated pituitary GHD have increased abdominal fat, dyslipid-
emia, and increased measures of systemic inflammation and cardiovascular risk
[48-53]. That many obese patients share this phenotype has led to the hypothesis
that the relative GHD in obesity may contribute to dyslipidemia, systemic inflam-
mation, and increased measures of cardiovascular risk. Although many studies sup-
port correlations between reduced GH and cardiometabolic risk measures, fewer
reports are available demonstrating independent associations between GH and these
measures after controlling for abdominal obesity. In obese women, Utz et al. dem-
onstrate that reduced GH is associated with lower high-density lipoprotein choles-
terol (HDL), higher c-reactive protein (CRP), and higher tumor necrosis factor
receptor 2 (TNFR2), after adjusting for BMI and truncal adiposity [10]. Peak GH is
also significantly associated with intrahepatic and intramyocellular lipid in obese
women, independent of age and visceral adiposity [54]. In a cohort including both
men and women, we have demonstrated that reduced GH is independently associ-
ated with increased carotid intima-media thickness (cIMT), after adjusting for vis-
ceral fat and other markers of cardiovascular risk [55]. Decreased GH also predicts
atherogenic reductions in LDL and HDL particle size, independent of BMI and
other cardiovascular risk factors [56]. In obese adolescent girls compared to healthy
controls, Russell et al. also report strong associations between reduced GH and mul-
tiple serum markers of inflammation, including CRP, TNFR2, and IL-6 [57]. Many
of these associations persisted when controlling for cortisol and adiponectin, but
modeling did not include measures of visceral fat.

It is important to note that the relationship between decreased GH and increased
visceral fat may be bidirectional. Plausible mechanisms such as hyperinsulinism
and increased FFA levels exist to explain how visceral adiposity decreases GH
secretion. It is also possible, however, that reductions in GH exacerbates the accu-
mulation of visceral adiposity. GH increases lipolysis via hormone-sensitive lipase
(HSL), an effect which may be most relevant to the highly lipolytic visceral depot,
such that reductions in GH facilitates visceral fat accumulation. Thus a self-
reinforcing cycle may exist whereby obesity-related reductions in GH further exac-
erbates visceral fat accumulation, and both reduced GH and visceral obesity
contribute to dyslipidemia and increased cardiovascular risk (Fig. 6.2).

The effects of GH on body composition, lipids, and markers of cardiovascular
risk are elucidated by trials of GH or GHRH in obese individuals. Studies of GH in
obesity performed through 2007, summarized in a meta-analysis by Mekala and
Tritos [59], have generally demonstrated that treatment with GH reduces visceral fat
and modestly increases lean mass, without overall changes in body weight [59].
Modest reductions in LDL is also seen, as are increases in glucose and insulin levels
[59]. As a counter-regulatory hormone, GH increases glucose, particularly in the
first several weeks of treatment. Of note, however, longer term treatment often
shows less significant or even neutral effects on glucose homeostasis, likely because
beneficial reductions in visceral fat and increases in lean mass offset the direct
actions of GH on glucose homeostasis. For example, in a randomized trial of 30
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Fig. 6.2 Potential mutually reinforcing relationship between visceral adiposity and reduced GH
secretion, both of which may contribute independently to increased metabolic and cardiovascular
risk [58]. Republished with permission of The Growth Hormone Research Society and The
International Society for IGF Research, from Stanley and Grinspoon, Effects of growth hormone-
releasing hormone on visceral fat, metabolic, and cardiovascular indices in human studies. Growth
Horm IGF Res. 2015. 25(2):59-65. Permission conveyed through Copyright Clearance Center,
Inc.

abdominally obese men receiving GH or placebo, glucose disposal rate worsened
after 6 weeks in the GH group as compared to placebo, whereas, after 9 months of
treatment, the glucose disposal rate was actually improved compared to placebo
[60]. A similar effect was seen in a study of 40 postmenopausal women, in whom
glucose disposal rate as assessed by euglycemic hyperinsulinemic clamp improved
compared to placebo after 12 months of GH treatment, in association with reduc-
tions in liver fat [61].

Whereas many of the studies included in the meta-analysis used supraphysio-
logic dosing of GH, studies have been performed more recently using physiologic
dosing to achieve IGF-I levels at the population mean (i.e., IGF-I standard deviation
scores (SDS) of approximately 0) in both obese men and obese premenopausal
women. In obese men, physiologic GH administration decreased visceral adipose
tissue, intrahepatic lipid, CRP, and apolipoprotein B when compared to placebo
[62]. In premenopausal obese women, physiologic GH reduced CRP and total
abdominal adiposity compared to placebo, but it did not significantly reduce vis-
ceral adiposity [63]. Elevated glucose was observed in a minority of subjects [63].
Also of note, improvements in body composition and metabolic and inflammatory
parameters reverted to baseline within 6 months after discontinuation of GH [64].
Makimura et al. have recently reported results of a strategy to increase endogenous
GH through the use of GHRH in obese men and women. Over 1 year, treatment with
GHRH reduced visceral adiposity, triglycerides, CRP, and (cIMT) in comparison to
placebo [65]. No effects on glucose parameters were seen, but further, larger studies
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are needed to better define the effects of this strategy and the duration of effects
following treatment discontinuation. It is critical to note that insufficient evidence
exists to recommend either GH or GHRH for obesity, and use in obese individuals
is purely investigational.

Clinical Implications of Reduced GH in Obesity

Interpretation GH-IGF-I Axis Testing

Perhaps one of the most important clinical implications of the reduction in growth
hormone secretion with increasing body weight lies in the interpretation of provoca-
tive GH testing. In children, multiple studies have demonstrated that children with
short stature and relatively high BMI are more likely to be classified as having GHD
on the basis of provocative testing. In 116 children with short stature and no known
pituitary pathology who underwent GH provocative testing, we demonstrated that
BMI was a significant independent determinant of peak GH, even within the range
of normal body weight. Figure 6.3, which shows the percentage of patients testing
GH deficient by BMI category for multiple diagnostic thresholds for GHD, demon-
strates that the percentage of children meeting diagnostic criteria for GHD signifi-
cantly increases as BMI-SDS rises [66]. In a larger cohort of children with short
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Fig. 6.3 Percentage of patients testing GH deficient by BMI category for three different peak GH
cutoffs: <5, <7, and <10 pg/L. P-value is shown for each cutoff [66]. Republished with permission
of the Endocrine Society, from Stanley et al., Effect of body mass index on peak growth hormone
response to provocative testing in children with short stature. J Clin Endocrinol Metab. 2009.
94(12):4875-81. Permission conveyed through Copyright Clearance Center, Inc.
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stature who underwent provocative testing with clonidine, Loche et al. showed
similar results, with BMI-SDS explaining 21.4 % of the variability in peak GH and
with the percentage of children who “failed” GH provocative testing increasing
with increasing BMI-SDS [67]. These data suggest that children with relatively
high BMI, even within the normal range, may be at risk of overdiagnosis of GHD
based on GH provocative testing.

In adults, body weight also affects optimal diagnostic thresholds for GHD. Corneli
et al. demonstrated that the optimal threshold for defining GHD following GHRH-
arginine stimulation in obese individuals (4.2 pg/L) is less than half that in lean indi-
viduals (11.2 pg/L) [68]. More recently, Dichtel et al. showed that the common
diagnostic threshold for GHD of 3 pg/L for the glucagon stimulation test classifies
45% of normal controls with BMI >25 kg/m? as having GHD [69]. In this analysis, a
peak GH value of 0.94 pg/L for the glucagon stimulation test provided the best com-
bination of sensitivity (90 %) and specificity (94 %) in overweight and obese individu-
als [69]. Further study is needed to define optimal thresholds for various provocative
agents, and currently there are no standard BMI-based thresholds for provocative
agents used in pediatrics or for glucagon in adults. These analyses clearly suggest the
potential for overdiagnosis of GHD in individuals with higher BMI, and clinicians
should consider BMI when interpreting the results of provocative GH testing.

Metabolic Effects of GH in Other Indications

The investigation of relative GHD in obesity highlights potential body composition
and metabolic benefits of GH used in other settings. GH is used in individuals with
pituitary GHD, Prader—Willi Syndrome (PWS), Turner Syndrome, and small for
gestational age (SGA), all of whom may have abnormalities in body composition or
metabolic parameters. Many of the effects of GH that are seen in obese individuals
are also relevant in these populations (Table 6.2). In children and adults with pitu-
itary GHD, physiologic replacement with GH generally reduces fat mass, particu-
larly visceral fat, increases lean mass, reduces low-density lipoprotein cholesterol
(LDL), increases HDL, decreases systemic inflammatory markers, and, in adults,
reduces cIMT [71-80]. Awareness of these effects is particularly important in the
adolescent transition period, when many adolescents with GHD have their GH
replacement stopped for several months or longer. Recent studies have shown that
prolonged cessation of GH therapy in adolescents with true GHD decreases lean
mass accrual, increases fat mass, and increases LDL [48, 94-96]. Timely retesting
and, when indicated, reinitiation of GH treatment in adolescents with GHD may
prevent adverse changes in body composition and metabolic profile associated with
reduced GH levels.

Whereas long-term cardiovascular effects of GH have not been characterized in
other syndromes, including PWS and Turner syndrome, effects on body composi-
tion and lipids are well described. In PWS, GH significantly improves lean mass
and muscle strength while decreasing fat mass [81, 82, 97]. Effects on lipid
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Table 6.2 Reported effects of GH for various indications on body composition and metabolic
parameters

Lean Insulin Inflammatory
Fat mass mass LDL HDL resistance® | markers®
Obesity [59-63, 70] l ) /e - e l
GHD [71-80] l 1 /e e e l
PWS [81-86] l 1 /e /e /e o
Turner [87-89] ! 1 l T /e ¢
SGA [74, 90-93] l 1 l - e o

“Insulin resistance was measured variously in different studies as fasting or 2 h glucose, fasting or
2 h insulin, or homeostasis model assessment-estimated insulin resistance (HOMA-IR)

Systemic inflammatory markers such as c-reactive protein, components of the tumor necrosis fac-
tor alpha family, and others

‘Indicates no published data available

GHD GH deficiency, PWS Prader-Willi syndrome, SGA small for gestational age, LDL low-
density lipoprotein cholesterol, HDL high-density lipoprotein cholesterol, cIMT carotid intima-
media thickness

parameters vary among reports and may be modest or neutral [83, 84]. Similarly, in
Turner syndrome, GH reduces fat mass and increases lean mass [87, 88], with one
study also showing beneficial effects of increased HDL and reduced LDL [89].
Small for gestational age children are often characterized by lower lean mass and
increased fat mass, particularly in the visceral depot [90, 98], whereas GH treatment
ameliorates these changes [90, 91]. In addition, GH reduces LDL and triglycerides,
with no effect demonstrated on HDL [91]. Of note, as in obesity, GH can be antago-
nistic to insulin sensitivity in all of these conditions, particularly in the short term
(see Table 6.2). Over long-term treatment, however, beneficial changes in body
composition, particularly reductions in visceral fat, may counterbalance direct
effects of GH on glucose. Thus, while increased insulin levels may persist, clini-
cally relevant abnormalities in glucose are less common [82, 89, 92].

In conditions with altered body composition and possible metabolic dysregulation,
clinical consideration of GH use should include the possible benefits of GH on body
composition and lipids, as well as the potential effects on glucose homeostasis. Whereas
treatment with GH, GHRH, or other GH secretagogues remains entirely investigational
in adults with general obesity, further study is needed to determine if some of the bene-
fits of GH with respect to reducing systemic inflammation and improving cardiovascular
risk markers are also applicable to other populations such as those mentioned above.

Conclusion

Adiposity, particularly in the visceral depot, is associated with significant reduc-
tions in GH that may, in turn, exacerbate cardiometabolic risk independent of adi-
posity. Although treatment of obese individuals with GH has shown potential
metabolic benefits, it may also be associated with worsening of insulin resistance.
These findings raise the question of whether reduced GH in states of obesity is



6 Obesity and Growth Hormone Secretion 73

adaptive or maladaptive. At least in some respects, decreased GH is likely to be
beneficial in obesity. For example, reductions in GH may ameliorate worsening of
glucose homeostasis with progressive weight gain. Alternatively, as discussed
above, reductions in GH decreases lipolysis, which may exacerbate fat accumula-
tion, particularly in the visceral compartment. Additionally, evidence suggests that
relative reductions in GH is independently associated with unfavorable changes in
lipids and systemic inflammatory markers, such that they may potentially worsen
the adverse cardiovascular profile of obesity. Additional investigation will be
required to determine the degree to which obesity-related alterations in GH are
beneficial or disadvantageous. Until further information is available, there is insuf-
ficient information to suggest that the relative GHD of obesity is a pathologic condi-
tion that requires treatment. Nonetheless, an understanding of altered GH secretion
in obesity is critical in the interpretation of tests of the GH-IGF-I axis, and a height-
ened awareness of the metabolic effects of GH may inform its use in other indica-
tions associated with dysmetabolism or abnormal body composition.
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Chapter 7
Metabolic Benefits of Growth Hormone
Therapy

Roberto Lanes

Introduction

Cardiovascular morbidity and mortality have been found to be increased in adult
subjects with growth hormone (GH) deficiency (GHD). Long-term follow-up of a
large cohort of patients with adult-onset (AO) GHD suggests that GH therapy may
contribute to a reduced risk of nonfatal stroke, particularly in women, and in a
decline in nonfatal cardiac events in GHD men [1, 2].

A cluster of cardiovascular risk factors such as increased visceral adiposity,
abnormalities in lipoprotein metabolism, premature atherosclerosis, impaired
fibrinolytic activity, peripheral insulin resistance, abnormal cardiac structure and
function, and endothelial dysfunction have been reported in adult hypopituitary
patients with untreated GHD [3, 4]. Several of these risk factors have now been
confirmed in double-blind, randomized, placebo-controlled trials [5, 6].
Metabolic abnormalities have been evaluated only in a small number of GHD
children and adolescents. In this chapter, we will review these abnormalities and
their underlying mechanisms, and we will discuss the beneficial effect of GH
treatment in GHD subjects.

Body Composition

Obesity, and in particular abdominal adiposity, appears to be a major risk factor for
cardiovascular disease, possibly through their association with atherosclerosis and
arterial stiffness. Several studies have reported abnormalities in body composition
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in GHD adults, adolescents, and children, with a reduction in lean body mass and an
increase in fat mass, particularly with abdominal/visceral obesity; GH therapy
reduces the volume of the adipose tissue and increases the amount of muscle. Two
double-blind, randomized, placebo-controlled trials in GH-treated men and women
confirmed significant decreases in total body and trunk fat and increases in lean
body mass over baseline [5, 6]. Body fat was increased in young adults with
childhood-onset GHD (CO), while lean mass and muscle strength were decreased
in this group, when compared to subjects with AO GHD [7]. During GH treatment,
the increase in lean mass was more marked in CO patients, so that after 5 years of
therapy, there was no difference between the CO and the AO group in any variable
reflecting body composition.

During treatment, Kuromaru et al. [8] reported a decrease in the mean obesity
index value of 6.1 % in boys and of 9.7 % in GHD girls, while the waist-hip ratio
did not change appreciably in either sex. Body fat decreased significantly in both
boys and girls during the first 6 months of therapy, remained constant in boys, and
increased in girls after 2 years, while lean body mass increased significantly in both
sexes throughout the treatment period. Capalbo et al. recently [9] found that GHD
children at study entry had a higher waist-to-height ratio than healthy controls; GH
therapy was associated with a significant reduction in this parameter. After discon-
tinuing GH treatment once adult height was attained and during a 2-year observa-
tion period, Johannsson and collaborators [10] detected a decrease in lean body
mass and an increase in body fat and in the amount of truncal fat in GHD adoles-
cents. Carrol et al. [11] reported that maintaining GH once adult height was attained
resulted in ongoing accrual of lean body mass over the next year, whereas skeletal
muscle mass remained static once GH was discontinued. These studies suggest that
discontinuation of GH therapy in adolescents with GHD at adult height could lead
to long-term adverse physical and metabolic consequences.

Not only does muscle mass increase in GHD patients on GH treatment, but an
increase in muscle strength and improved exercise performance have been noted in
these patients. Svensson et al. [12] demonstrated how GH replacement therapy in
subjects with AO GHD normalized isometric and isokinetic knee flexor and exten-
sor strength, while handgrip strength increased. Ter Maaten et al. [13] demonstrated
an increase in the maximal workload and in oxygen consumption in GHD adults
after long-term GH therapy.

Fasting and Postprandial Lipids

Elevated cholesterol and triglyceride levels have been reported in untreated GHD
subjects. Elevated fasting cholesterol and triglyceride levels were reported by our
group (Table 7.1) in two cohorts of untreated GHD adolescents [14, 15], and similar
results were reported by Johansson et al. [10] who noted an increase in total and
low-density lipoprotein (LDL) cholesterol after discontinuation of GH treatment in
GHD adolescents who had reached adult height. Recent blinded, randomized,
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Table 7.1 Total, LDL and HDL cholesterol, triglycerides, lipoprotein(a), fibrinogen, PAI-1,
homocysteine, folate, and vitamin B12 in untreated and treated GHD adolescents and healthy controls

Untreated GHD | Treated GHD Non-GHD

(n=10) (n=15) controls (n=15) | P<
Total cholesterol (mg/dL) 178.8+46.7 187.3+£38.3 167.5+28.7 0.05%*
HDL cholesterol (mg/dL) 53.1+3.3 533+13.3 46.6+8.5 NS
LDL cholesterol (mg/dL) 112.1+£43.8 112.2+£29.5 110.9£27.3 NS
Triglycerides (mg/dL) 105.5+51.2 86.9+29.6 69.0+£35.6 0.05%*
Lipoprotein(a) (mg/dL) 26.0+£29.3 32.5+35.5 28.9+31.3 NS
Fibrinogen (mg/dL) 169.4+30 194.2+59.4 149.2+£23.3 0.01+
PAI-1 (ng/mL) 355+13.6 46.2+11.9 38.3+16.3 NS
Homocysteine (pmol/L) 10.5+2.7 74+1.3 7.3+2.8 0.04%*
Folate (mg/dL) 2.3+0.7 43+1.7 5.3+3.9 0.04%%*
Vitamin B12 (mg/dL) 396.2+164.0 609.3+251.8 430.0+166.0 0.02*

Modified from Lanes et al. Hormone Res. 2003;60:291-295
* On GH vs controls

*#* Off GH vs on GH and controls

+On and off GH vs controls

placebo-controlled trials have confirmed a significant decrease in total cholesterol
and in LDL cholesterol levels following GH treatment in GHD adults when com-
pared with those of placebo-treated subjects [16, 17].

Abnormalities in serum lipids in GHD patients may be due to an increase in the
secretion rate and a reduction in the clearance rate of very low-density lipoproteins
(VLDL). Increased VLDL-apo B secretion is probably related to abdominal obesity
in GHD patients, as abdominal obesity when combined with insulin resistance
increases VLDL-apo B secretion from the liver. Short-term GH treatment has been
shown to increase the VLDL-apo B clearance rate.

Considerable evidence suggesting a positive correlation between the postprandial
triglyceride response to an oral lipid load and atherosclerosis of the carotid and coro-
nary arteries has been reported in adults. Elevated plasma levels of triglycerides and
triglyceride-rich lipoprotein particles (TRP), consisting of VLDL containing apo B-100
of hepatic origin and chylomicrons containing apo B48 of intestinal origin, have been
found to be associated with increased carotid artery intima-media thickness (IMT) and
cardiovascular mortality. In adult GHD subjects, Al-Shoumer et al. [18] and Twickler
et al. [19] reported increased fasting and postprandial levels of triglycerides and TRP,
suggesting that these changes may contribute to their increased vascular morbidity and
mortality. Our group reported a significant increase in postprandial triglycerides fol-
lowing an oral lipid load in untreated GHD adolescents, when compared to that of both
treated GHD subjects and to that of healthy controls (Fig. 7.1) [15]. The accumulation
of postprandial TRP in GHD may be explained by a decrease in their removal from the
circulation via hepatic lipoprotein receptors, as the expression of several hepatic sur-
face receptors such as LDL and LDL receptor-related protein receptors has been found
to be lower in GHD states than in healthy subjects.

Growth hormone therapy would seem to improve both the fasting and the post-
prandial atherogenic lipoprotein profile in AO GHD, as demonstrated by a decrease
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Fasting Postprandial

Controls = Treated IUntreated'

Fig.7.1 Fasting and postprandial triglycerides in GHD adolescents and healthy controls (Modified
from Lanes et al. Hormone Res. 2003;60:291-295)

of fasting lipids and of postprandial lipoprotein remnants following GH administra-
tion [20]. This beneficial effect of GH was also noted by us, as both fasting and
postprandial triglyceride levels of treated GHD teenagers were found to be signifi-
cantly lower than those of untreated ones [15]. In two recent studies, De Marco et al.
[21] and Capalbo et al. [9] reported significantly higher levels of asymmetric
dimethylarginine (ADMA), triglycerides, total cholesterol, and LDL cholesterol at
baseline in GHD children when compared to healthy controls. After 12 months of
GH treatment, ADMA, total cholesterol, and LDL cholesterol significantly
decreased, reaching values comparable to those in controls. This beneficial effect of
GH treatment has been shown to result from an increased expression of hepatic
surface receptors.

Lipoprotein(a) is an independently atherogenic lipoprotein that can be thrombo-
genic and may be used as a plasmatic marker for individuals at risk for cardiovas-
cular events. While we [14] found both treated and untreated GHD adolescents to
have elevated lipoprotein(a) levels when compared to healthy controls, Capalbo
et al. [9] found no difference in lipoprotein(a) levels between untreated CO GHD
adults and healthy controls.

Coagulation Factors

Fibrinogen, tissue plasminogen activator inhibitor-1 (PAI-1), and factor VII concen-
trations have been reported to be elevated in GHD adults, suggesting a defective fibri-
nolytic system. Colao et al. [17] demonstrated that both treated and untreated GHD
adults had elevated fibrinogen levels when compared to healthy subjects. In a cohort
of young adult GHD patients diagnosed either at childhood or at adulthood, 12 months
of GH replacement significantly reduced fibrinogen, but without reaching normal lev-
els. Our results in adolescents were similar to those of Colao et al., as both our treated
and untreated GHD subjects had elevated fasting fibrinogen levels (Table 7.1) [15];
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and in a recent study by Capalbo et al. [9] in 71 GHD children, fibrinogen concentra-
tions were elevated prior to treatment when compared to controls, with a significant
reduction of this parameter following 2 years of GH treatment. While elevated PAI-1
concentrations were detected in untreated GHD adults [22] and children [23], levels
of PAI-1 were not increased in either our treated or untreated GHD adolescents [15].
Fibrinogen has been shown to be an independent risk factor for stroke and myocardial
infarction [24], while PAI-1 activity has been associated with an increased risk for
recurrent myocardial infarction [25]. Additionally, abdominal adiposity has been
found to be associated with increased concentrations of fibrinogen and PAI-1 activity,
so the increase of these parameters in subjects with GHD may be linked to their
increased waist-hip ratio; and elevated triglycerides might contribute to the elevated
PAI-1 activity. This prothrombotic state, with reduced fibrinolytic activity, may there-
fore contribute to an increased risk for atherothrombotic events in GHD patients.

Homocysteine

Elevated homocysteine plasma levels are believed to be independent risk factors for
cardiovascular events. Experimental and clinical evidence indicate that homocysteine
is prothrombotic, and therefore, high concentrations are associated with vascular
endothelial injury and dysfunction. Evans et al. [26], in a preliminary report in a small
number of subjects, reported a doubling of plasma homocysteine levels in GHD adults
when compared to matched controls. Sesmilo et al. [27] found the median homocys-
teine level at baseline in GHD adults to be almost identical to the reported 90th per-
centile of a comparable subset from a large cross-sectional US study of non-GHD
adults; when treated with GH, a significant decrease in homocysteine was noted.
However, Abdu et al. [28] did not detect an elevation in plasma homocysteine in GHD
adults when compared to controls. Folate intake is inversely correlated with fasting
homocysteine, and folate supplements, with or without vitamins B6 and B12, have
been reported to reduce homocysteine levels. In their group of AO GHD patients,
Sesmilo et al. [27] found homocysteine at baseline to be negatively correlated with
plasma levels of folate. These results are in agreement with our finding of increased
homocysteine concentrations and decreased folate and vitamin B12 levels in young
untreated GHD adolescents, when compared to both treated GHD subjects and to
healthy controls (Table 7.1) [15] and to the findings of Capalbo et al. [9] of elevated
homocysteine concentrations in GHD children prior to treatment, with a significant
reduction of these levels following 2 years of GH therapy.

Endothelial Dysfunction

Endothelial dysfunction in GHD patients may be a direct consequence of the low
levels of GH and insulin-like growth factor-I (IGF-I) seen in these patients. GH and
IGF-I stimulate the production and the release of nitric oxide in the endothelium
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and induce vasodilation. IGF-I is a potent stimulator of the phosphatidylinositol
3-kinase/protein kinase B/endothelial NO synthase pathway. In healthy middle-age
volunteers, GH treatment induced markers of increased NO bioavailability and
enhanced circulating endothelial progenitor cell numbers, and this effect was medi-
ated via an increase in IGF-I plasma levels; blocking of the IGF-I receptor in vivo
abolished the GH-mediated effect on markers of increased NO bioavailability [29].
However, recent data suggest that GH may also regulate vascular reactivity through
a direct action on the GH receptor in the vascular endothelium to increase endothe-
lial nitric oxide synthase phosphorylation and activity [30]. This conclusion is based
on data that indicate that GH exerts an acute vasodilatory effect independent of both
systemic and local IGF-I production, that human aortic endothelial cells express
abundant amount of GH receptors and that GH causes a time-dependent increase in
the phosphorylation and activity of endothelial nitric oxide synthase.

Endothelial dysfunction may also occur due to an indirect action in the athero-
genic process induced by alterations in lipoprotein metabolism and the accumulation
of lipoproteic remnants. In the postprandial phase, these remnants are predominantly
and highly atherogenic stimulating an increased formation of macrophages and the
induction of vascular inflammation. An increase in plasma triglyceride levels during
daily regular meals and of postprandial lipoprotein remnant concentrations has been
reported in GHD adults. Twickler et al. [19, 20] recently demonstrated that plasma
levels of proinflammatory cytokines such as interleukin (IL)-6 and tumor necrosis
factor-alpha (TNF-a) are increased during the postprandial period in GH-deficient
adults and are related to the presence of elevated levels of lipoprotein remnants, sug-
gesting that lipoprotein remnants may induce an inflammatory response in endothe-
lial cells and macrophages. GH replacement therapy has been shown to reduce the
levels of lipoprotein remnants and of serum levels of both C-reactive protein (CRP)
and IL-6 and to decrease the IMT of GHD adults.

In addition, Leonsson et al. [31] have demonstrated that untreated GHD adults
have increased levels of CRP and IL-6 and that IL-6 concentrations are independently
associated with the degree of common carotid artery IMT. In GHD adolescents, we
have reported elevated serum levels of CRP, TNF-a, and fibrinogen when compared
to healthy controls [32], so that a pronounced inflammatory response seems to exist as
early as in adolescence in GHD subjects. GH replacement has been shown to reduce
the increased monocytic production and the serum levels of proinflammatory cyto-
kines in GHD adults, suggesting that GH may play a role in the regulation of the
vascular wall inflammation.

While endothelial cells were long considered inactive, acting only as a semiperma-
nent barrier between blood and tissue, there are now increasing data that support the
role of the vascular endothelium in the maintenance of homeostasis and vascular tone.
When activated, the vascular endothelium changes the balance between mechanisms
that control vasoconstriction and thrombosis and those favoring vasodilation and fibri-
nolysis. In response to their activation, endothelial cells are known to express a
number of molecules, including adhesion molecules such as E-selectin, intercellular
adhesion molecule-1 (ICAM-1), and vascular cell adhesion protein-1 (VCAM-1),
which play a role in the modulation of leukocyte recruitment and platelet adhesion
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during thrombosis and inflammation. Upregulation of endothelial adhesion molecules
plays a key role in the earliest phases of atherogenesis by allowing leukocyte and
monocyte adhesion to the endothelial cell surface and their migration to the subendo-
thelial space, where they facilitate the atherogenic process. Activated platelets also
participate in this process by modulating chemotactic and adhesive properties of
endothelial cells. Elevation of several biochemical markers of endothelial cell activa-
tion, such as VCAM-1 and P-selectin, have been reported by our group in GHD ado-
lescents [33], with flow-mediated endothelium-dependent vasodilation following
hyperemia correlating with P-selectin in these patients. An association between bio-
chemical and biophysical markers of endothelial dysfunction has also been detected
in adults with hypopituitarism and severe GH deficiency [34], suggesting a role for
GHD, as early as in adolescence, in the development of the atherogenic process.

Adiponectin

While adipose tissue was considered until recently to be an organ for fat storage and
mobilization, recent evidence suggests that it is a highly active endocrine organ.
Adiponectin, an adipocytokine that is exclusively and abundantly expressed in adi-
pose tissue, has been proposed to contribute to the development of insulin resistance
and type 2 diabetes, coronary artery disease, and endothelial dysfunction in adults.
Adiponectin seems to be secreted principally by visceral adipose tissue, so that the
size of the visceral fat depot is an important correlate of adiponectin levels. In obese
adolescents, several studies have demonstrated that adiponectin is positively corre-
lated to HDL cholesterol and negatively associated with triglycerides and insulin
resistance. In addition, a recent report provided the first evidence of early athero-
sclerotic lesions associated with hypoadiponectinemia in obese juveniles [35].
Subjects of all ages with GHD display many features of the metabolic syndrome
including increased abdominal fat with more visceral adiposity than normal healthy
controls for a given body mass index (BMI), elevated levels of LDL cholesterol and
triglycerides, and endothelial dysfunction. Several reports have suggested that these
abnormalities can be reversed by GH therapy. The effect of GH replacement on
adiponectin levels in adult GHD patients has been evaluated by several recent stud-
ies and has led to conflicting results [36, 37]. We have found adiponectin concentra-
tions to be decreased in untreated GHD adolescents when compared to both treated
GHD subjects and to healthy controls (Table 7.2); adiponectin correlated positively
with HDL cholesterol concentrations in both treated and untreated patients and
negatively with BMI, waist-hip ratio, fasting total and LDL cholesterol, triglycer-
ides, apo B, and insulin levels in our untreated GHD adolescents [38]. In a recent
study, Capalbo et al. [9] found 2 years of GH therapy to be associated with a signifi-
cant increase in adiponectin levels in GHD children.

Increased circulating adiponectin levels have been shown to inhibit both the expres-
sion of hepatic gluconeogenic enzymes and the rate of endogenous glucose production,
with an improvement in insulin sensitivity. However, the mechanism explaining the
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Table 7.2 Fasting adiponectin, insulin, lipids, and lipoproteins in treated and untreated GHD
adolescents and healthy controls

Treated GHD | Untreated GHD | Non-GHD

(n=12) (n=12) controls (n=12) | p<
Adiponectin (pg/mL) 16.5+7.4 12.7+6.1 16.2+5.1 0.008%*
Insulin (pLU/mL) 79+5.2 53+2.7 3.8+2.1 0.057
Total cholesterol (mg/dL) 154.9+38.6 190.4+51.6 155.1+£26.6 0.03*
LDL cholesterol (mg/dL) | 95.9+28.9 123.9+52.3 100.8+39.1 0.01*
HDL cholesterol (mg/dL) | 47.8+26.9 43.8+10.1 45.0+£9.9 NS
Triglycerides (mg/dL) 74.6+29.8 88.3+37.2 76.2+40.3 0.001*
Apolipoprotein A-1 (mg/dL) | 84.5+41.1 109.6+40.5 97.2+45.6 NS
Apolipoprotein B (mg/dL) |40.3+15.4 59.6+21.3 44.8+22.9 0.009*

Modified Lanes et al. J Pediatr. 2006;149:324-329
*untreated GHD vs treated GHD and controls
AMreated GHD vs controls

link between adiponectin and triglycerides is not clear. In a recent study in obese
adolescents, Weiss et al. [39] suggested that adiponectin might affect the production of
VLDL particles from the liver, thereby regulating serum triglycerides, so that one could
speculate that in untreated GHD, low adiponectin may contribute to the increased
secretion of VLDL-apo B-100 and triglycerides.

Cardiac Mass and Function

The impairment in cardiac performance in young GHD adults is manifested by a
reduction in left ventricular mass, an inadequate ejection fraction, and in abnormali-
ties of left ventricular diastolic filling [40]. GH administration has been shown to
increase left ventricular mass and function in these patients [41]. In an initial study
in untreated GHD adolescents, we were unable to find any abnormalities in cardiac
mass, as the interventricular septal thickness, the left ventricular posterior wall
thickness, and the left ventricular mass after correction for body surface area were
all similar to that of healthy controls. Cardiac function of untreated GHD adoles-
cents was also not different from that of healthy controls, as our adolescents had
normal left ventricular ejection fraction at rest, as well as normal pulmonary venous
flow velocities. Cardiac mass or function was also not different in treated vs.
untreated GHD patients [14].

While Colao et al. [42] and Salerno et al. [43] found no change in the heart rate,
systolic and diastolic blood pressure, and in the left ventricular ejection fraction of
GHD adolescents upon discontinuing GH for 6 months, GH withdrawal slightly
decreased cardiac size and impaired the diastolic filling of GHD adolescents. This
is in agreement with the echocardiographic findings of two other studies in children
with severe classical GHD by Shulman and ourselves [44, 45], which demonstrated
that cardiac growth may be impeded by severe childhood GHD (Table 7.3); more-
over, an increase in left ventricular mass normalized for changes in body size was
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Table 7.3 Cardiac dimensions and volumes in GHD patients with and without GH replacement
compared to healthy controls

Off GH On GH Controls

(n=12) (n=10) (n=14) P<
Interventricular septal thickness (mm) | 6.9+1.1 6.9+0.6 7.0x1.1 NS
LV posterior wall thickness (mm) 6.5+1.1 6.6+1.3 6.9+1.3 NS
Left ventricular mass (g/m?) 422+2.4 43.5+6.3 49.9+9.0 0.05%
Ventricular ejection fraction (%) 64.9+54 68.6+3.0 65.0+£5.0 NS

Modified from Lanes et al. J Clin Endocrinol Metab. 2005;90:3978-3982
* untreated and treated GHD vs controls

noted by Shulman following GH therapy [44]. Recently, Nygren et al. [46] reported
that left ventricular mass indexed to body surface area increased significantly dur-
ing 2 years of GH treatment in a large population of GHD children, irrespective of
randomized dose. This change was already apparent at 3 months of treatment, when
standard deviation scores (SDS) of wall thickness and diameter were increased; at
24 months, left ventricular diameter SDS remained increased, whereas myocardial
thickness SDS returned to baseline values. Similar findings were also recently
reported by Esen et al. [47]. These two studies demonstrated that GH therapy causes
an increase in myocardial mass without changing the geometry or function of the
myocardium. Therefore, the increase in myocardial mass appears to be concentric,
thus causing remodeling instead of hypertrophy.

Intima-Media Thickness and Vascular Reactivity

Increased IMT, with more atheromatous plaques in the carotid and the femoral
arteries when compared to controls matched for age, sex, and body weight, was
recently detected in GHD adults [48]. This increased IMT, which represents the
earliest morphological change in the arterial wall in the process of atherogenesis,
has been detected in the absence of clear-cut abnormalities of classic vascular risk
factors.

Growth hormone treatment has been recently shown to reverse early atheroscle-
rotic changes, with a decrease in carotid artery IMT and an improvement of flow-
mediated dilation of the brachial artery in GHD adults [48]. With long-term GH
substitution, this improvement in arterial performance is maintained [49]. While no
significant difference in the carotid artery IMT of untreated GHD adolescents and
that of healthy controls or treated GHD subjects was noted by Colao et al. [42] and
ourselves [14, 45], a clear tendency toward an increase in IMT was detected in our
untreated GHD adolescents (Table 7.4) [45] and in the patients of Colao et al. after
discontinuing GH for 6 months. The flow-mediated endothelium-dependent increase
in the diameter of the brachial artery during hyperemia was found by us to be lower
in untreated GHD adolescents than in GHD-treated subjects or healthy controls,
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Table 7.4 Carotid artery intima-media thickness and brachial artery diameter and blood flow in
GHD patients on and off GH replacement compared to healthy controls

Off GH On GH Controls

(n=12) (n=10) (n=14) P<
Carotid artery intima-media thickness 0.9+0.2 0.7+0.1 0.8+0.2 NS
(mm)
Increase in brachial artery diameter (%) 154+1.1 23.7+1.3 29.8+2.1 0.02*

Increase in brachial artery blood flow (%) | 179+69 253.2+43 | 144.4+70.7 | 0.001"

Modified from Lanes et al. J Clin Endocrinol Metab. 2005;90:3978-3982
*untreated GHD vs treated GHD and controls
AMreated GHD vs untreated GHD and controls

while the blood flow increase of the brachial artery after hyperemia was greater in
treated than in untreated adolescents (Table 7.4) [45].

However, not all studies have demonstrated a positive effect of GH therapy on
these parameters. While GH treatment had a reversible beneficial effect on body
composition, on the metabolic profile, and on cardiac morphology in a large Brazilian
kindred with lifelong severe and isolated GHD due to a homozygous mutation in the
GHRH receptor gene, it resulted in a progressive increase in the IMT and in the num-
ber of atherosclerotic carotid plaques [50], casting doubts on the positive effects of
GH replacement therapy on these parameters.

Insulin Resistance

Growth hormone has antagonistic effects to that of insulin, and a decrease in insulin
sensitivity has been reported in acromegaly, in puberty, or during GH replacement
therapy. Children with GHD have a larger tendency to present with hypoglycemia
both fasting and induced, possibly due to an alteration in the regulation of counter-
regulatory hormones and an increase in insulin sensitivity. This susceptibility to
hypoglycemia tends to diminish with age, and adults with GHD present with insulin
resistance even before GH administration; this could be due to changes in body
composition, metabolic responses to GH, or to the interaction with sex hormones.
In children with GHD, Husbands and collaborators [51] measured the glucose
disappearance rate following a modified insulin tolerance test and demonstrated that
these patients were more sensitive to insulin than children with normal GH secre-
tion. This effect decreased with advancing age and puberty, possibly due to the
development of central obesity and the secretion of sex steroids. Recently [23],
children with GHD were found to have lower levels of glucose, insulin, and
HOMA-IR index when compared to those of healthy controls. After 6 months of
treatment, glucose levels increased, though not significantly, while insulin levels
and HOMA-IR index rose to normal levels. A positive correlation between changes
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in insulin status/HOMA-IR index and levels of aPAI-1, fibrinogen, vWF, CRP, and
IL-6 was detected. However, in a group of GHD adolescents, Carroll et al. [11]
demonstrated that after cessation of GH treatment, insulin sensitivity increased at
both 6 and 12 months; these increases were noted despite a trend toward increased
fat mass and no gain in lean body mass over the same time period. In adults with
hypopituitarism, insulin resistance has been reported even without replacement
therapy. The administration of GH further decreases insulin sensitivity, but after this
initial deterioration, an improvement of insulin sensitivity with a return to basal
levels was noted.

Growth hormone replacement therapy increases lipolysis with an increment in the
concentrations of free fatty acids, which could diminish the uptake of glucose into
skeletal muscle. Studies using acipimox, a free fatty acid blocker, have confirmed the
inverse relation that exists between circulating free fatty acid concentrations and
insulin sensitivity in adults with GHD. Bramnert et al. [52] recently demonstrated
how the administration of GH increases lipid oxidation with an increase of the circu-
lating levels of free fatty acids and a deterioration of insulin sensitivity. The effect of
GH in the long term is, however, beneficial with a reduction in body fat mass and an
improvement in insulin sensitivity. Individualization of GH therapy, with an initial
administration of smaller GH doses and a gradual increase in dose based on the clini-
cal response and on IGF-I titration, could probably minimize the changes in insulin
sensitivity noted in adults during the first few months of GH treatment.

Conclusions

GHD subjects may present with an abnormal body composition, with elevated fast-
ing cholesterol and triglycerides levels, and with increased postprandial triglyceride
concentrations. In addition, concentrations of peripheral inflammatory and fibrino-
lytic markers have been found to be increased in GHD. Increased carotid artery IMT
and vascular rigidity, as well as abnormalities in cardiac mass and function, have
also been noted in GHD. Many of these abnormalities seem to be already detectable
early on in life, so that children and adolescents with severe GHD need to be fol-
lowed carefully as they enter into adulthood. GH treatment has a beneficial impact
on body fat distribution, lipid abnormalities, and on flow-mediated dilation (a bio-
physical marker of endothelial function) and may lead to a reduction of the risk of
cardiac events in adult GHD subjects.
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Chapter 8
Laboratory Diagnosis of Growth Hormone
Deficiency in Children

Constantin Polychronakos

This chapter is an expansion of proposed guidelines based on a systematic review of
the literature by a committee of pediatric endocrinologists of the Pediatric Endocrine
Society [1]. Opinions expressed are those of the author, who considers them com-
pletely compatible with the spirit of the systematic review. Growth hormone (GH)
is arguably the only hormone for the clinical testing of which (and its interpretation)
an entire textbook chapter needs to be written. Questions of purity and stability of
standard, affinities, and specificities of different antibodies and other technical
sources of variability are certainly issues with the clinical testing of every peptide
hormone. What makes GH testing unique is that interpretation of its results needs to
address the pulsatile nature of its secretion, as a consequence of which healthy indi-
viduals spend most of their day at levels indistinguishable from those of profound
deficiency, and the important consequences of making, or failing to make, the diag-
nosis of deficiency on the basis of a single threshold. This diagnosis involves long
treatment of children with daily injections of a very expensive biological prepara-
tion and is usually made based on a single point in time and without provisions to
revisit until the treatment (for growth purposes) is completed. This chapter will
review the diagnostic application of GH testing for the specific purpose of treating
a child to permit or enhance growth. It will concentrate less on the technical aspects
of the clinical chemistry and more on the interpretation of the results. Standard
practices will be critically reviewed in the light of the evidence base—or lack
thereof. Diagnosis for indications other than growth promotion will not be addressed.

C. Polychronakos (<)

Departments of Paediatrics and Human Genetics,

Child Health and Human Development, The McGill University Health Centre,
1001 Decarie Blvd, Block E, Rm M03211, Montreal, QC, Canada, H4A3J1
e-mail: constantin.polychronakos @mcgill.ca

© Springer International Publishing Switzerland 2016 95
L.E. Cohen (ed.), Growth Hormone Deficiency,
DOI 10.1007/978-3-319-28038-7_8


mailto:constantin.polychronakos@mcgill.ca

96 C. Polychronakos
Analytical Aspects of GH Testing

A number of factors can affect the quality of GH assays and result in lack of repro-
ducibility across different methodologies and laboratories. Circulating GH is not
homogeneous, consisting of monomers, dimers, and posttranslationally modified
forms, and can exist free or bound to GH-binding protein (GHBP, the soluble extra-
cellular part of the GH receptor) [2]. The standards against which the sample is
measured could also have some aspects of the same variability. Different antibodies,
recognizing only one epitope each, or different epitopes with different affinities, are
an obvious source of discrepancies [3]. Moreover, differences in detecting antibody-
bound vs. free analyte can differ across methodologies and instrumentations.

Much of what we know about GH diagnosis and treatment has been established
using polyclonal radioimmunoassays and purified pituitary standards. Currently
used immunometric assays with monoclonal antibodies and recombinant standards
have higher specificity, but the use of different standards and antibodies with speci-
ficities for different GH isoforms has resulted in non-negligible discrepancies
between assays.

Using three reference assays (two using the same standard, 88/624), Hauffa
et al. reexamined 699 peak samples from GH provocative testing [4]. The mean
difference among assays varied from 5.4 to 10.3 mU/L. Assignment to GH-deficient
(GHD) vs. GH-sufficient groups varied substantially among different assays in a
subset of 132 subjects who had standardized insulin and arginine testing, resulting
in misclassification of up to 29 % of cases. In another study, samples from 47
provocative tests were assayed with four different methods [5]; discrepancies
were found with significant effects on diagnostic outcome. One immunometric
assay classified 36 % of tests as indicating GHD compared to 14.9 % for the stan-
dard radioimmunoassay. A more systematic, multi-laboratory effort at standard-
ization of assays in Finland between 1998 and 2003 showed considerable
improvement in concordance, but, even in the last year of the effort, discrepancies
persisted [6]. Another harmonization effort in Germany found a 27 % misclassifi-
cation rate prior to adjusting results by a conversion factor, but good concordance
afterward [7]. In Japan, a systematic effort at harmonization using a uniform bio-
synthetic standard resulted in lowering of the cutoff of a peak GH value from 10
to 6 pug/L due largely to the immunometric methods measuring much lower than
the original radioimmunoassay [8]. These examples highlight the importance of
considering measurement method when using the literature of the past few
decades to obtain the evidence base for rational decision-making regarding GH
treatment.

In more recent years, standardization or, at least, harmonization has been recog-
nized as required to meaningfully evaluate and compare results [3]. If different
methods give the same result for the same serum pools, the assay can be considered
standardized. If not, harmonization is achieved by documenting sample-independent
differences and deriving correction factors to obtain the same numbers for the same
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sample by the use of commutable serum pools [9]. An important first step is the
adoption of recombinant primary reference material, the most current and widely
used of which is 98/574 [3]. It represents the 22 kD isoform and has high purity,
proven biological activity, and stability [10]. However, none of these characteristics
necessarily guarantees its commutability (similar results with different antibodies
and detection methods). Clinicians and third-party payers should only accept results
from clinical laboratories that use methodologies whose manufacturers employ this
standard and actively participate in standardization and harmonization efforts.

Clinical Interpretation of Biochemical GH Results

Purely analytical problems can be solved, but, beyond these, interpretation of GH
results for the purpose of making a diagnosis and initiating treatment is far from
straightforward. GH is secreted in irregularly timed pulsatile peaks, with long
troughs in between, during which healthy individuals are indistinguishable from
patients with profound deficiency [11]. This precludes diagnostic inference from a
single sample and has given rise to the development of stimulation tests (also
referred to as “provocative tests”) that evaluate peak response to the administration
of one of several substances known to induce GH release during a trough. Insulin,
arginine, clonidine, glucagon, and L-dopa are the most commonly used such sub-
stances [12], accepted in current clinical and reimbursement practice as interchange-
able despite very limited knowledge of their exact mechanism of action and how it
is affected by the various causes of GHD. Many of these stimuli may bypass one or
more of the multiple inputs into the hypothalamus that determine the release of
GH-releasing hormone and/or somatostatin [13].

Consistency Across Different Stimulating Agents

This is the first GH testing aspect that requires a critical appraisal. Using the same
analytical assay to measure peak GH concentrations of 68 normally growing chil-
dren, Zadik et al. found good agreement between insulin- and arginine-stimulated
GH peaks (14.2+6.3 vs. 13.1+6.1 pg/L), but clonidine, another widely used stimu-
lus, gave much higher levels (21.0+10.7 pg/L) [14]. These results were corrobo-
rated in a large, registry-based study of 3233 cases in the French registry [15], in
which correlation coefficients (r) between peaks in two GH tests on the same patient
ranged from 0.35 to 0.6, meaning that the r* (expressing the fraction of variance
explained by the fact that the two tests were performed on the same subject) ranged
from 12 to 36 %. These results also suggested imperfect reproducibility of the same
test in the same patient, with the highest correlation, that being for insulin/insulin,
having a coefficient of only 0.72 (*=52 %).
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Peak Response and the Diagnosis of GHD

In terms of existing clinical guidelines, as well as in regulatory approvals and third-
party reimbursement policies, a single threshold of peak response, below which the
diagnosis of GHD can be made, is typically established regardless of the stimulus
used [16]. These thresholds vary substantially in different jurisdictions, from 6 pg/L
in Japan to 7-10 pg/L in North America and Europe (Australia, interestingly, has
completely done away with provocative testing as a criterion for treatment [17]).
The evidence base for establishing such thresholds will be reviewed below. To the
extent that it exists, it indicates that most of these thresholds are well within the
range of peak responses seen in healthy, normally growing children. These inflated
thresholds result in poor specificity and compromised ability to predict response
along the spectrum that ranges from the difference between “pituitary dwarfism”
(complete GHD) and resultant adult normal stature (seen in complete GHD [18,
19]) to a gain in the order of 5-6 cm in adult stature, seen in children treated despite
normal GH testing [20-24].

The main problem is the absence of a prospective gold standard for the diagnosis
of GH deficiency. “Classical” GHD, as described by Lawson Wilkins, involves the
complete or near-complete inability to secrete GH, resulting in zero or near-zero
growth velocity and adult height (AH) many standard deviations below the mean
[18]. Classical GHD usually starts at a young age, and early treatment restores nor-
mal growth, with catch-up to a percentile compatible with midparental height,
including the upper percentiles of adult stature. In these cases, the effect of the treat-
ment is dramatic. “Pituitary dwarfs” have disappeared in affluent countries since the
availability of GH treatment. In the majority of these cases, classical GHD is associ-
ated with hypothalamic-pituitary abnormalities on imaging [25, 26], multiple pitu-
itary hormone deficiencies, or a history of insult to the area such as tumor, surgery,
or cranial irradiation. In observational studies of these children, provocative tests
show low levels very distinct from the normal range such that test precision, repro-
ducibility, agent used for stimulation, and assay performance may not be crucial
barriers to precise diagnosis. These tests were never validated as a basis for inter-
vention with a formal randomized control trial (RCT) to AH, but observational stud-
ies tend to show that very low peak response correlates with dramatic response to
treatment [27]. In the pre-recombinant era, the scarce supply of GH purified from
human cadavers permitted the treatment of only the most seriously affected cases
with near-zero GH response to stimuli, which made the absence of standardized
testing or prospective RTC evidence of the spectacular benefit from GH treatment
less of a problem.

With the availability of recombinant GH in the mid-1980s, the opportunity arose
to treat children with less complete GHD, and the threshold for declaring GHD was
arbitrarily raised. This increase was compounded by the adoption of testing meth-
ods using purer standards and two-antibody immunometric assays that dramatically
increased specificity of testing compared to the old methods, resulting in smaller
actual numbers [8]. These changes drastically increased sensitivity at the expense of
specificity to an extent that has never been properly determined for either metric.
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The sensitivity and specificity of a diagnostic test is formally determined by the
receiver-operator characteristic (ROC) curve, which plots sensitivity against (1—
specificity) for any given threshold value, in order to choose one that maximizes the
more desirable of the two (sensitivity in this case) without unacceptably compro-
mising the other (specificity) [28]. Construction of this curve requires a gold stand-
ard that unequivocally distinguishes “normal” from “abnormal.” The ‘“hard”
end-points (zero height velocity, presence of other anterior or posterior pituitary
deficiencies, brain-imaging abnormalities, history of cranial irradiation) cannot be
used because they would exclude “idiopathic” isolated GHD, as well as the hypoth-
esized cases of partial GHD that the relaxed thresholds were meant to include.

In the absence of such gold standard, it might have made sense to use a more
utilitarian definition of a “positive” test as one that meets a threshold beyond which
treating the condition diagnosed will do more good than harm. Proper use of this
criterion would require quantification of the assumed psychological and social harm
from shortness, its reversal by treatment, and the possible psychological harm from
stigmatizing shortness by prescribing years of daily injections that, in many cases,
will end up making the individual only a few centimeters less short. From a broader
perspective, one might add a cost-benefit analysis of how much health and quality
of life can be purchased by using the considerable cost of years of GH treatment to
enhance some other aspect of health or well-being. We will not review here the
scant literature on such outcomes [29-31], other than to say that no study has cor-
related them to a peak-response threshold used to justify treatment. Not even the
crude end-point of effect of treatment on AH gain for any given peak GH response
has been assessed with a formal RCT. We know that treatment of short children with
peak responses >10 pg/L (idiopathic short stature (ISS)) results in an AH gain of
5-6 cm [20-24], but no AH data exist to show that this outcome is any better for
children in the “gray zone” of peak response of 5-10 pg/L.

Normative Data

A reference range for a quantitative test is commonly used to determine diagnostic
threshold in the absence of direct outcome-based evidence. This would involve
obtaining peak-response values in children who definitely do not have GHD, i.e.,
healthy children of normal stature and growing at a normal velocity, and then estab-
lishing the threshold at the lower end of the distribution of these values, typically
-2SD. Given the voluminous literature on GH testing, the paucity of such studies is
surprising, but the results are telling.

In 68 children of normal stature and growing at normal growth velocity, Zadik
et al. measured GH by radioimmunoassay and found peak responses (mean +SD) to
arginine and insulin, commonly used GH stimulants, at 13.1+6.1 and 14.2+6.3
pg/L, respectively, indicating that mean-1SD for healthy children is already well
below the 10 pg/L cutoff [14]. In the same data, Sth percentile values were <5
pg/L. Using a lower-measuring, more specific immunometric method (HGH-CPK,
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Sorin, Italy), Ghigo et al. examined peak responses to a wide variety of stimulants
in 472 children and adolescents, of whom 295 were within the normal range for
height and the rest were short, but all otherwise healthy and growing at a normal
height velocity [15]. Results were no different in the two groups and were pooled.
Mean peak-response values for commonly used stimulants ranged from 9.7 pg/L
for clonidine to 11.7 pg/L for arginine with mean-1SD for all provocative tests
around 7 pg/L.

Therefore, the normative data, such as they are, provide little support for the
most widely used peak-response thresholds for diagnosing GHD. The requirement
for two tests below the threshold, combined with the poor correlation between two
tests performed on the same individual [15], somewhat mitigates this serious loss of
specificity, but, even then, it is clear that the 10 pg/L threshold misclassifies large
numbers of non-GHD children.

Outcome-Based Estimation of a Diagnostic Threshold

Any attempt at setting an outcome-based threshold in the absence of evidence from
controlled studies on AH, the meaningful outcome, would have to be limited to a
good proxy from post-marketing surveys. One such outcome could be first-year
response to GH, a quite reliable predictor in children treated to AH [32]. Data from
KIGS (a Europe-based Pfizer post-marketing database) were mathematically mod-
eled from 593 GH-treated prepubertal children diagnosed as having GHD on the
basis of a GH response <10 pg/L [33]. Adding peak GH response to a model of
auxological parameters increased the percentage of variance explained from 45 to
60 %, making it a statistically significant, but rather modest predictor. However,
when individual values for the improvement in first-year height velocity prediction
attributable to the GH peak are plotted, it becomes clear that the prediction comes
from peak levels <5 pg/L; at this level, the GH peak increases the prediction by as
much as 4 cm of growth in the first year. Similar results were shown in 236 prepu-
bertal children enrolled in the National Cooperative Growth Study (NCGS,
Genentech) in the USA [34]. In both studies, first-year increase in height SDS (A-Ht
SDS) was indistinguishable between children with peak GH responses 5—10 or >10
pg/L. A-Ht SDS >1.5 SD was seen only with GH peaks <5 pg/L. The specificity of
the 10 pg/L cutoff was estimated at only 25 % and driven exclusively by the lower
values. In 1192 children enrolled in the International Cooperative Growth Study
(ICGS) in Japan [18] (also industry sponsored), a much better A-Ht SDS was seen
in children with GH peaks <5 pg/L in two tests, compared to those with at least one
test with a peak >5 pg/L. Adult height analyses from the post-marketing studies
would not be meaningful because of a strong bias to continue treatment (and/or data
submission) only in good early responders. However, it is clear that first-year
response, a good predictor of AH [32], is no different between children peaking at
5-10 or >10 pg/L.
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Alternatives to Provocative Testing

Given the limitations of provocative testing, the idea of testing spontaneous secre-
tion as a profile with serial sampling [35] or as an integrated level by continuous
withdrawal [36] is attractive. It seems plausible that a child unable to normally
secrete GH could still respond to the unphysiological pharmacology of provocative
testing.

This hypothesis was tested by Spiliotis et al. [35]. Seven short children with
abnormally low growth velocity, who had provocative responses >10 pg/L but low
spontaneous secretion, were treated with GH. Short-term acceleration of growth
was observed, but not compared to that seen in treated GH-sufficient children to
demonstrate superiority and AH data were not presented. In addition, a major weak-
ness of this study was that four of the seven patients were of pubertal age with
severe bone-age delay. Onset of puberty during treatment was not evaluated and
could account for much or all of this acceleration. A similar first-year growth accel-
eration was reported in two other studies of children diagnosed by the same criteria
[37, 38]. Both of these studies suffered from the same limitations.

We could find a report of the effects on AH in only one retrospective study [25]
that showed AH gain of 1.03 SDS following GH treatment in children who met the
criteria for neurosecretory dysfunction, compared to untreated short stature cases
with normal spontaneous secretion. This gain is virtually identical to that obtained
in treated ISS [20-24], making the prognostic contribution of the spontaneous GH
study very questionable.

Normative data for spontaneous GH secretion were established by a study that
showed that 4/10 normal-height, normally growing children and 8/35 with constitu-
tional delay, but normal growth velocity, had overnight secretory patterns compati-
ble with the diagnosis of neurosecretory GHD [39, 40]. Another attempt at
establishing normative data for spontaneous secretion by frequent GH sampling
showed a troubling inconsistency when normal children were studied on two sepa-
rate occasions under identical conditions [41].

Patient-Specific Factors Affecting Interpretation
of Biochemical GH Testing

Obesity

Studies show that GH response to provocative testing depends on body mass index
(BMI) and that GH response to stimulation is considerably lower in obese children
[42-44]. In a prospective study of 65 normally growing obese children, spontaneous
GH secretion was less than half of reference, and it normalized after weight loss [44].
Prima facie, these results would mandate halving the threshold for diagnosing GHD
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in the presence of obesity. However, the information that would be required to
individualize this adjustment based on the patient’s individual BMI is not available
(see Chap. 6 for more details).

Pubertal Delay

In children with constitutional delay of growth and puberty and normal AH progno-
sis, the normal decline in prepubertal growth velocity with age (normally interrupted
by the pubertal growth spurt) is prolonged and may lead to frankly abnormal growth
velocity [45]. This is accompanied by a reduction in the GH response to provocative
stimuli that normalizes after the onset of puberty [46]. Thus, in prepubertal children
of pubertal age, GH testing may lead to a false diagnosis of GHD. Fortunately,
strong evidence reassures that this problem can be solved if testing is preceded by
brief treatment with sex steroids. Administration of 1-2 mg of fB-estradiol to 44
children with ISS raised the lower 95 % confidence interval of GH peak response to
a sequential arginine-clonidine test from a clearly abnormal 3.7 to 8.3 pg/L. This
very substantial gain in specificity was not accompanied by a loss of sensitivity, as
response was unaltered in 15 children with GHD [47]. Similar results were found in
a cross-sectional study of 84 normal, untreated children, where the percentage of
those who would have been classified as GHD by the stricter cutoff of 7 pg/L
declined from 61 % at Tanner stage I to zero at stages IV and V [48]. No gyneco-
mastia in boys or other side effects have been reported with the recommended doses
of sex steroid priming. However, for boys, an alternative would be an injection of
100 mg of a depot testosterone preparation. No systematic controlled evidence exists
to favor any of the proposed protocols over another, but they all seem to be effective.
Failing to use them in children of normal pubertal age (i.e., >10 years old in girls and
>12 in boys) will result in false-positive results and unnecessary treatment.

Systemic Health Problems

In a child growing at subnormal velocity, it is usually easy to exclude other health
problems or congenital malformations as, by the time a morbidity is severe enough
to impair growth, it will almost invariably have systemic or organ-specific symp-
tomatology that will direct to the correct diagnosis. There is not much point in test-
ing for GHD if there is an alternative explanation for poor growth, until the growth
problem persists after it has been medically controlled. This also applies to other
hormone deficiencies, specifically hypothyroidism, as thyroid hormone is necessary
for GH secretion [49]. Serum thyroid-stimulating hormone (TSH) and free thyrox-
ine should be measured and GH testing carried out only if both are normal. In low-
TSH hypothyroidism, GH testing should proceed immediately after normalization
of T4 with treatment, while if TSH is high, GH testing will only be needed in the
unlikely event of growth failure persisting after treating the hypothyroidism.
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Decision-Making in the Face of Uncertainty

In view of what has been discussed, it is clear that the use of biochemical testing to
make the diagnosis of GHD is nowhere near as well documented in evidence base
as one might be led to believe from the confidence expressed in professional body
guidelines [16, 50] and reimbursement policies in different jurisdictions and by dif-
ferent third-party payers. In what follows, I will attempt to make suggestions about
how the clinician can use this analysis to rationally use (or avoid using) biochemical
GH testing.

First, only children with clearly abnormal height velocity should be tested. To
follow the third percentile curve, a velocity in the 25th centile is required [51]. A
diagnosis of GHD cannot be made on a child growing at this rate or better, regard-
less of GH peak response (this may appear too obvious to state but in some of the
literature reviewed, GHD was diagnosed in children with normal growth velocity).
In children with delayed puberty, velocity should, of course, be assessed on the
basis of bone age rather than chronological age.

Faced with an otherwise asymptomatic child growing at subnormal velocity, the
first concern of the pediatric endocrinologist should be not to miss the life-threatening
and treatable possibility of a tumor in the hypothalamic-pituitary region. The uncer-
tainties of GH testing matter surprisingly little in this context. In provocative testing,
these cases will invariably peak well below the gray zone of uncertainty and will
most of the time have at least one additional pituitary deficiency, and MRI imaging
will quickly confirm the diagnosis. Unpublished data from our own clinic will be
reassuring in this respect. Although the public system in the province of Québec
accepts 8 pg/L as the reimbursement threshold, our clinic has always used 5 pg/L
(by immunometric methods) as the cutoff for further investigation or GH treatment.
Over the decades, we are not aware of a single case of a tumor that was missed
because of having tested higher than 5 pg/L by the time they are documented to
grow at a velocity <25th centile (Guyda et al. unpublished observations).

Having ruled out a tumor, provocative GH testing is still useful to diagnose clas-
sical GH deficiency of the “idiopathic” isolated kind, where GH treatment can make
a difference of several SDs of AH, i.e. the difference between what was formerly
called “dwarfism” and normal height (90th percentile if this is what one has inher-
ited from one’s parents). To be generous, I suggest 5 pg/L as the cutoff for this
diagnosis even though normative data show that a non-negligible proportion of nor-
mal, normally growing children will test below that. Most of these children with
profound but isolated GHD will have MR imaging abnormalities, usually the clas-
sical triad indicating disrupted hypothalamic-pituitary communication [25]. In the
presence of these imaging findings and at least one additional pituitary deficiency,
confirmation with provocative testing is unnecessary if growth velocity remains
abnormal after correction of the other pituitary deficiencies.

What to do for the child growing at a subnormal velocity who tests between 5
and 10 pg/L? If accepted by the third-party payer, GH treatment is an option, with a
very important difference however. Where the difference lies is in what justification
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for the treatment and promise of results can be given to the child and family. With
peak responses clearly <5, an extremely short stature without and satisfactory nor-
malization with treatment is an honest most likely scenario. Beyond this level, the
evidence reviewed in this chapter makes it dishonest to promise that response to GH
treatment can be expected to be better than that seen in short children with idio-
pathic short stature who test >10 pg/L, i.e., 5-6 cm of AH gain. One should also
consider the psychological harm of presenting shortness as something so bad that
requires years of daily injections so one can be 5 cm less short.

Given the limitations discussed, an alternative is the long-established Australian
policy of completely doing away with GH testing and treating strictly on auxologi-
cal criteria (growth velocity <25th centile). It has been pointed out that this policy
did not result in an unjustified and unmanageable surge in GH prescriptions [17]. In
fact, adjusted for population, GH use in Australia under this regime has been only
68.7 % of that in the USA [17]. This might suggest that auxological criteria are not
respected by US practitioners, who rely too heavily on biochemical GH testing with
inflated diagnostic thresholds.

Conclusion

A critical review of the evidence base points to serious flaws in what is generally
accepted as the standard-of-care way in which GH testing results are interpreted and
used to make treatment decisions. This creates the ethical imperative that physicians
proposing GH treatment of short children, whose response to provocative testing is
in the gray zone of values that may be also seen in healthy, normally-growing chil-
dren, moderate the promise of the expected effect. In these cases, the effect may be
much closer to that for ISS rather than the spectacular effects seen in complete GHD.
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Chapter 9
Laboratory Diagnosis of Growth Hormone
Deficiency in Adults

Kevin C.J. Yuen

Introduction

Physiological growth hormone (GH) secretion is pulsatile and accounts for more
than 85 % of the total daily GH secretion [1]. Due to its circadian and pulsatile
nature of secretion, serum GH levels can vary between peaks and troughs. In addi-
tion, GH secretion is influenced by many factors such as gender, pubertal status,
nutrition, sleep patterns, physical activity, body composition, stress, gonadal ste-
roids, and prevailing insulin levels [2]. Peripheral GH actions are primarily medi-
ated through insulin-like growth factor-I (IGF-I) synthesized in the liver. IGF-1 is a
70 amino acid protein that has a longer half-life in the circulation than GH and is
considered to provide an integrated measure of GH secretion.

Growth hormone deficiency (GHD) in adults is a well-recognized clinical syn-
drome that affects many organs and systems, and is characterized by alterations in
body composition, decreased aerobic exercise capacity, impaired quality of life, and
adverse changes of carbohydrate metabolism and cardiovascular function. Without
the salient sign of impaired linear growth seen in children, the symptoms and signs
of GHD in adults are nonspecific; hence laboratory testing to assess GH secretion is
essential for diagnosis. However, as serum IGF-I levels decline with normal aging,
and tend to be low in obesity and in some common medical conditions such as
liver disease, poorly controlled diabetes, and fibromyalgia, serum IGF-I levels can
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often overlap in normal subjects and in adults with GHD. Furthermore, because
states of GH sufficiency and deficiency lie on a continuum, the diagnosis of adult
GHD cannot be established by a single random measurement of serum GH or
IGF-I level, but is dependent on the demonstration of a subnormal rise in peak
serum GH level in response to one or more dynamic laboratory GH stimulation
tests. The concept underlying the use of GH stimulation test(s) is to assess the peak
level of GH response to a stimulatory agent in normal subjects as compared to
adults with GHD, with the final objective of being able to clearly discriminate
between the two groups. Various GH stimulatory agents, either used alone or in
combination, have been proposed in the past, and although the data of many of these
tests have been reported in the literature, very few of these tests have been extensively
and vigorously validated.

Diagnosis of Adult GHD: Current Perspectives

Currently, there is no ideal stimulation test; hence the decision to embark on a
stimulation test to assess the GH status of an individual must factor in the valid-
ity of the chosen test, its appropriate cut-point limits, and the availability of
local resources and expertise. In addition, GH immunoassay results may vary
between different assay methods. Reasons for the variability in GH assay results
include the heterogeneity of the analyte, the availability of different prepara-
tions for calibration, and the interference from matrix components such as
GH-binding protein [3]. Furthermore, the reporting of results in mass units or
international units together with the application of variable conversion factors
may lead to confusion. The current international reference standard advocated
by the Growth Research Society (GRS) for GH assays is International Reference
Preparation 88/624 (1 mg=3.0 U) and for IGF-I assays is International Reference
Preparation 87/518, but the society acknowledges that further comparative stud-
ies are needed to achieve standardization of GH and IGF-I assays [4]. The GRS
also calls for assay manufacturers to publish the validation of their assays,
which should include specification of the GH isoforms detected (20 kDa GH,
22 kDa GH, and other isoforms) and the presence or absence of any effects due
to GH-binding protein, and mandates that GH and IGF-I results should be
expressed in mass, not international units [4].

Current published guidelines recommend the evaluation of adult GHD to be
based on clinical findings and medical history (e.g., patients with hypothalamic-
pituitary disease, those who have received cranial irradiation or tumor treatment,
and those with a history of traumatic brain injury or subarachnoid hemorrhage),
using the appropriate laboratory GH stimulation test(s) for biochemical confir-
mation [4-6]. In certain subgroups of patients, the timing for testing for adult
GHD is critical. For example, childhood-onset GHD may persist into adulthood
and requires retesting at least 4 weeks after stopping GH replacement to confirm
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the diagnosis. The diagnostic cutoff having the optimal sensitivity and specificity
in this transition period appears to be higher than in adults but has not been well
established. In those with a history of traumatic brain injury, GHD should be
tested at 3 and 12 months after the injury since there is a possibility that GH
secretion may recover over time. By contrast, in patients with three or more pitu-
itary hormone deficiencies and low serum IGF-I levels below the reference range
in the appropriate clinical context, the diagnosis of adult GHD can be made with-
out requiring GH stimulation testing. Testing should also be performed under
stable conditions with adequate replacement of other pituitary hormone deficits
in patients with hypopituitarism.

The insulin tolerance test (ITT) is currently accepted as the gold standard test for
evaluation of GHD and is endorsed by several consensus guidelines [4—-6]. However,
this test is labor intensive and unpleasant for some patients, has potential risks, and
is contraindicated in the elderly and in patients with seizure disorders and coronary
artery disease. Thus, there remains a genuine unmet medical need for an alternative
test to the ITT that is safe, accurate, convenient, and reproducible. Following the
publication of several validation studies [7—10] and recommendations from current
consensus guidelines [4-6], the GH-releasing hormone (GHRH) plus arginine
(GHRH-arginine) test was accepted as the alternative GH stimulation test to the
ITT. However, when EMD Serono Inc. discontinued production of Geref® (a GHRH
analogue) in the United States in 2008 [11], the Endocrine Society [6] and the
American Association of Clinical Endocrinologists [5] endorsed the glucagon stim-
ulation test (GST) as the alternative test when the ITT is contraindicated.

Stimulatory Tests Used in Diagnosing Adult GHD

Insulin Tolerance Test (Table 9.1)

Following the seminal work in 1969 by Plumpton and Besser [12], the ITT has
become a valuable tool in the investigation of pituitary function. This test remains
widely considered as the gold standard test for the assessment of GHD in adults
because insulin-induced hypoglycemia is a powerful stimulator of endogenous GH
secretion. Another advantage of this test is that it can also simultaneously assess the
hypothalamic-pituitary-adrenal (HPA) axis for adrenal insufficiency. The reliability
of the ITT as a GH stimulation test with a GH cut point of 5 ng/mL was demon-
strated by results indicating 96 % sensitivity and 92 % specificity when evaluated
by a receiver-operator characteristic curve analysis [8]. The caveat for this test is
that results of the ITT are gender dependent and patients with obesity and/or
glucose intolerance demonstrate falsely blunted GH responses, resulting in a
false-positive diagnosis of adult GHD [13]. In addition, there have also been some
concerns raised by some investigators about its reproducibility and specificity
[14, 15].



Table 9.1 Recommended protocol for performing the ITT

Contraindications:
History of epileptic seizures, coronary artery disease, cerebrovascular disease, pregnancy, or
age >55 years

Precautions:
Patients commonly develop neuroglycopenic symptoms during the test and should be
encouraged to report these symptoms (administration of IV antiemetics can be considered)
Late hypoglycemia may occur (patients should be advised to eat small and frequent meals
after completion of the test)

Procedure:
Ensure patient is fasted from midnight for 8—10 h from solids and liquids (except water)
Withhold all morning medications (if the HPA axis is simultaneously assessed;
glucocorticoids should be withheld >12 h before testing)
Weigh patient
Place IV cannula in both forearms®
Administer IV human regular insulin (standard dose, 0.05-0.1 units/kg for nondiabetic
subjects with a BMI <30 kg/m?, and high dose, 0.15-0.3 units/kg for subjects with a BMI
>30 kg/m? and subjects with insulin resistance)®

Sampling and measurements:
Baseline
Blood is drawn for glucose measurement with a glucometer
Blood drawn for baseline glucose, GH, and IGF-I (cortisol and ACTH, if HPA axis is assessed
simultaneously) levels will be sent to the laboratory for further analysis
During the test
Blood samples are drawn from the IV line every 5-10 min for measurement of glucose levels
using a glucometer
Signs and symptoms of neuroglycopenia are recorded
When blood glucose levels from the glucometer approaches 45 mg/dL (2.5 mmol/L), blood
samples are sent to the laboratory for measurements of blood glucose levels
When symptomatic hypoglycemia is achieved (laboratory blood glucose <40 mg/dL or
2.2 mmol/L), additional blood samples are collected to measure glucose and GH (+/— cortisol
if the HPA axis is assessed simultaneously) levels at 20, 25, 30, 35, 40, 60, and 90 min
The patient can begin drinking orange juice and eat to raise his/her blood glucose levels IV
100 mL of 5 % dextrose can be administered if the patient cannot tolerate oral intake due to
nausea or vomiting)
At the end of the test
Blood glucose levels measured from the glucometer should increase to levels >70 mg/dL
(3.9 mmol/L) before the patient is discharged from the testing unit

Interpretation:
If adequate (symptomatic) hypoglycemia is not achieved (<40 mg/dL or 2.2 mmol/L), then
GHD cannot be diagnosed
Peak serum GH levels <5 pg/L at any time point during the hypoglycemic phase of the test
is diagnostic of adult GHD

ACTH adrenocorticotropic hormone, HPA hypothalamic-pituitary-adrenal, IV intravenous

“Two IV lines are placed because one IV line is used for the administration of insulin bolus and
possibly for administration of IV 5 % dextrose if the patient requires resuscitation from hypoglyce-
mia, while the other IV line is used for repeated blood draws

°In certain patients with BMIs >30 kg/m? who appear muscular with enhanced insulin sensitivity,
clinical discretion is required in deciding the insulin dose for these patients. A lower dose may be
more appropriate in preventing severe hypoglycemia
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Glucagon Stimulation Test (Table 9.2)

The use of the GST for the assessment of GH reserve was first described in 1969 by
Mitchell et al. [16]. Since then, the GST has been shown by several investigators to
have a GH secretory potency that is similar to or slightly less than the ITT, suggest-
ing that it is more reliable than other classic agents such as arginine or clonidine for
differentiating GH-deficient patients from normal subjects [17-22]. The GST has
been validated with the ITT in assessing GH reserve [18, 23, 24] and hypothalamic-
pituitary-adrenal (HPA) [25, 26] axes in children, but the true mechanism(s) of how
glucagon stimulates GH release remains unclear. With the unavailability of the
GHRH-arginine test due to the discontinuation of Geref® (a GHRH analogue) in the
United States since 2008, the GST has since been increasingly used because of its
availability, reproducibility, safety, and lack of influence by gender and hypotha-
lamic cause of GHD [5, 6, 27].

The rate of nausea, vomiting, and headaches during GST ranges from less than
10 % [18] to 34 % [28]. In our experience of 425 GSTs performed at five academic
centers in the United States, the main side effects reported were nausea (37.2 %),
vomiting (2.4 %), hunger, headaches, sleepiness, body chills, lightheadedness, and
abdominal cramping that occurred mainly between 60 and 210 min and that most of
these events were mild or moderate in severity that resolved by 240 min of the test
[29]. However, in this study, we also found a substantial number of patients with
glucose intolerance and high body mass index (BMI) who failed the GST compared
to those with normoglycemia and BMIs less than 30 kg/m? [29]. This raises the
question of the reliability of the GST in assessing GH reserve in patients with under-
lying glucose intolerance and/or obesity. To address this question, Dichtel et al. [30]
recently examined the GH response to glucagon in adult men with BMIs of 25 kg/m?
or more and found that using the traditional peak GH cut-point value of 3 ng/mL on
GST in otherwise healthy overweight and obese individuals led to significant over-
diagnosis of adult GHD. Consequently, these investigators proposed a lower GH cut
point of 1 ng/mL and demonstrated that this cut point significantly increases the
specificity and preserves the sensitivity of the GST for diagnosing adult GHD in this
population.

The diagnosis of secondary adrenal insufficiency can also be challenging,
particularly in patients with recent pituitary surgery or cranial irradiation when
the adrenal cortex may still be responsive to stress but the hypothalamic-pituitary
function is compromised. A number of studies have investigated the utility of
GST in evaluating the HPA axis [28, 31, 32], but to date, there is no accurate vali-
dation on the peak cortisol cut points that can reliably diagnose secondary adrenal
insufficiency. In patients where there is a possibility of secondary adrenal insuf-
ficiency, I propose measuring cortisol levels during the GST. If peak cortisol levels
during the GST exceed 20 pg/dL, then no further testing of the HPA axis is neces-
sary, but if peak cortisol levels are 20 pg/dL or less, further testing of the HPA axis
with either an ITT or an ACTH stimulation test is required to confirm the diagnosis
of adrenal insufficiency.
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Table 9.2 Recommended protocol for performing the GST

Contraindications:
Malnourished patients or patients who have not eaten for >48 h
Precautions:

Patients may feel nauseous during and after the test (administration of IV antiemetics can be
considered)

Late hypoglycemia may occur (patients should be advised to eat small and frequent meals
after completion of the test)

No peak GH responses have been studied using the GST in normal subjects >70 years, and
none of the previous studies included patients with diabetes mellitus. Therefore, caution
should be exercised when interpreting normal GST results in these patients. If the suspicion
of GHD remains high in these patients, it is reasonable to consider using a second GH
stimulatory test

Procedure:
Ensure patient is fasted from midnight for 8—10 h from solids and liquids (except water)

Withhold all morning medications (if the HPA axis is simultaneously assessed;
glucocorticoids should be withheld >12 h before testing)

Weigh patient

Place IV cannula in one forearm

Administer glucagon 1 mg (1.5 mg if patient weighs more than 90 kg) as an IM bolus
Sampling and measurements:

Serum GH (+/— ACTH at baseline and cortisol at all time points if the HPA axis is assessed
simultaneously) and capillary blood glucose levels are measured at baseline, 30, 60, 90, 120,
150, 180, 210, and 240 min®

Interpretation:
Peak serum GH levels tend to occur between 120 and 180 min
Peak GH levels <3 pg/L at any time point during testing is diagnostic of adult GHD
IM intramuscular
“Blood glucose levels are monitored for late hypoglycemia and not used to interpret the test. While

the lowest blood glucose level with the GST in the literature was reported at 37 mg/dL [16], in our
experience, we did not observe blood glucose levels below 40 mg/dL with this test [29]

GHRH-Arginine Test (Table 9.3)

The GHRH-arginine test has been validated in several studies as a reliable alter-
native test when the ITT is contraindicated or impractical [8, 9] and is endorsed
by the Endocrine Society [6], the American Association of Clinical Endocrinologists
[5], and the GRS [4]. Arginine potentiates and reduces variability in GHRH-
stimulated GH secretion by inhibiting release of somatostatin from the hypothala-
mus. In 2008, EMD Serono, the sole distributor of Geref® (a GHRH analogue) in
the United States, discontinued its production leaving a need for an alternative
test [11, 27]. Stratum Medical Corporation (San Diego, CA, USA) is currently
developing GHRH Diagnostic, which is chemically identical to Geref®. However,
GHRH Diagnostic is currently only available for investigational use under its
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Table 9.3 Recommended protocol for performing the GHRH-arginine test

Contraindications:
Allergy to GHRH analogue and arginine
Precautions:
Transient sensation of body warmth and/or flushing due to GHRH
Other side effects of GHRH are nausea, headache, experiencing a strange taste in the mouth,
and transient hypotension
Procedure:
Ensure patient is fasted from midnight for 8-10 h from solids and liquids (except water)
Withhold all morning medications
Weigh patient
Place IV cannula in one forearm

Administer GHRH analogue (1 pg/kg) [GHRH 1-29 (Geref®, Serono, Inc., Norwell, MA,
USA)] as an IV bolus and arginine hydrochloride 30 g simultaneously as an IV infusion from
0 to 30 min

Sampling and measurements:
Baseline
Blood is drawn for laboratory measurements of GH and IGF-I levels
During the test
Serum GH levels are measured at 30, 60, 90, and 120 min
Interpretation:

Two important factors must be taken into consideration when interpreting the GHRH-arginine
test:

1. Because GHRH directly stimulates somatotroph cells, this test can yield misleadingly
normal responses in patients with a hypothalamic GHD (e.g., patients with previous cranial
radiotherapy or hypothalamic tumors) [43]

2. Cut points to diagnose adult GHD are BMI-dependent. Peak serum GH levels
<11.0 pg/L, 8.0 pg/L, and 4.0 pL at any time point during testing in patients with BMIs
>30 kg/m?, 25-30 kg/m?, and <25 kg/m?, respectively, are diagnostic of adult GHD [5]

Investigational New Drug registration with the US Food and Drug Administration
(PIND 106, 573) [33].

Arginine Test (Table 9.4)

The diagnostic reliability of arginine alone has been previously questioned [8, 17].
Arginine alone is less reliable than the ITT or GHRH-arginine test [8] because the
mean peak GH response to arginine alone is lower compared with the ITT in adults
with GHD [34] and in normal lean subjects [22]. Thus, the Endocrine Society [6] and
the American Association of Clinical Endocrinologist [5] guidelines recommend utiliz-
ing this test only when the ITT and the GST are contraindicated or if glucagon is
unavailable. If this test is to be used, appropriately low peak GH cut points should be
employed (for 95 % sensitivity, 1.4 pg/L; for 95 % specificity, 0.21 pg/L, and to mini-
mize misclassification in either direction, 0.4 pg/L) [8].
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Table 9.4 Recommended Contraindications:
protocol for performing the

g Allergy to arginine
arginine test &y g

Precautions:

Nausea, vomiting, headache, and
flushing

If the solution extravasates, local
skin irritation may occur

Procedure:

Ensure patient is fasted from
midnight for 8—10 h from solids and
liquids (except water)

Withhold all morning medications
Weigh patient
Place IV cannula in one forearm

Administer arginine 0.5 g/kg
(maximum 30 g) as an IV infusion
over 30 min

Sampling and measurements:
Baseline

Blood is drawn for laboratory
measurements of GH and IGF-I levels

During the test

Serum GH levels are measured at 30,
60, 90, and 120 min

Interpretation:

Peak GH levels <0.4 pg/L at any
time point during testing is
diagnostic of adult GHD [8]

Ghrelin Mimetics

The reliability of testing with GH secretagogues such as GH-releasing peptide-2
alone [35], GH-releasing peptide-6 alone, and combined GH-releasing peptide-6
plus GHRH [36] in comparison with the ITT has been previously evaluated. These
agents work on the same concept as the GHRH-arginine test in stimulating pituitary
GH release by mimicking the activity of the natural GH secretagogue receptor ligand
(i.e., ghrelin) to stimulate endogenous GHRH and to block somatostatin action. The
limitation of these agents is that they are more likely to explore the pituitary somato-
troph releasable pool and might potentially induce misleadingly normal peak GH
responses in patients with hypothalamic causes of GHD [37]. Previous studies have
reported that GHRP-6 has been tested alone and in combination with GHRH as a
provocative test for adult GHD [36-38], and these studies have demonstrated its
accuracy comparable to ITT, although with varying cut points. The only notable side
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effect observed was flushing. In these studies, GHRP-6 was administered as an IV
injection, and peak GH levels occur at 15-30 min, significantly earlier than in other
GH provocative tests. Peak GH levels in the GHRH-GHRP-6 test are unaffected by
age, sex, or increased BMI [38]. In addition, the GHRP-6 test is highly specific [39],
but less sensitive than the ITT for the diagnosis of adult GHD, and is of little utility
in the diagnosis of adrenal insufficiency [40]. In another study comparing GHRP-2
with ITT in adults with GHD and controls, a diagnostic cut point of 15 pg/L with
GHRP-2 corresponded to a cut point of 3 pg/L with the ITT [35]. The results were
reproducible on repeated testing, and the GH peak after GHRP-2 typically occurred
within 1 h. Other GH secretagogues such as acylated ghrelin [41] and macimorelin
[42] in assessing for adult GHD have also been recently reported. These agents
utilize the same concept as the GHRH-arginine test in stimulating pituitary GH
release by mimicking the activity of the natural GH secretagogue receptor ligand
(i.e., ghrelin) and appear to demonstrate a good safety profile with relatively few
contraindications. However, none of these GH secretagogue agents are currently
available commercially in the United States.

Future Perspectives

Recent studies have indicated that further refinements to the GST are still necessary
to improve the sensitivity and specificity of this test. We reported a 2-year experi-
ence of fixed and weight-based dosing of 515 GSTs conducted at five academic
centers in the United States and explored the potential of the GST in testing the HPA
axis [29]. In this study, we found that the weight-based dosing regimen induced
higher peak and nadir glucose levels, with peak GH and peak cortisol levels occur-
ring later in the test compared to the fixed dosing regimen. Vomiting was more
prevalent in the weight-based regimen, and age, BMI, and glucose tolerance may
impact glucagon-induced GH and cortisol secretion. Overall, the GST was well
tolerated and can be performed as an outpatient; however further studies are required
to determine whether GSTs may falsely diagnose GHD in patients with fasting
hyperglycemia and/or high BMIs. Thus, to improve the diagnostic reliability of the
GST especially in patients with glucose intolerance and in those with high BMIs, a
priming agent could be used to combine with the GST with appropriate cut points
to improve its sensitivity and specificity, similar to the GHRH in priming the argi-
nine test. Until such data becomes available, it may be necessary to consider repeat-
ing the GH stimulation test over time for such patients.

More recently, Garcia et al. [42] reported data of a multicenter study assessing
the diagnostic efficacy of a novel oral GH secretagogue AEZS-130 (Macimorelin,
Aeterna Zentaris, Inc., Basking Ridge, NJ, USA) compared to the GHRH-arginine
test in 50 adults with GHD and 48 healthy controls [42]. The optimal GH cut point
was 6.8 pg/L for patients with BMIs less than 30 kg/m? and 2.7 pg/L for patients
with BMI of 30 kg/m? or more. These cut points yielded 82 % sensitivity, 92 %
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specificity, and 87 % accuracy at the 60 min time point of the test. These results
are promising as they demonstrate the safety, convenience, and comparable effi-
cacy of oral macimorelin to the GHRH-arginine test in diagnosing adult GHD, but
further studies involving larger numbers are needed to compare its diagnostic
accuracy with that of the ITT.

Conclusions

Laboratory testing for adult GHD should only be undertaken when GH replace-
ment is considered in patients with an appropriate clinical context. In line with
recently published consensus guidelines [4—6], the ITT should remain as the test of
reference due to its greatest diagnostic accuracy, even in patients with suspected
hypothalamic GHD. However, due to the inherent drawbacks of the ITT, the GST,
with its current available evidence of its diagnostic accuracy, should remain as the
alternative test to the I'TT for diagnosing adult GHD. For the time being, the tradi-
tional peak GH cut-point value of 3 ng/mL should be employed until larger studies
are performed to further validate the use of lower GH cut points of the GST in
patients with underlying glucose intolerance and/or obesity. In addition, despite
some studies demonstrating the comparability of the GST to the ITT in assessing
the HPA axis [25, 26], further refinements to the cortisol cut points for the GST are
still needed to improve the diagnostic accuracy of the GST in assessing the HPA
axis in adults. If the GST can be shown to reliably distinguish adrenal sufficiency
from insufficiency, then the ability of assessing both the GH and cortisol reserve
simultaneously, just as in the ITT, would make this test more attractive. While
previous studies have shown that the GST could be shortened from 4 to 3 h and yet
maintain its diagnostic utility [28, 32], until further prospective data becomes
available, the GST should be conducted over 4 h to ensure that delayed peak GH
responses and late hypoglycemia are not missed. Recent GH stimulation studies
using newly formulated GH secretagogue ghrelin mimetics appear promising as
these tests are simple, effective, and well tolerated. With further validation and
when they eventually become available commercially, these agents may potentially
become the test of choice for evaluating adult GHD.
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Chapter 10
Pituitary Gland Imaging

Natascia Di Iorgi, Giovanni Morana, Flavia Napoli, Andrea Rossi,
and Mohamad Maghnie

Introduction

Establishing endocrine and magnetic resonance imaging (MRI) phenotypes is
extremely helpful in the selection and management of patients with growth hor-
mone deficiency (GHD), both in terms of the early diagnosis of evolving anterior
pituitary hormone deficiencies and possible genetic counseling. Indeed, modern
neuroimaging techniques represent an essential tool in the evaluation of the hypo-
thalamic—pituitary area and brain structures, and the advent of MRI has significantly
enhanced overall diagnostic accuracy. The use of MRI has led to an enormous
increase in our comprehensive knowledge of pituitary morphology, improving, in
particular, a differential diagnosis of hypopituitarism [1, 2].

Today there is convincing evidence to support the hypothesis that marked MRI
differences in pituitary morphology with or without additional central nervous sys-
tem abnormalities indicate a range of disorders which affect the organogenesis and
function of the anterior pituitary gland with different prognoses. Specifically, MRI
allows a detailed and precise anatomical study of the pituitary gland by differentiat-
ing between the anterior and posterior pituitary lobes. The MRI identification of
pituitary hyperintensity in the posterior part of the sella, now commonly considered
a marker of neurohypophyseal functional integrity, has been the most striking find-
ing for the diagnosis and understanding of anterior and posterior pituitary diseases
including idiopathic GHD, as well as hypopituitarism associated with permanent
GHD [3-14].
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These neuroimaging developments have inevitably raised some important
questions. Is there a gold standard for the diagnosis of GHD and what then is the
ultimate goal of MRI examination? Is MRI phenotype imaging informative? Does
a diagnosis of MRI phenotype affect the evaluation of patients with GHD? Can
MRI phenotype predict the outcome of patients with GHD? And, finally, what is
the contribution of these MRI findings to overall GHD management? MRI is cer-
tainly an important benchmark, but several questions remain unanswered and oth-
ers clearly represent a challenge.

This chapter will discuss the current state of knowledge in our understanding of
the etiology of hypopituitarism associated with structural hypothalamic—pituitary
abnormalities and the most relevant impact of MRI findings in the current manage-
ment and outcome of diseases involving the hypothalamic—pituitary area.

Imaging Techniques

MRI is the radiological examination method of choice for evaluating the
hypothalamic—pituitary region. Most information is provided by 2-3 mm thick,
high-resolution spin-echo (SE) T1- and turbo/fast spin-echo (TSE) T2-weighted
images on sagittal and coronal planes. Additionally, heavily T2-weighted images
[i.e., driven equilibrium (DRIVE), constructive interference in steady state (CISS),
or fast imaging employing steady-state acquisition (FIESTA) sequences] obtained at
submillimeter thickness are highly recommended, since they can provide more
detailed information of the anatomy of the suprasellar compartment (Fig. 10.1).
In particular, the evaluation of the pituitary stalk is significantly improved, while, in
our experience, sensitivity is similar to that of post-contrast T1-weighted images;
therefore, post-contrast imaging can be safely omitted in patients with an isolated
growth hormone (GH) defect, provided that T2-DRIVE has been performed. These
3D sequences also allow a better and more reproducible evaluation of the pituitary
stalk on serial studies, as they may be reformatted so as to obtain identical slice
orientation when compared to prior studies. Additional midline structures, such as
the median eminence, tuber cinereum, mammillary bodies, and the pineal gland, are
also extremely well depicted; the main limitation of these sequences is the homoge-
neously low signal intensity of the pituitary gland that cannot thus be confidently
separated into the anterior and posterior lobe [15].

When MRI is unavailable or contraindicated, computerized tomography (CT)
remains a valuable alternative for the study of the sellar and parasellar region.
Current multislice helical CT provides high-quality coronal and sagittal reformat-
ted images from axial acquisitions. Helical imaging is also useful for minimizing
imaging time and radiation dose. CT also has a complementary role in the identifi-
cation of intralesional calcifications or to better evaluate bone structures (i.e., in the
study of the skull base before transsphenoidal surgery or in the case of suspected
bone lesions).
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Fig. 10.1 Normal sellar region. (a) Sagittal T1-weighted image; (b) Gd-enhanced sagittal
T1-weighted image; (¢) Gd-enhanced coronal T1-weighted image; (d) sagittal T2-DRIVE image
(different subject). (a) The posterior pituitary lobe (PPL), physiologically bright on T1-weighted
image, anterior pituitary lobe (APL), pituitary stalk (PS), median eminence (ME), optic chiasm
(OC), tuber cinereum (TC), and mammillary bodies (MB) are clearly visible. (b, ¢) Following
gadolinium injection, the pituitary gland (PG), stalk (PS), and tuber cinereum (TC) enhance, as
well as the cavernous sinuses (CS). The internal carotid arteries (ICA) are recognizable within the
cavernous sinuses (CS). On the coronal plane (C), the pituitary stalk (PS) is clearly visible in its
midline position, generating a T-shape together with the overlying optic chiasm (OC). (d) The
pituitary stalk (arrowhead) is optimally depicted with sharp delineation of the infundibular recess
of the third ventricle (IR). Additional midline structure such as the lamina rostralis (LR), anterior
commissure (AC), and lamina terminalis (LT), as well as the Liliequist membrane (LM), are
clearly recognizable. Note the homogeneously low signal intensity of the pituitary gland (PG) that
cannot thus be confidently separated into the anterior and posterior lobe

In addition to high-resolution sellar MR imaging, one or more survey sequences
of the entire brain should also be performed. At least a fluid attenuation inversion
recovery (FLAIR) and a diffusion-weighted imaging (DWI) sequence on the axial
plane should be acquired to rule out additional brain abnormalities.
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DWI provides information regarding diffusion of water molecules in the section
studied, from which quantitative values, the so-called apparent diffusion coefficient
(ADC), can be calculated. DWI is quick and easy to obtain and, in less than 1 min
scan time, provides noninvasive estimation of differences in cell density and tissue
structure that may be extremely helpful in characterizing sellar and extrasellar lesions.

Among advanced MR techniques, diffusion tensor imaging (DTI) can add valu-
able information in the evaluation and characterization of brain malformations that
can be associated with hypothalamic—pituitary axis developmental defects. DTI
provides information about both the rate and the direction of water motion through
the measure of anisotropy, which is the tendency for water molecules to diffuse in
some directions rather than equally in all directions. Water diffusion in white matter
tends to be more facilitated in the direction of myelinated axons than in the orthogo-
nal direction, and therefore, DTI is a sensitive method to assess normal white matter
pathways (tractography) and their alterations in disease states that disrupt tract
integrity [16].

MR spectroscopy (MRS) is another advanced MRI technique that can be used in
selected cases, in particular in the evaluation and characterization of sellar—supra-
sellar mass lesions.

This imaging technique allows noninvasive detection and estimation of normal
and abnormal metabolites within brain tissue. Different patterns of metabolite con-
centrations are associated with increased cellular growth, neuronal loss, necrosis, or
normal tissue. MRS is presently largely available on clinical MRI scanners and can
be performed automatically in most conditions [17]. Of note, the abovementioned
advanced MR techniques are not part of the standard examination of the sellar
region and should be performed on a case-by-case basis (Table 10.1).

Neuroimaging of Pituitary Gland

The correct interpretation of MRI scans requires a detailed knowledge of the nor-
mal features of the pituitary gland (Fig. 10.1) and of its changes within the same
individual over time. The assessment of the pituitary gland includes the evaluation
of signal intensity, shape, size, position, and connection with surrounding tissues.
The evaluation of central nervous system (CNS) structures, particularly the corpus
callosum, septum pellucidum, optic chiasm, olfactory tracts, brain stem, and cere-
bellum is also mandatory.

Normal Pituitary Appearance During Childhood

The pituitary gland undergoes dynamic changes [18] throughout life, reflecting its
complex hormonal environment. In newborns, the gland is typically convex, some-
times pear-shaped, with very high signal intensity on T1-weighted images (Fig. 10.2).
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Table 10.1 Standard and advanced MRI protocol in GHD

Conventional MRI Sagittal SE T1 Anterior and posterior pituitary discrimination.
Midline structures and cranio-cervical junction
evaluation. Absent bright spot in CDI. High-
protein content cysts in craniopharyngiomas and

Rathke cleft cysts
Sagittal T2 Pituitary stalk and midline structures evaluation.
DRIVE Optic chiasm and nerves morphology

Pineal gland evaluation. Pituitary stalk thickness
analysis on follow-up
Coronal TSE T2 Pituitary width evaluation. Pituitary stalk
orientation. Optic nerves and chiasm depiction
Axial FLAIR Screening sequence to evaluate the whole brain.
Additional structural sequences (i.e., 3D T1, axial
T2) can be performed on a case-by-case basis

Coronal, sagittal, Can be omitted. Pituitary stalk evaluation. Mass
and axial lesions characterization. Secondary dissemination
post-contrast T1
Advanced MRI Axial DWI Estimation of differences in cell density and tissue
(performed on a structure (i.e., sellar—extrasellar mass lesions).
case-by-case basis) Highly recommended in standard protocol
DTI Measurement of the location, orientation, and
anisotropy of white matter tracts (i.e., brain
malformations)
MRS Detection and estimation of normal and abnormal

metabolites within brain tissue (i.e., sellar—
suprasellar mass lesion characterization)
MRI magnetic resonance imaging, SE spin echo, CDI central diabetes insipidus, DRIVE driven
equilibrium, TSE turbo spin echo, FLAIR fluid attenuation inversion recovery, DWI diffusion-
weighted imaging, DTT diffusion tensor imaging, MRS magnetic resonance spectroscopy

This morphology and signal intensity correlates with the intense endocrine activity,
lactotroph hyperplasia, and protein synthesis known to occur in the gland during the
neonatal period. This appearance gradually changes during the first and second
months, until the infant configuration, with a flat or slightly concave superior sur-
face and isointensity of the anterior lobe to the white matter on T1- and T2-weighted
images, is achieved. During puberty, the anterior pituitary undergoes dramatic
changes [19] in size and shape, basically represented by marked enlargement
(Fig. 10.3).

By the second month of life, the posterior neural lobe of the gland becomes pro-
gressively recognizable next to the dorsum sellae as the “bright spot,” because of its
marked hyperintensity on T1-weighted images (Fig. 10.2). This finding has been
demonstrated to specifically result from the storage of vasopressin, a hormone
synthesized by the hypothalamus [20]. The vasopressin-associated carrier protein,
neurophysin II, is a very high molecular weight glycoprotein that complexes with
vasopressin to form insoluble crystal aggregates and typically shortens the T1 signal.
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Fig. 10.2 Postnatal appearance of the pituitary gland on sagittal T1-weighted images obtained in
two different children. (a) Newborn. Typical pear-shaped configuration of the anterior pituitary
lobe that appears spontaneously bright (arrow). (b) 2 months of age. The pituitary gland shows the
typical adult pattern with isointensity of the anterior lobe (arrow) to the white matter and hyperin-
tensity of the posterior lobe (arrowhead)

Fig. 10.3 Pubertal hyperplasia of the pituitary gland in a 14-year-old girl. (a) Sagittal T1-weighted
image; (b) gadolinium-enhanced sagittal T1-weighted image; (¢) gadolinium-enhanced coronal
T1-weighted image. Marked and symmetrical increase in size of the anterior pituitary lobe that
appears nearly spherical, with homogeneous enhancement following gadolinium injection. The
height of the gland is about 10 mm

Regardless of its chemical origin, the bright spot serves as an important marker of
neurohypophyseal function and, when present, documents integrity of the
hypothalamic neurohypophyseal tract. However, it is important to remember that the
bright spot may be absent in 10 % of normal individuals. The posterior pituitary does
not undergo physiological variations in either size or signal intensity during
childhood.

Following gadopentetate dimeglumine (gadolinium, Gd-DTPA) administration,
marked enhancement of the adenohypophysis and of the infundibulo-tuberal region
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Table 10.2 Hypothalamic—pituitary axis MRI

Signal Anterior Signal intensity equivalent to that of the white matter on
intensity pituitary precontrast T1 images (hyperintense at age 0-6 weeks)
Posterior Bright spot next to the dorsum sellae on precontrast T1 images
pituitary
Pituitary 3 mm near the optic chiasm—2 mm where it inserts into the
stalk ' é -
gland (best seen on T2 DRIVE images)i.Eall
Size/height Pituitary 0-6 weeks: 2.6-5 mm Measurement in
height: >2 years: 3-6 mm the sagittal section
on a plane . |

Puberty: up to 10-11 mm
girls

perpendicular to
the sella turcica
floor

7-8 mm boys

Pituitary V=(length x height x width)/2
volume: (Di Chiro formula:
underestimation)
V=areax width
(overestimation)
3D volumetric MRI

is clearly evident (Fig. 10.1). The appearance of the posterior lobe blends with the
anterior lobe because of its spontaneous hyperintensity.

A normal pituitary stalk usually tapers smoothly along its course. It is approxi-
mately 3 mm in diameter near the optic chiasm and 2 mm where it inserts into the
gland. The pituitary stalk is divided into two parts: one is the neuronal component
made up of the track of axons extending from the hypothalamic nuclei down to the
axon terminals in the posterior pituitary pouch, while the other is the vascular com-
ponent that provides blood supply to the anterior pituitary gland from the superior
hypophyseal arteries through the pituitary portal system [21] (Table 10.2).

Normal Pituitary Size

Pediatric pituitary gland size and shape change physiologically throughout life
depending on age and sex. Furthermore, even among children of identical age and
gender, there is wide morphological and dimensional variability [22, 23]; the mor-
phology of the gland may also vary from side to side reflecting a physiological
asymmetric development of the pituitary fossa, which in turn may be influenced by
the variable degree of pneumatization of the underlying sphenoid sinus throughout
infancy. With this in mind, a simple measure of a single dimension (i.e., height)
should not be considered a reliable indicator of the size of a tridimensional structure
such as the pituitary gland. Nevertheless, measurement of the pituitary gland height
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is still the most widely used method to obtain a quick, indirect determination of the
gland size. Normal pituitary gland height values range between 3 and 6 mm in pre-
pubertal children. In particular, in newborns, the gland typically presents an upward
convex margin with a mean height (about 4-5 mm) slightly higher when compared
to the gland height of the following months of age. In general, the height of the
pituitary gland slightly decreases or remains stable during the first 2 years of life,
whereas its width (transverse measurement) and depth (anterior—posterior measure-
ment) slightly increase; then, a mild but progressive increase in height occurs until
puberty, when the pituitary gland undergoes rapid and profound changes in size and
shape, with marked enlargement. In girls, the gland may swell symmetrically to a
height of 10—11 mm, appearing nearly spherical, whereas in pubertal boys it may
reach 7-8 mm [2, 24]. Indirect pituitary volume assessment has been calculated
using formulas adapted from the formula for the volume of an ellipsoid (i.e., the Di
Chiro formula: V=1/2 length xheightx width). Because glands are usually not
spherical, these methods do not allow a precise calculation of the real size of the
gland [25]. To overcome the abovementioned computational bias, volumetric data,
based on a direct calculation of pituitary volumes from 3D MRI sequences, repre-
sent a significant advance over the information collected using prior methods. A 3D
data set of T1-weighted images can be reformatted on sagittal or coronal planes, and
the entire volume is calculated adding the volume of the gland on each slice [26, 27].
Unfortunately, this method is time consuming and of limited practical use in daily
work. Furthermore, a careful comparison of the results obtained by three [25-27]
prior different studies shows a relative discrepancy among results, with wide varia-
tions of normal ranges; for instance, in one study [25] in which the volume of the
gland included the posterior pituitary, the average volume of the entire gland resulted
smaller at a given age, when compared to another study in which only the volume
of the adenohypophysis was taken into account [26]. A better standardization of the
computation method and larger series is awaited to better elucidate the clinical sig-
nificance and reproducibility of volumetric results that, at present, appear somewhat
incomplete.

MRI Phenotypes in GHD

Patients with idiopathic or genetically determined GHD can present with (a) normal
or hypoplastic pituitary gland without anatomical abnormalities of the hypothala-
mus or pituitary stalk, (b) moderate to severe hypoplastic pituitary gland with ecto-
pic posterior pituitary (EPP) located anywhere from the median eminence to the
distal stalk (pituitary dystopia), or (c) agenesis of the pituitary gland. Isolated GHD
(IGHD) is more commonly observed in the first category, while multiple pituitary
hormone deficits (MPHD) occur in the last two. An empty sella is reported in about
10 % of IGHD.

In a large cohort of patients from a post-marketing observational study [28], the
analysis of MRI findings in 1844 patients—that had been previously classified as
“idiopathic short stature” (ISS) and small for gestational age (SGA)—showed 151
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Fig. 10.4 Pituitary hypoplasia. (a—c) Sagittal T1-weighted images. Different degrees of anterior
pituitary hypoplasia (arrows) in three different children, ranging from severe (a) to mild (c). The
pituitary stalk and posterior lobe are normal

patients (8 %) with pituitary area abnormalities, with pituitary hypoplasia and EPP
associated with pituitary hypoplasia and missing pituitary stalk being the most com-
mon ones. These anomalies were equally distributed between ISS and SGA patients.
This raises the question about the misclassification bias based on GH response to
stimulation tests, where false-negative results have been reported in patients with
structural hypothalamic—pituitary abnormalities [29].

Pituitary Gland Hypoplasia

Pituitary hypoplasia (Fig. 10.4) is defined as a small anterior pituitary housed within
a small or normal pituitary fossa. It may either be isolated or as a part of complex
syndromes, such as Kallmann syndrome, Pallister—Hall syndrome, CHARGE (col-
oboma, heart anomaly, choanal atresia, retardation, genital, and ear anomalies)
(Fig. 10.5), and Coffin—Siris syndrome. It may also be associated with other CNS
malformations, such as septo-optic dysplasia (SOD), holoprosencephaly, corpus
callosum dysgenesis, and Chiari malformation.

Pituitary Dystopia

Pituitary dystopia consists of failed conjunction between the anterior and the poste-
rior lobe. Morphologically, it is characterized by:

1. Hypoplasia of the anterior pituitary lobe, which is housed within a small pitu-
itary fossa.

2. Absence or marked thinning of the pituitary stalk. The stalk is usually not identi-
fiable on baseline MRI, although, when present, it may be seen after gadolinium
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Fig. 10.5 Pituitary hypoplasia in CHARGE syndrome. (a) Sagittal T1-weighted image; (b) axial
T2-weighted image; (¢) coronal T2-weighted image; (d) coronal T2 DRIVE image. Small anterior
pituitary (arrowhead, a). Left optic nerve head coloboma (thick arrow, b). Bilateral absence of the
olfactory bulbs (open arrows, ¢). Coronal view of the inner ear structures at the level of the vesti-
bule shows bilateral agenesis of the semicircular canals (thin arrows, d)

administration (Fig. 10.6) or using high-resolution, heavily T2-weighted
sequences (CISS, DRIVE, or FIESTA) (Fig. 10.7).

3. EPP (“ectopic bright spot”). The ectopic posterior lobe is usually located at level
of the infundibular recess of the third ventricle, but it may be found anywhere
along the infundibular axis (Fig. 10.8).

Pituitary dystopia can be an isolated condition or associated with other central
nervous system (CNS) malformations, similar to pituitary hypoplasia (i.e., SOD
(Fig. 10.9), holoprosencephaly, corpus callosum dysgenesis, Chiari malformation).

In particular, IGHD is more commonly observed in association with normal or
hypoplastic anterior pituitary gland, whereas MPHD occurs more frequently in the
presence of EPP. In addition, MPHD may be associated with a spectrum of cerebral
malformations (Fig. 10.9) such as Arnold—Chiari I and II, agenesis of the septum
pellucidum, SOD, vermis dysplasia, syringomyelia, absence of the internal carotid
artery, dysgenesis of the corpus callosum, arachnoid cysts, and tentorium anomalies
with basilar impression [2, 7]. The frequency of these radiological findings and
their spectrum of pituitary hormone deficiencies are variable. In particular, MPHD
is more frequently associated than IGHD with EPP and with anterior pituitary
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Fig. 10.6 Pituitary dystopia. (a) Sagittal T1-weighted image; (b) gadolinium-enhanced sagittal
T1-weighted image. The ectopic posterior lobe is located at the level of the median eminence
(arrowhead, a) and the hypoplastic anterior lobe is located in a small pituitary fossa (thick arrow, a).
The pituitary stalk is not identifiable on baseline sagittal T1-weighted image (a). Following gado-
linium injection, a very thin pituitary stalk is seen (thin arrow, b)

Fig.10.7 Pituitary dystopia. (a) Sagittal T1-weighted image; (b) sagittal T2 DRIVE image. There
is a bulky ectopic posterior lobe with bilobated appearance located at the level of the median emi-
nence and within the proximal third of the infundibulum (thin arrows, a). The pituitary stalk is
barely recognizable on T1-weighted image (open white arrow, a), whereas it is confidently dem-
onstrated on T2 DRIVE image (open black arrow, b)

hypoplasia [1-14, 22-24, 30] (Table 10.3). The variability between different studies
can be attributed to the degree of restriction in diagnostic criteria, to the diagnostic
limits of GHD itself (transitory deficits, recovery, false positives, etc.), and/or to the
lack of a convincing standard for a normal-size pituitary gland among the prepubertal
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Fig. 10.8 Posterior lobe ectopia in different children. (a—f) Sagittal T1-weighted images. Different
locations of the ectopic posterior lobe from the median eminence (arrows, a, b), to mid-(arrows,
¢, d) and distal stalk (arrows, e, f)

pediatric population. The high frequency of sporadic forms of idiopathic GHD
associated with EPP in the absence of genetic identification remains intriguing,
suggesting that other factors may play a role as well.

The identification of EPP or pituitary stalk agenesis itself is helpful in the diag-
nosis and prognosis of patients with GHD, and the size of EPP may vary consider-
ably between patients, ranging from small EPP to large EPP and even huge EPP.
In particular, the size and the location of EPP are early markers of evolving pitu-
itary hormone deficiencies as reported in studies showing that small EPP surface
area and/or hypothalamic-sited EPP are predictive of the development of MPHD
[14, 15]. On the other hand, it is worth pointing out that a hypothalamic location
of EPP is generally associated with complete pituitary stalk agenesis and that a
huge EPP was misdiagnosed as a subhypothalamic tumor in a patient subsequently
subjected to unnecessary neurosurgery [49].

The presence of a vascular component of the stalk has prognostic significance
since patients with agenesis of the pituitary stalk run a greater risk of developing
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Fig. 10.9 Pituitary dystopia and septo-optic dysplasia. (a) Coronal T2-weighted image; (b) axial
T2-weighted image; (c) sagittal T1-weighted image; (d) sagittal T2 DRIVE image; (e) gadolinium-
enhanced sagittal T1-weighted image. There is absence of the septum pellucidum (asterisk, a) with
marked thinning of the optic chiasm (black arrowheads, a) and of the optic nerves (white arrow-
heads, b). Typical pituitary dystopia with an ectopic posterior lobe at the level of the median
eminence (thin arrow, ¢). The pituitary stalk is not visible on the sagittal T1-weighted image (open
arrow, ¢), whereas it is clearly demonstrated both on the 3D DRIVE sequence (black thick arrow,
d) and post-contrast T1-weighted image (white thick arrow, e)

MPHD than those who show a vascular residue of the stalk. Patients in whom a
pituitary stalk cannot be identified after Gd-DTPA administration have a risk of
developing MPHD evolving to MPHD that is 27 times greater than those with a
residual vascular pituitary stalk [9, 50].

A detailed study of the pituitary stalk with administration of Gd-DTPA is no
longer recommended provided that T2-DRIVE has been performed. T2-DRIVE
obtained at submillimetric thickness allows for an excellent and detailed representa-
tion of the anatomy of the suprasellar compartment, and in particular of the pituitary
stalk; pituitary stalk thickness is better evaluated than with conventional precontrast
T1- and T2-weighted images and, in our experience, the sensitivity is similar to that
of post-contrast T1-weighted images.
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Table 10.3 Reports from the literature on MRI features in subjects with idiopathic GHD (number
>35) [28, 31-47]

Presenting pituitary

MRI (%) functions (%)

IGHD MPHD
Reference Year | Patients | EPP HA NA (EPP) (EPP)
Bressani 1990 |57 34(59) |23(¢40) |0 36 (37) 21 (95)
Maghnie 1991 |45 20 (44) |13(29) |12 (26) 33 (24) 8 (100)
Abrahams 1991 |35 1543) 120(57) |15@43) 2 (10) 13 (87)
Argyropoulou | 1992 |46 29 (63) |10(21) |7(15) 26 (38) 20 (95)
Triulzi 1994 | 101 59 (48) |ND ND 67 (44) 34 (85)
Pinto 1997 51 51(100) |41(83) |6(13) 16 (100) 35 (100)
Nagel 1997 |56 24 (42) |11 (19) |17 (30) 43 (27) 13 (92)
Kornreich 1997 |51 41(80) |0 10 (20) 23 (56) 28 (100)
Hamilton 1998 |35 25(71) |3(<1) 2 (<1) 20 (70) 15 (73)
Arifa 1999 | 100 20 (20) |28 (28) |41 (41) 79 (ND) 19 (ND)
Bozzola 2000 |93 30(32) |69 (65) |24(35) 5(8) 25 (76)
Osorio 2002 |76 54 (71) |36(84) |ND 33 (55)° 43 (57)°
Arends 2002 |39 24 (61) |22(56) |17 (44) 11 (44) 13 (87)
Melo 2007 |62 48 0 0 10 (100)° | 38 (100)°

(100)°

Mehta 2009 | 137 63 (46) | 113(82) |24 (18) 44 (34) 93 (52)
Acharya 2011 |44 14 (32) |27(61) |ND 30 (27) 14 (43)
Jagtap 2012 | 103 25(24) 62(60) |39 (38) 72 (14) 31 (48)
Maghnie 2013 | 13,616 | 1018 (8) | 1178 (9) | 10,917 (80) | 11,358 (5) |2258 (23)
Deal 2013 | 8230 312(4) |342(4) |7039 (86) 7516 (ND) | 714 (ND)
Naderi 2015 |40 ND 4 (10) ND 33 (ND) 7 (ND)
Deillon 2015 |63 7(11) 12 (19) |43 (68) 58 (7) 5 (60)

Adapted from Argente et al. [48]

EPP ectopic posterior pituitary, HA hypoplastic anterior pituitary with normal located posterior
pituitary, NA normal anatomy, ND not determined

2One patient with GH-1 deletion

5 Propl and 1 Pitl defects

Posterior pituitary position not evaluated in 14 subjects

dEight percent of ISS and SGA patients showed pituitary anomalies at MRI

Agenesis of the Pituitary Gland

Congenital pituitary gland absence (aplasia) is an extremely rare anomaly that
involves variably the anterior pituitary, both the anterior and the posterior pituitary
lobes, and, in many cases, the pituitary stalk. The characteristic imaging finding of
pituitary aplasia is the absence of an identifiable pituitary gland. In addition, the
sella is small and flat, and it is sometimes covered by a layer of dura. The differen-
tial diagnosis includes severe hypoplasia of the pituitary gland. In patients with
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Fig. 10.10 Anterior pituitary gland aplasia and Chiari I malformation. (a) Sagittal T1-weighted
image; (b) coronal T1-weighted image. Small pituitary fossa containing the posterior pituitary
lobe, physiologically bright, without evidence of the adenohypophysis. The pituitary stalk is barely
visible (arrowheads, a, b). There is concomitant downward displacement of the cerebellar tonsils
(7). Note elongation of the medulla oblongata (thin arrows, a) and cervicomedullary kinking (thick
arrow, a)

neonatal panhypopituitarism, severe symptoms of hypoglycemia may appear during
the first hours of life. Symptoms include seizures, apnea, and cardiovascular col-
lapse and arrest.

Congenital absence of the pituitary gland can be isolated (rarer) or associated with
other major brain anomalies, such as craniofacial defects, SOD, arhinencephaly,
holoprosencephaly, anencephaly, and Chiari I malformation (Fig. 10.10) [51].

Empty Sella

The so-called empty sella is a misnomer, as the sella almost never is really empty.
This term had been introduced in the pre-CT, pre-MRI era, when neurosurgeons
used to operate on a suspected pituitary mass lesion on the basis of an expanded
sella turcica on plain radiography and, in many cases, the sella was found to be filled
only with cerebrospinal fluid (CSF) instead of a tumor, with a pituitary gland flat-
tened along the sellar floor. At present, the term empty sella basically indicates an
intrasellar herniation of the subarachnoid spaces through an incompetent sellar dia-
phragm (arachnoidal diverticulum) [52]. Rhythmic CSF pulsations contribute to
chronic compression of the pituitary gland and enlargement of the pituitary fossa
(so-called primary empty sella). MRI clearly demonstrates the presence of a deep
and enlarged pituitary fossa mainly filled with CSF, containing an anterior pituitary
lobe that appears as a thin layer along its floor. The posterior lobe is flattened against
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Fig. 10.11 Empty sella in two different patients. (a) Primary empty sella. Sagittal T1-weighted
image shows a deep pituitary fossa containing an anterior pituitary lobe that appears as a thin layer
(arrowhead). The posterior lobe is flattened against the dorsum sellae (arrow). The pituitary fossa
is mainly filled with CSF. The pituitary stalk is thinned and displaced posteriorly (open arrow). (b)
Secondary empty sella. Coronal T2-weighted image shows a pituitary fossa mainly filled with CSF
(open arrow) secondary to surgical resection of a pituitary adenoma. Residual pituitary paren-
chyma is visible in the left lateral portion of the sella (arrowhead)

the dorsum sellae, with a thin and stretched pituitary stalk (Fig. 10.11). An intrasellar
arachnoid expansion can also occur secondary to a reduced intrasellar tissue volume
due to such causes as surgical resection, radiation necrosis, pituitary atrophy, or
infarction (secondary empty sella). In such cases, it is essentially an “ex vacuo”
phenomenon where intracranial subarachnoid space secondarily extends into the
sella (Fig. 10.11).

Previous studies have reported the prevalence of primary empty sella to be about
5-9 % for all ages, with an increase in prevalence with age [53]. Most frequently,
this anomaly is an incidental finding, the only exceptions being patients with pseu-
dotumor cerebri (benign intracranial hypertension) in which clinical symptoms and
additional MRI findings may orient the diagnosis [54] or in children with anterior
pituitary deficiency [55].

Semantic problems can also arise with the so-called partially empty sella, in
which only part of the intrasellar space (less than 50 %) is filled with an arachnoid
diverticulum; in this case, the height of the gland is reduced on the midline, but
gland tissue is seen to extend to the full height along the bilateral sellar margins. The
presence of a small pituitary fossa may help in distinguishing pituitary hypoplasia
from a partially empty sella.
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Fig. 10.12 Sellar suprasellar mass lesions. (a—¢) Gadolinium-enhanced sagittal T1-weighted
images. (a) Craniopharyngioma. Predominantly cystic sellar—suprasellar mass lesion with wall
enhancement. A small hypointense area is visible within the lesion (thick arrow) in keeping with
calcification. The pituitary gland is not recognizable. (b) Germinoma. Contrast-enhancing solid
mass lesion involving the hypothalamic—hypophyseal region. There is also pathologic involvement
and enlargement of the pineal gland (thin arrow) in keeping with a bifocal lesion. (¢) Pilocytic
astrocytoma. Suprasellar solid mass lesion of the chiasmatic—hypothalamic region with marked
enhancement. The pituitary gland is normal (open arrow)

MRI Phenotypes in Secondary GHD

Acquired GHD is commonly due to classic lesions leading to a pattern of secondary
empty sella or may be the consequence of a sellar—suprasellar mass lesion, mainly
including craniopharyngiomas, suprasellar germinomas, Langerhans cell histiocy-
tosis (LCH), lymphocytic hypophysitis, and chiasmatic—hypothalamic gliomas
(Fig.10.12).

Craniopharyngiomas are benign, predominantly cystic and contrast-enhancing
mass lesions, more commonly located in the suprasellar compartment. The cysts
may contain various amounts of cholesterol, methemoglobin, protein, and desqua-
mated epithelium, resulting in increased signal intensity on T1-weighted images.
Calcifications represent a hallmark of craniopharyngiomas [56].

Suprasellar germinomas, LCH, and lymphocytic hypophysitis typically present
with central diabetes insipidus, absence of the posterior pituitary bright spot, and
thickening of the pituitary stalk [57, 58]. GHD can be variably associated.
Concomitant involvement of the pineal gland or basal ganglia is highly suggestive
of a germinoma. Germinomas are highly cellular tumors and typically appear iso- to
hypointense on T2-weighted images and can show restricted diffusion on
DWI. Contrast enhancement is usually moderate to mark. They can also give sec-
ondary CSF dissemination with typical involvement of the subependymal regions.

Brain MRI evidence of soft tissue or skull lesions, as well as areas of T2 hyper-
intensity involving the brainstem and deep cerebellar white matter, is diagnostic
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clue suggestive of LCH, a rare reactive disorder of the reticuloendothelial system
characterized by abnormal proliferation of Langerhans-type histiocytes. A high fre-
quency of pineal cysts and enlarged pineal glands has been reported in patients with
LCH; however, this finding remains nonspecific.

Volumetric increase in the size of the stalk and anterior pituitary on follow-up
studies supports the diagnosis of infiltrative/neoplastic disorders, particularly ger-
minoma. On the other hand, the association of anterior pituitary hormone deficiency
with MRI evidence of progressive reduction in size of the anterior pituitary is sug-
gestive of an inflammatory cause such as lymphocytic infundibulo-hypophysitis
[59]. On the whole, the MRI appearance of lymphocytic hypophysitis is similar to
that of suprasellar germinomas or LCH, with which it may be confused. The gold
standard for unequivocal diagnosis remains pituitary biopsy; however, follow-up
studies are fundamental and can usually clear the view [60].

Children with chiasmatic-hypothalamic gliomas usually present with visual
loss; endocrine dysfunction is seen in around 20 % of cases. Histologically, most of
these tumors are pilocytic astrocytomas, but pilomyxoid astrocytomas, fibrillary,
and anaplastic variants are also possible. MRI depicts these tumors as multilobular
or oval masses that are usually well marginated. The pituitary gland is typically not
involved, and the epicenter of the lesion, as well the pattern of growth along the
visual pathways, can confidently allow a differential diagnosis from other sellar—
suprasellar mass lesions [21].

MRI Findings and Pituitary Genes

Our understanding of the genetic regulation of pituitary gland development in
humans and the mouse has also increased considerably, and mutations in a number
of genes have been associated with pituitary dysfunction and abnormal pituitary
gland development. Animal and human studies, along with the correlation of a
particular genetic profile to certain endocrine and MRI phenotypes, have yielded
great insights into pituitary development [2]. MRI findings include normal pitu-
itary gland in patients with mutations in GH1, GHRHR, and RNPC3 and IGHD or
with hypoplastic pituitary gland with additional pituitary defects associated with or
without pituitary stalk abnormalities including POU1F1, PROP1, LHX3, LHX4,
HESX1, OTX2, SOX2, SOX3, GLI2, GLI3, FGFR1, FGF8, and PROKR?2 (Table
10.4).

Conclusions

Pituitary gland morphology on MRI may suggest the etiology of GHD, as well as
the prognosis, in an individual. Thus, MRI is informative and should be used in the
evaluation of patients with GHD.
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Chapter 11

Growth Hormone-Releasing Hormone
Receptor and Growth Hormone Gene
Abnormalities

Jan M. Wit, Monique Losekoot, and Gerhard Baumann

Introduction

It is assumed that the incidence of congenital isolated growth hormone deficiency
(IGHD) is in the order of 1 in 4000 to 1 in 10,000 [1, 2]. In most cases this is spo-
radic, but 3-30 % of cases are familial, depending on the cohort screened [3, 4].
The classical way to classify familial IGHD is to distinguish four types, according
to the inheritance pattern: autosomal recessive inheritance (IGHD types 1A and 1B),
autosomal dominant (IGHD type II), and X-linked inheritance (IGHD type III) [3, 4].
Patients with IGHD type IA have severe growth retardation which usually becomes
apparent in the first 6 months of life and is caused by deletions, insertions, frameshift,
or nonsense mutations in GHI (encoding growth hormone, GH). In patients with
IGHD type 1B, serum GH levels are low but detectable and the phenotype is more
heterogeneous. In most cases, splice site, frameshift, missense, or nonsense mutations
in GHI or GHRHR (encoding the GH-releasing hormone receptor) are found, but
mutations in other genes, like HESX! (homeobox gene expressed in ES cells), SOX3
(SRY-related HMGbox gene 3), GHSR (ghrelin receptor), retinoic receptor-o,, or
mAchR (muscarinic acetylcholine receptor) have been described as well [4-7].
Apparent IGHD can also be the first presentation of mutations in genes encoding early
and late transcription factors playing a role in pituitary ontogeny [4]. A recent report
showed that IGHD can also be caused by biallelic mutations in the RNPC3 gene,
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which codes for a minor spliceosome protein required for U11/U12 small nuclear
ribonucleoprotein (snRNP) formation and splicing of U12-type introns [8].

In IGHD type II, with autosomal dominant inheritance, GH secretion is very low
but usually still detectable, and in most cases, it is associated with heterozygous
splice site, missense, splice enhancer mutations, or intronic deletions in GHI [4-6].
In the classical classification, bioinactive GH syndrome is considered part of IGHD
type I, because it usually has an autosomal dominant pattern of inheritance, but the
biochemical presentation is quite different.

There is also an X-linked type III IGHD, which was observed in only few fami-
lies [9-11] and is considered extremely rare [4, 12]. In one study, it was suggested
that the long arm of X chromosome may be involved and that the disorder may be
caused by mutations and/or deletions of a portion of the X chromosome containing
two loci, one necessary for normal immunoglobulin production and the other for
GH expression [13, 14]. In another report, an association was found with an exon-
skipping mutation in BTK (Bruton tyrosine kinase) gene [11]. However, in other
patients with BTK mutations, no GHD was noticed, so that the genetic etiology of
this condition has remained unknown.

We believe that, given the results from genetic studies in IGHD in the last few
decades, this classification may deserve revision. The heterogeneity of genetic causes
of GHD type IB makes this diagnostic label questionable, and lumping heterozygous
GH mutations which cause real GHD and those with bioinactive GH syndrome into
one group (type II) may also be confusing for clinicians. In our opinion a classification
based primarily on the genetic origin, and further subclassified according to phenotype
and type of inheritance, would be preferable. In this chapter we shall describe the vari-
ous presentations of abnormalities of GHRHR and GH1 according to this principle.

GHRHR Mutations

GHRHR, the gene encoding the receptor for the hypothalamic hormone GHRH, is
located on chromosome 7p14. The GHRHR is a 423-amino acid protein belonging
to the class B of G protein-coupled 7-transmembrane domain receptors. It is primar-
ily expressed in pituitary somatotrophs. A key regulator of GHRHR expression is
the transcription factor POU1F1 (Pit-1), and there are two Pit-1-binding elements in
the promoter region of GHRHR. The GHRHR signals primarily through the Gso-
cAMP pathway, although other minor pathways (calmodulin, protein kinase C
(PKC), and eicosanoid) have also been implicated. GHRH is the main driver of GH
production and has three major roles subserving this function: it is critical to prolif-
erative expansion of the somatotroph population late in pituitary ontogeny, it stimu-
lates GH synthesis, and it triggers GH release from storage granules [15-18]. In
the absence of a functional GHRH signaling system, all three functions are
severely curtailed (see below), but there remains a residual complement of
somatotrophs and production of very low amounts of GH. Therefore, the pheno-
type of GHRHR deficiency presents as GHD type IB.
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Inactivating GHRHR Mutations

After the discovery that a spontaneously occurring dwarf mouse model (the little
mouse) had a homozygous missense mutation in Ghrhr [19, 20], it was not until
1996 that the first homozygous loss-of-function GHRHR mutation was reported in
two patients from a consanguineous Indian family [21]. Independently, the same
mutation (p.Glu72*) was described in a cohort of short-statured people in Pakistan
[22, 23] and in two Tamil patients from southern India [24]. Since then, as recently
summarized [4], more than 30 pathogenic mutations have been reported, including
nonsense, missense, and splice site mutations, in addition to deletions and regula-
tory mutations affecting the POU1F1-binding sites in the promoter region. For a
detailed list of these mutations, the reader is referred to the recent review by
Alatzoglou et al. [4]. These mutations, and a few more since described [25-27], are
shown in Fig. 11.1. In addition, a number of polymorphisms and functionally silent
variants have been reported; these are not depicted in Fig. 11.1. Also not shown are
variants for which the evidence for pathogenicity is weak or equivocal (e.g.,
p-Thr257Ala, p.Lys264Glu) or undetermined because they are only seen in hetero-
zygous form (e.g., p.Ser317Thr).

In general, the mode of inheritance of GHRHR deficiency is autosomal recessive.
Haploinsufficiency of GHRHR shows no growth phenotype and either no or only a
minimal growth-related biochemical phenotype (e.g., mildly decreased insulin-like
growth factor-1 (IGF-I) levels) [22, 23, 28, 29], although there is a lower body weight
and increased insulin sensitivity [29]. To date, with one potential exception, no case
of a dominant-negative mutation has been described, so that simple heterozygosity is
not associated with GHD. In contrast, loss of biallelic function (homozygosity or
compound heterozygosity) causes severe GHD with very high or complete pene-
trance starting in infancy. Despite the foregoing, Fig. 11.1 includes three mutations
that have been described only in heterozygous form (c.-166t>c, c.-164t>c, and p.
Vall0Gly). The reason is that for these mutations, there is strong experimental
in vitro evidence that they are deleterious. The first two impair the P2-binding site for
POUIF]1 in the promoter region, and the third has been shown to prevent signal pep-
tide cleavage and normal receptor trafficking to the plasma membrane [30, 31].

The mutations are dispersed throughout the GHRHR gene, and no particular
clustering is evident. Some (c.57+1G>A, p.Argl61Trp, p.Alal76Val, p.Ser330Leu,
and p.Arg357Cys) are located in mutational CpG hotspots. The majority of these
mutations have been described in a single to a few patients belonging to
geographically and otherwise distinct families, often with a consanguineous
background; sporadic mutations appear to be uncommon. Both homozygosity and
compound heterozygosity contribute to the affected patient population, with the lat-
ter accounting for about a third of the occurrences. There are, however, two large
cohorts of affected patients where founder mutations are thought to be responsible:
the Pakistani cohort (“dwarfs of Sindh”) bearing the p.Glu72* mutation and the
Brazilian cohort (Itabaianinha people) bearing the ¢.57+1G>A mutation. The for-
mer kindred is composed of over 20 affected subjects, the latter of approximately
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Fig. 11.1 Pathogenic mutations described in the human GHRHR gene. (a) Genomic organization
of GHRHR. The 13 exons are shown as boxes, introns as lines, and flanking regions as dashed
lines. The locations of splice site mutations (n=9; seven in donor splice sites, two in acceptor
splice sites) are shown. Also shown are three mutations in the promoter region, a mutation in the
last base of exon 12 acting as a disruptor of an exonic splice enhancer, and a large deletion
encompassing 4434 bp of the 5'-flanking region (counting from the A of the start codon), exon 1,
and 68 % of intron 1. The deleted fragment is replaced by a 9 bp insert, thus rendering the mutation
an indel. Bases located in introns or flanking regions are denoted in lowercase letters. For
comparison of nomenclatures used in the literature, c.57+1g>a=IVS1+1G>A, c.57+2t>g=
IVS1+2T>G, ¢.16043a>g=1VS243A>G, ¢.268+1g>a=1VS3+1G>A, c.367-2a>g=1VS4-2A>G,
¢.751+1g>c=IVS7+1G>C, c.752-1g>a=1IVS7-1G>A, c.812+1g>a=1VS8+1G>A, and c.1146+2t
>a=IVS12+2T>A. (b) cDNA organization of GHRHR. The shaded areas denote untranslated
regions. Shown above the cDNA are the regions coding for the signal peptide and the seven trans-
membrane domains. The locations of missense mutations (n=15), nonsense mutations (n=2),
microdeletions (n=3), and microinsertions (n=1) are depicted. AS and A4 denote 5 and 4 base
deletions ¢.1089-1093del (also known as del1140-1144) and c.1120-1123del, respectively. The
¢.332insC is also reported as ¢.380insC. For clarity, the nomenclature for missense mutation is
abbreviated without the prefix “p.” Criteria for pathogenicity and thus inclusion in the figure were
(a) clear-cut clinical and/or biochemical evidence for GHD, () severely disruptive nature of muta-
tion (truncation, splice aberration, frameshift, deletion), and (c) experimental in vitro evidence for
significant dysfunction. For missense mutations, mere in silico prediction of a deleterious nature,
in the absence of other evidence, was not considered sufficient for inclusion

100 affected individuals. The p.Glu72* mutation has been found to be quite
prevalent in the western part of the Indian subcontinent [32]; haplotype analysis is
consistent with a founder mutation occurring about 2000 years ago [33]. The
¢.57+1G>A mutation prevalent in Brazil is also a founder mutation, presumably of
more recent origin [34, 35].

The mechanism of pathogenicity has been directly examined for some mutations
and inferred for others. For those that severely disrupt mRNA and protein generation,
such as large deletions, nonsense, frameshift, and splice site mutations, the inferred
mechanism is absence of a gene product, premature truncation/nonsense mRNA decay,
and aberrant splicing products. For some of the splice site mutations, in vitro functional
analysis has directly revealed the abnormal splice products: intron readthrough and
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whole or partial intron retention has been shown for ¢.57+2T>G, c.160+3A>G, and
¢.812+1G>A; exon skipping (whole or partial) for ¢.812+1G>A and c.1146G>A
[30, 36-38]. The latter is a synonymous exonic mutation (p.Glu382Glu) of the last base
in exon 12 that affects the adjacent splice site directly or via exonic splice enhancer or
suppressor motifs to weaken the intron 12 splice donor site. For the other splice site
mutations, in silico analysis predicts aberrant splicing with or without speculation
about the nature of the products. Of note, several different abnormal splice products can
result from a mutated splice site, as illustrated by the examples cited. The three muta-
tions in the P1- and P2-binding elements for POU1F1 (Pit-1) in the promoter region
have been shown to substantially impair binding of POU1F1 and GHRHR transactiva-
tion [30, 39]. Among the missense mutations, p.Val10Gly affects preprotein processing
and prevents receptor trafficking to the plasma membrane [31], while eight others that
were functionally examined are present at the cell surface but do not respond to GHRH
with cAMP production. For p.His137Leu, p.Leul44His, p.Alal76Val, p.Ala222Glu,
and p.Phe242Cys, the defect has been shown to reside in their inability to bind GHRH,
with p.Lys329Glu showing reduced ligand binding [40].

The phenotype of patients with biallelic inactivating GHRHR mutations is IGHD
type 1B, with some distinctive features. Postnatal growth retardation is severe and
progressive, with adult height reaching —7 to —9 SDS. Birth size is normal. Dysmorphic
features are either absent or relatively mild; there is generally no microphallus. Many,
but not all patients, have increased abdominal adiposity. Puberty is delayed, fertility
and lactation are normal, and menopause occurs at the expected age. Childhood hypo-
glycemia is extremely rare and has been reported in only one case. The biochemical
phenotype includes low basal and stimulated serum GH, very low IGF-I, low IGF-II,
low IGFBP-3, low ALS, and high IGFBP-2 levels. Cardiovascular risk factors, includ-
ing low-density lipoprotein (LDL) cholesterol and C-reactive protein, are elevated. The
diurnal rhythm of GH secretion and spontaneous GH production rates have been stud-
ied in four young adult male patients with the p.Glu72* mutation and two young adults
(one male, one female) with the ¢.751+1G>C mutation (both null mutations) [41, 42].
Both studies showed that the amplitude of GH pulses was severely attenuated, but peak
frequency was normal, indicating that GHRH is not involved in the regulation of GH
secretory thythmicity. Therefore, somatostatin is the likely pacesetter for GH pulsatil-
ity. The daily GH production rates ranged from 4 to 16 % of normal.

In children, bone age is delayed. In adults, bone density is normal when expressed
as volumetric bone density to correct for small bone size [43, 44]. This finding is
surprising as it differs from adult-onset acquired GHD, where bone density is dimin-
ished. Hypoplasia of the anterior pituitary, first described in the Pakistani Sindh
cohort [45], is a common but not universal finding. In part, the apparent absence of
pituitary hypoplasia may be due to the difficulty to differentiate, on MRI scans, nor-
mal from hypoplastic pituitary size in very young children. The little mouse has
significant pituitary hypoplasia because of a drastically reduced somatotroph popula-
tion, which normally accounts for at least 50 % of anterior pituitary mass in both
mouse and humans [16, 20]. Thus, pituitary hypoplasia in GHRHR deficiency would
be expected as part of the phenotype. Nevertheless, there is variability in pituitary
size even among first-degree family members bearing the same mutation [46].
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An interesting feature described in the Pakistani Sindh patients is relative micro-
cephaly (mean head circumference —4 SDS), which is different from the more typical
—2 SDS for other types of GHD. This relatively small head explains the normal (min-
iaturized adult) aspect of these patients, in contrast with the more “dwarf-like” aspect
due to a comparatively large head in other forms of GHD. The little mouse also has
relative microcephaly, which has been attributed to the deficient role of GHRH in
normal brain development and glial proliferation [47]. It is unknown whether “propor-
tionate microcephaly” is a general feature of GHRHR deficiency as this issue has not
been systematically examined in patients other than the Sindh cohort. There is
currently insufficient information to answer the question whether there is a genotype—
phenotype relationship in patients with GHRHR mutations, as most mutations are
reported in one or a few patients of varying ages studied under different protocols.

Therapy with GH is very effective in patients with GHRHR deficiency, and there are
no reports of neutralizing anti-GH antibody generation. The possibility that ghrelin ana-
logues (GH secretagogues [GHS] or GH-releasing peptides [GHRPs]), which signal
through their own receptor, may be of therapeutic benefit was considered though deemed
unlikely in view of the somatotroph depletion and the fact that GHS have very limited
potency in vitro in the absence of GHRH input. Acute treatment with GHS showed
indeed that there is a small GH response but that without a functioning GHRH signaling
system, GH secretion is insufficient to be of therapeutic value [48, 49]. The same con-
clusion has been reached with chronic GHS treatment of a GHRH knockout mouse [50].

Activating GHRHR Mutations?

The possibility of gain-of-function GHRHR mutations as a potential etiology of
somatotroph tumors has been evaluated in 80 GH-producing pituitary adenomas.
To date, no activating mutation in the GHRHR gene has been identified [51, 52].

Contribution of GHRHR Variants to Normal Height Variation

The GHRHR gene has been identified as a locus that controls adult height in a Sami and
another population in Northern Sweden [53]. Specific haplotypes within and in the
3’-flanking region of GHRHR were linked to adult height in those populations. More
recently, a variation resulting in a conservative amino acid substitution (c.363G>T,
p.Glul21Asp) in exon 4 of GHRHR has been identified as playing a role in normal
height determination of a population in Spain [54]. It is possible that GHRHR is one of
the genes in the GH-IGF axis implicated in height determination, although its contribu-
tion is quite small and may depend on the population studied. It is noteworthy that in
more comprehensive searches for genes associated with height determination, GHRHR
was not among those identified [55, 56], so that this possibility needs further study.
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For additional details on GHRHR mutations, the reader is referred to the website
of the Growth Genetics Consortium (http://growthgenetics.com).

GH1 Mutations Causing GHD or a Syndrome
of Bioinactive GH

GH1 is located on chromosome 17q22-24 within a cluster of five homologous genes
and has a highly polymorphic proximal promoter [57]. The pituitary-specific expres-
sion of GH1 is regulated by the binding of POU1F1 (Pit-1) to conserved sequences of
the GHI proximal promoter, but the interaction of POU1F1 (Pit-1) with response
elements in two locus control regions (LCRI and LCRII) located approximately 14.5
to 32 kb upstream of GH/ is required for an appropriate level of GHI expression
[58-62]. An association was found between adult height and the mean in vitro expres-
sion value corresponding to an individual’s GHI promoter haplotype combination,
and 3.3 % of the variance in adult height was explained by this parameter [57].

GH] consists of five exons and four introns (intervening sequences, IVSs). Exon 3 is
flanked by weak acceptor and donor splice sites, compared with the strong acceptor site in
exon 4. The correct splicing of this gene results in the generation of the mature, full-length
22-kDa peptide, which constitutes almost 75 % of the total circulating GH. Use of the
cryptic splice site in exon 3 will result in the 20-kDa isoform that lacks amino acids 3246,
which corresponds to 5-10 % of transcripts. Complete skipping of exon 3 results in the
generation of a 17.5-kDa product that lacks amino acids 32 to 71 and corresponds with
1-5 % of transcripts [4, 63], but the corresponding protein product has not been demon-
strated to be produced in detectable amounts in normal people. The 17.5-kDa product does
not have biological activity and disturbs wild-type GH secretion. Several areas in and
around exon 3 have been identified as being important for correct splicing of exon 3, such
as two exonic splice enhancers (ESE1 and ESE2) and a cryptic splice site within exon 3,
and intronic elements such as the first 6 nucleotides of intron 3, the intronic splice enhancer
(ISE), and branching point site (BPS) (for schematic representation, see [4]).

Sequencing of the promoter region, and particularly of the locus control regions
(LCRs), suggested a possible association of two variants with IGHD [64], and there
may also be an association between a functional common polymorphism in the vita-
min D-responsive element and isolated GHD [65]. However, in two later studies, no
abnormalities were found in the LCR-GH] region in patients with IGHD [61, 66].

From a clinical perspective, we believe that the following subclassification of abnor-
malities of GHI is more informative than the classical one: (1) autosomal recessive
form with complete lack of circulating GH and severe short stature (with or without the
development of anti-GH antibodies on GH treatment), (2) autosomal recessive form
with low but detectable GH concentrations and less severe short stature, (3) autosomal
dominant GHD, and (4) bioinactive GH syndrome.

Tables 11.1, 11.2, 11.3, and 11.4 show the mutations in GHI as they have been
published until February 2015, based on a recent review [4] and a literature search
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Table 11.3 Autosomal dominant GHD (all heterozygous)

GH1 mutation (HGVS)

Reported as

Location

Comments?

Single bp mutations within the coding region and in ESEs

c.47T>C, p.Leul6Pro

c.75T>G, p.Ser25Arg

c.172G>A, p.Glu58Lys
c.172G>T, p.Glu32*
¢.172G>A, p.Glu32Lys

c.173A>C, p.Glu32Ala

c.176A>G,
p.Glu33Gly

c.199A>T, p.Lys67*

¢.255G>A, p.Pro85Pro
c.272A>T, p.EO1V

¢.344C>T,
p-Prol15Leu

¢.305T>C,
p-Leul02Pro

¢.400A>T,
p-Ser134Cys

c.406G>T,
p-Val136Phe

c.406G>A, p.Vall36lle

¢.574_576delTTC,
p.Phe192del
c.601A>G,
p.Thr201Ala

c.626G>A,
p.Arg209His

p.L-11P

p.S-1R

E3+1 G/A
E3+1
E3+1

E3+2

E3+5

p.LA41X; E3+28

c255G>A
c272A5T
p.P8OL
¢305T>C
p.S108C

p.V110F

p.V110I

c.del636-638,
p.AF166

p.T175A

p.RI83H

Exon 2;
SP

Exon 2;
SP
Exon 3

Exon 3
Exon 3

Exon 3

Exon 3

Exon 3

Exon 3

Exon 3

Exon 4

Exon 4

Exon 4

Exon 4

Exon 4

Exon 5

Exon 5

Exon 5

In expression studies,
not secreted in the
medium

No parental DNA, no
functional studies
ESE1; loss of exon 3
ESE1; loss of exon 3
ESEL; alters splice site
strength and splicing
enhancer function; loss
exon 3

ESE1: % 17.5 kDa and
20 kDa increased.
Mutant less secreted
ESEl: % 17.5 kDa and
20 kDa increased
ESE2; prediction of
truncated product,
effect on splicing and
bioactivity

In splicing regulatory
element

In splicing regulatory
element

Affects trafficking in
the secretory pathway
Predicted damaging.
Father carrier very short
Reduced secretion

in vitro

Likely to result in steric
hindrance (beginning
third a-helix)
Considered functional
polymorphism by
Millar et al.

No functional studies

Reduced ability to
activate JAK/STAT
pathway

Impaired GH secretion

J.M. Wit et al.
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(continued)
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Table 11.3 (continued)

GH1 mutation (HGVS) | Reported as

Splice site mutations

c.171+5G>C
c.172-1G>A
c.172-1G>C
c.172-2A>T

c.291+1G>A
¢.291+1G>C
¢.291+1G>T
c.291+2T>A
¢.291+2T>C
c.291+4A>T

c.29145G>A

¢.291+5G>C
¢.291+6T>C
¢.291+6T>G

c.291428G>A
€.291429_291+46del

€.292-37_292-16del

c.456G>A

c.456+1G>C

IVS1, insertion
of GAAA to
+178A

c.171+5G>C

IVS2-1,G>A

IVS2-1G>C

1IVS2-2,A>T

IVS3+1,G>A
IVS3+1,G>C
IVS3+1, G>T
IVS3+2, T>A
IVS3+2,T>C
IVS3+4,A>T

IVS3+5,G>A

IVS3+5,G>C
IVS3+6,T>C
1IVS3+6,T>G

1VS3+28, G>A

IVSdel+28_45

IVS3del+56_77

1IVS4-1,G>A

IVS4+1, G>C

Location

Intron 1

Intron 2

Intron 2

Intron 2

Intron 2

Intron 3
Intron 3
Intron 3
Intron 3
Intron 3
Intron 3

Intron 3

Intron 3
Intron 3
Intron 3

Intron,
ISEm1

Intron 3,
ISEm2

Intron 3

Intron 4

Intron 4

Comments?

May create (GAA) ESE
motif in the intron 1
region affecting intron
splicing

Abolition of splice
donor site

3’-Acceptor splice site,
skipping exon 3
3’-Acceptor splice site,
skipping exon 3
3’-Acceptor splice site,
skipping exon 3
Skipping exon 3
Skipping exon 3
Skipping exon 3
Skipping exon 3
Skipping exon 3

In silico prediction of
exon 3 skipping.
Paternal mosaicism for
the mutation

Skipping exon 3

Skipping exon 3
Skipping exon3
Skipping exon 3.
Apparent de novo but
arose in father’s germ
cells
Disrupts ISE; abnormal
splicing; skipping exon 3
18-bp deletion; disrupts
ISE; skipping exon 3
Removes BPS in intron
3; skipping exon 3 and
partial or total exon 4
skipping
No aa change; assumed
to affect splicing
First base of donor
splice site of intron 4;
unstable or bioinactive
protein

161
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[64]

[7]

[106]
(7,97, 107]
[97, 108]
[97, 105]
[61]

[97, 106]
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[97, 109,
110]
[97,111]
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[112]

[113, 114]

[113, 114]

[115]

[116]
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(continued)
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Table 11.3 (continued)

GH1 mutation (HGVS) | Reported as Location | Comments? References

c.456+1G>T 1VS4+1, G>T Intron 4 First base of donor [88]
splice site of intron 4;
unstable or bioinactive
protein

¢.456+5G>C 1VS4+5, G>C Intron 4 Protein shares 1-102 [89]
with GH, has 29 aa
from exon 5 and 65 aa
from frameshift

c.456+8delT IVS4'del+7 Intron 4 Interferes with splicing | [117]
process

The transcript that was used for HGVS nomenclature was NM_000515.4, and the protein refer-
ence sequence was NP_000506.2

Loss of exon 3 leads to a del32-71 GH protein (17.5 kD)

aa amino acid, BPS branch point sequence (branching point site), ESE exon splice enhancer, ISE
intron splice enhancer, IVS intervening sequence, intron, SP signal peptide, c. denotes nucleotide
position on cDNA with the A of the translation start site (ATG) of the cDNA numbered +1

and screening of the Human Gene Mutation Database (HGMD) in February 2015.
We chose to use the Human Genome Variation Society (HGVS) nomenclature, where
in a coding DNA reference sequence nucleotide “1” is the A of the ATG translation
initiation codon. We also show the nomenclature used in the various reports, in most
of which the 26 amino acids corresponding to the signal peptide were not included.

Autosomal Recessive Form with Complete Lack
of Circulating GH

This condition, type IA according to the classical definition, was first described in
pedigrees with homozygous GHI deletions, particularly of 6.7, 7.0, or 7.6 kb.
These deletions are thought to result from unequal crossing over events between
homologous regions that flank the GHI gene [69]. The 6.7 kb deletion is the most
frequent one [14]. Typically, such patients present with severe growth failure by
the first 6 months of life (Iength SD score [SDS] < —4.5) and undetectable GH
concentrations. On GH treatment, many children, but not all [71], develop GH
antibodies, presumably because GH protein is seen as a foreign molecule,
unknown to the body’s immune tolerance system. Besides GHI deletions, this
form can also be caused by homozygous or compound heterozygous mutations
resulting in frameshift or nonsense mutations affecting the signal peptide or exon
3 that result in a severely truncated or absent GH molecule. Table 11.1 shows a list
of the genetic findings associated with this clinical presentation [5, 67-83].
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When the clinician is confronted with a child with such severe phenotype, GHI
testing yields a defect in almost all cases.

In two siblings with a 26-bp insertion [80], type I Arnold—Chiari malformation
was demonstrated and in one of them also pituitary hypoplasia and mild hydrocepha-
lus. Interestingly, several cases of hypopituitarism associated with Arnold—Chiari
malformation have been reported [84], as well as cases with POU1F1 mutation [85].

Autosomal Recessive Form with Low But Detectable GH
Concentrations

This condition, which is part of the classical type IB GHD, can be caused by homo-
zygous splice site, frameshift, and nonsense GH1 mutations (Table 11.2) [61, 78,
79, 83, 86-90]. On GH treatment, no antibody formation has been observed. Most
patients are the product of consanguineous pedigrees or specific ethnic background
(for details, see [4]). Confronted with such clinical presentation, the first two genes
to test include GH/ and GHRHR, but many other gene defects (though all rare) can
be associated with this phenotype as well. Therefore, whole exome sequencing
might be a more cost-effective approach [91] or a gene panel encompassing all
known gene defects associated with recessive isolated GHD.

Autosomal Dominant GHD

GHI mutations associated with this form, classically labeled type II GHD, are
shown in Table 11.3 [5, 7, 61, 64, 66, 78, 79, 82, 87-89, 92-110, 112-117]. This
condition is mostly caused by heterozygous GHI mutations that affect GHI splic-
ing, resulting in skipping of exon 3. This results in the production of the 17.5-kDa
isoform, which lacks amino acids 32-71 and, hence, the loop that connects helix 1
and helix 2 in the tertiary structure of GH. This isoform exerts a dominant-negative
effect on the secretion of the wild-type 22-kDa molecule in neuroendocrine cells
containing secretory granules [4, 110, 118, 119]. The decrease in wild-type GH
secretion is probably associated with the accumulation of the 17.5-kD isoform in
the endoplasmic reticulum (ER) causing ER stress and apoptosis in somatotrophs
[120]. Ratios of 17.5-/22-kDa GH1 transcripts in cultured lymphocytes from family
members with the same GHI mutation (c.172G>A, reported as E3+1 G/A) corre-
lated with differences in their height SD scores, suggesting that expression levels of
both the mutant and normal GH/ allele are important in the pathogenesis of this
condition [94].

Exon skipping can also result from mutations in ESE1 (Table 11.3), which
strengthens the use of the upstream weak 3’ splice site and suppresses a downstream
cryptic splice site [4, 121]. ESE1 mutations result in abnormal splicing and com-
plete or partial exon 3 skipping and the generation of the 17.5-kDa and 20-kDa
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isoforms at various concentrations [4]. Translationally silent mutations can also
affect splicing and lead to GH deficiency [4, 96, 121]. Also, mutations within exon
3 in ESE2 can lead to exon skipping, but the effects on growth are more variable
[64, 122]. Recently two other splicing regulatory elements in exon 3 were discov-
ered associated with positions ¢.255 and ¢.272 [99]. Furthermore, various mutations
in intron 3, which affect ISEs [113, 114] or the branching point site [115], can also
result in exon 3 skipping.

Besides through exon 3 skipping, heterozygous missense mutations can also
affect GH secretion through other mechanisms. For example, the p.Arg209His
mutation (reported as p.Arg183His) results in defects of exocytosis of secretory
granules [104, 123], and the p.Prol15Leu mutation (reported as p.Pro89Leu)
disturbs the secretory pathway by altering the orientation of the GH helices and
affecting the correct folding of the molecule [4, 100]. Other mutations affect
GH secretion as well as its affinity for the GH receptor; these will be discussed
in the next section.

While this dominant form of GHD is usually not associated with other pituitary
deficiencies, it is now clear that these can develop over time, probably related to
progressive pituitary degeneration (perhaps due to collateral damage of somato-
troph death) [100, 124, 125]. Subjects presenting with a splice site mutation within
the first 2 bp of intron 3 leading to skipping exon 3 appear more likely to present
with other pituitary hormone deficiencies [124].

Even if patients with this phenotype have no defect identified at first testing [126],
it is still worthwhile to repeat the test with more advanced technology if the phenotype
and family history are strongly suggestive for a genetic syndrome, as we recently
showed for two pedigrees [7]. Identification of pathogenic mutations has important
clinical implications for surveillance and genetic counseling.

Children with this type of GH treatment show a sustained catch-up growth over
aperiod as long as 6 years and usually reach their target height range [97]. However,
several attempts are underway to develop a genetic approach to treat this condition
[4, 127-129].

Bioinactive GH Syndrome

A list of presently known GHI mutations associated with bioinactive GH syn-
drome is shown in Table 11.4 [61, 64, 66, 130-138]. Most cases with this syn-
drome do, at first sight, not present as IGHD, because GH secretion appears
normal or even increased, but in some cases, the GHI mutation causes a combi-
nation of decreased GH secretion in combination with decreased GH bioactivity
(Table 11.4). A severe short stature and very low serum IGF-I and IGFBP-3, in
contrast with apparently normal (or low or high) GH secretion, would be a good
reason to sequence GH1I, particularly if more than one case is found in the same
family.
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Prevalence of GHI Abnormalities

In several studies, the prevalence of the various forms of GH/I defects was investi-
gated. In a study by the London group on 190 pedigrees with IGHD [61], GHI
mutations were identified in 7.4 %, with a higher prevalence among familial cases
(22.7 %; 10 of 44 pedigrees) compared with sporadic (2.7 %; four patients out of
146 pedigrees). Most mutations in GHI (78.6 %) led to an autosomal dominant type
of GHD as a result of splice site and missense mutations, in contrast with low per-
centages of type 1A (7.1 %) and type 1B (14.3 %). Patients with type II IGHD due
to splice site mutations had a lower peak GH upon provocation compared with those
with missense mutations. The anterior pituitary was reported as hypoplastic in 60 %
of patients with splice site mutations (6 of 10) and in 25 % (1 of 4) of those with
missense mutations. The authors concluded that IGHD patients with severe growth
failure and a positive family history should be screened for genetic mutations.

In an earlier study on 151 subjects with severe growth retardation originating from
many different countries and analyzed in Switzerland, mutations in GHI were
detected in 12.5 % of familial and 10 % of sporadic IGHD [68]. Recently, the results
of a specific screening strategy in a Moroccan cohort of patients with isolated GHD
were reported [66]. Genetic screening was first based on MRI findings and then on the
endocrine phenotype, associated abnormalities and gender. Patients with IGHD and a
eutopic posterior pituitary were screened for mutations in GHI, GHRHR, GHRH,
GHSR, HESX1, and the locus control region (LCR) of GHI. GHI deletions were
tested for all patients with a GH peak undetectable or below 1 ng/mL. GHI was ana-
lyzed in 49 index cases; among them 11 were tested for a GHI deletion. Three distinct
molecular defects were identified: two mutations known as deleterious (GHI 67-kb
deletion and p.Ile205Met) and one variation (p.Ser25Arg). No mutation was detected
in the three POU1F1-binding sites of the LCR-GHI region. In this study, 12.2 %
(6/49) of IGHD patients with a eutopic posterior pituitary had a genetic defect in GHI
or GHRHR genes, in keeping with other studies [61, 140]. In a study in Turkey, a GH1
defect was found in 12 % patients [79]. In the northwestern region of India, 17.5 %
had a 6.7 kb or 7.6 kb deletion of GHI [141]. Twenty-two percent in Argentina [101]
and 6 % in Brazil 6 % had GHI mutations [105], most of whom had GH1 deletions.

Contribution of GH1I Variants to Normal Height Variation

In general, heterozygous carriers of a GHI mutation that is associated with a recessive
type of GHD do not have lower body stature, but there appears to be one exception.
In an Israeli study [89] in an extended, consanguineous Arab—Bedouin family, carriers
of the mutant GH1 allele were significantly shorter than noncarriers (-1.7 versus —0.4
SDS), suggesting that apparent idiopathic short stature may be caused by heterozygos-
ity for a GHI mutation. Still, at a population level, variation in GH1, as well as other
genes in the GH/IGF axis, has only a small effect on adult height variation [55].
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Conclusion

Screening for GHI defects in children with severe isolated GHD (strong growth fal-
tering and very low GH peaks in a stimulation test) should be performed, particularly
if there is a positive family history. In case of autosomal dominant inheritance, GH1
should be tested; if an autosomal recessive pattern is suspected, GHI and GHRHR are
the candidate genes. Phenotypic features can help in deciding which gene to test first,
for example, head circumference which is smaller in GHRHR defects.
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Chapter 12
Combined Pituitary Hormone Deficiency

Frédéric Castinetti and Thierry Brue

The Murine Pituitary Development: A Useful Tool
to Decode Human Pituitary Development

Human pituitary development is assumed to follow more or less closely the murine
pituitary development, and this is why the murine model currently represents the
most appropriate model to determine the major temporospatial interactions between
signaling pathways and transcription factors leading to a mature endocrine organ
[1, 2]. Pituitary development in humans is imperfectly known, and all the steps
described in the following lines are based on our knowledge of murine pituitary
development.

Anterior and posterior pituitary lobes have two different embryonic origins: the
anterior lobe is derived from oral ectoderm, whereas the posterior lobe is derived
from neurectoderm. Even if close connections exist between both structures, we
will only focus on the development of the anterior lobe and the mature pituitary.
No study to date on human pituitary deficiency has identified strong connections
and phenotypic associations that include anterior pituitary deficiencies and congeni-
tal diabetes insipidus (except for the only reported aryl hydrocarbon receptor nuclear
translocator (ARNT?2) mutation, as described later).

Briefly, anterior pituitary ontogenesis begins early during brain neurogenesis,
around embryonic day (e) 7.5 in the mouse, corresponding to the first visualization

F. Castinetti ((<) * T. Brue
Aix-Marseille Université, CNRS, Centre de Recherche en Neurobiologie et
Neurophysiologie de Marseille CRN2M UMR 7286, 3344 Cedex 15, Marseille, France

APHM, Hépital Conception, Service d’Endocrinologie,
Diabete et Maladies Métaboliques, 13385 Cedex 5, Marseille, France

Centre de Référence des Maladies Rares d’Origine Hypophysaire DEFHY,
13385 Cedex 15, Marseille, France
e-mail: Frédéric.castinetti@univ-amu.fr

© Springer International Publishing Switzerland 2016 177
L.E. Cohen (ed.), Growth Hormone Deficiency,
DOI 10.1007/978-3-319-28038-7_12


mailto:Fr�d�ric.castinetti@univ-amu.fr

178 F. Castinetti and T. Brue

of the pituitary placode [3]. At e9, the placode forms the rudimentary Rathke’s
pouch, under the control of signaling molecules issued from the infundibulum
(bone morphogenetic protein 4 (Bmp4) and fibroblast growth factor 8 (Fgf8)).
Definitive Rathke’s pouch is observed at e11.5 [4]. Progenitors around the lumen
move progressively to the developing pituitary and differentiate under the control
of several factors including SRY-box (So0x)2, Sox9, and Isl Lim homeobox (Isl)-1,
among others; the majority of these have not been identified as causative factors for
pituitary deficiencies, suggesting that they are either crucial (and would lead to
early death if abnormal) or that other pathways can be used if they are abnormal
[5-7]. This first step leading to terminal differentiation of the pituitary is possible
due to a tightly controlled temporospatial gradient of morphogenic factors from
different origins, the diencephalon (Bmp4, Fgf8, 10 and 18, Wnt5a), the ectoderm
(Isl1, Bmp2, sonic hedgehog (Shh), Wnt 4), the ventral mesoderm (chordin, Bmp2)
[8], or the pituitary cells (Table 12.1).

Atell.5, a-subunit is expressed in the rostral tip [9], followed by adrenocortico-
tropin (ACTH) (e12.5), thyrotropin (TSH) (e14.5), proopiomelanocortin (Pomc)

Table 12.1 Main differences between human and murine phenotypes and partial/complete loss of
function of the major proteins encoded by genes involved in combined pituitary hormone
deficiencies

Murine phenotype Human phenotype Transmission
POUIF1 GH, TSH, Prl GH, TSH, Prl deficiency. Pituitary | Recessive
deficiency hypoplasia (murine):
Pituitary hypoplasia recessive or
dominant (human)
PROPI1 GH, TSH, Prl GH, TSH, Prl, LH/FSH Recessive (murine
deficiency deficiencies; inconstant ACTH and human)
deficiency. Inconstant transient
pituitary hyperplasia and then
hypoplasia
HESX1 Variable phenotype, Variable pituitary deficiencies Recessive
midline anomalies. Eye | (from isolated GH deficiency to (murine):
anomalies. Pituitary panhypopituitarism); normal or recessive or
hypoplasia or hypoplasic pituitary. Septo-optic dominant (human)
hyperplasia dysplasia
OTX2 Severe anomalies of Variable pituitary deficiencies Recessive (murine
anterior brain (from isolated GH deficiency to and human)
structures, pituitary panhypopituitarism). Normal or
dysmorphology hypoplasic pituitary, normal or
ectopic posterior pituitary.
Inconstant brain anomalies
LHX3 Pituitary aplasia GH, TSH, LH/FSH deficiencies; Recessive (murine
inconstant ACTH deficiency. and human)
Hypoplasic or hyperplasic pituitary.
Neck rotation anomalies; deafness
LHX4 Hypoplasic pituitary Pituitary deficiencies, Recessive
extrapituitary anomalies (murine),

dominant (human)
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Fig. 12.1 Simplified scheme representing the main transcription factor expression during pitu-
itary development. Note that early transcription factor dysfunction is associated with pituitary and
extrapituitary anomalies, whereas late transcription factor (PIT-1, PROP1) dysfunction is associ-
ated with pure pituitary phenotype

(el4.5, intermediate lobe), growth hormone (GH) and prolactin (Prl) (e15.5) [10],
luteinizing hormone (Lh)p (e16.5), and finally follicle-stimulating hormone (Fsh)p
(e17.5). Precise mechanisms leading to this differentiation and the formation of pitu-
itary cell networks remain incompletely understood. Pituitary specific or nonspecific
transcription factors are involved in a timely manner during these steps of differentia-
tion, early acting such as LIM homeobox (Lhx)3, Lhx4, paired-like homeodomain
transcription factor (Pitx)2, Hesx1 (also known as Rpx), or ARNT2 [11] or late-act-
ing such as prophet of Pit-1 (Propl) and Poulfl (Pit-1). Early acting transcription
factors are also involved in the development of other organs (e.g., the eye, inner ear),
and their defects lead to extrapituitary anomalies, whereas alterations of late-acting
transcription factors usually lead to a pure pituitary phenotype. A summarized
scheme of the timing of expression of the transcription factors known to be involved
in CPHD is given in Fig. 12.1.

Early Acting Transcription Factors: The Pituitary Phenotype
Is Usually Not Alone

Anomalies of these transcription factors are characterized by a wide range of pheno-
types, usually including anterior pituitary hormone deficiencies, extrapituitary
abnormalities, and malformations such as pituitary stalk interruption syndrome
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(PSIS) or midline defects. These complex phenotypes are due to the non-pituitary-
specific expression of these transcription factors, which are also involved in the
development of the forebrain and related midline structures such as the hypothalamus.
To make the description easier, we focused on the phenotypic traits that should
guide the clinician to certain transcription factors.

Etiological Possibilities in Patients Carrying Pituitary
Deficiency and Midline Anomalies: HESX1, GLI2, FGF8§
and FGFRI1, PROK2, and PROKR?2

What do we call midline anomalies? It is a large group of diseases from pituitary
stalk interruption syndrome to septo-optic dysplasia (SOD) and holoprosenceph-
aly. Pituitary stalk interruption syndrome is defined on brain MRI by the association
of an absent or thin pituitary stalk, pituitary hypoplasia, and/or ectopic posterior
pituitary [12]. As only 30 % of patients with PSIS have a history of traumatic
event, it is likely that a high number of cases are actually due to genetic anomalies.
Septo-optic dysplasia is defined by at least two of the following criteria: septum or
corpus callosum agenesis, optic nerve hypoplasia, and pituitary deficiencies [13].
Holoprosencephaly is a complex brain malformation, affecting both the brain and
face (cyclopia, median or bilateral labial and/or palatal cleft, hypotelorism or a single
median incisor in milder cases) due to an abnormal division of the prosencephalon
between days 18 and 28. Intellectual disability is frequently associated. Recent
studies emphasize the continuum between these different genetic causes leading to
phenotypes of variable severity depending on the degree of abnormal development
of the anterior brain [14-16]. This likely explains why, for any given pathway or
transcription factor, the phenotype can be highly variable from mild to extremely
severe. This group mainly includes anomalies of the paired transcription factor
HESX1, and few novelties less well known such as GLI2, or pathways previously
thought to be only involved in isolated hypogonadotropic hypogonadism. We will
see, however, in the next paragraph that other transcription factors, more likely
involved in eye development, can also lead to midline anomalies, which makes this
classification difficult to perform.

HESX1

Hesx1 is a paired homeodomain transcription factor that has been well characterized
over the last 15 years. It is a major actor in pituitary development as its expression
and then inhibition are crucial at given time points to allow the formation of a
mature Rathke’s pouch. The expression profile of Hesx1 perfectly illustrates the
complexity of pituitary development. For instance, decreased expression of Hesx1
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at e13 in mice is necessary for Propl and secondarily Poulfl expression, two late
transcription factors necessary for proper differentiation of GH-, TSH-, and Prl-
secreting cells [17-20]. Appropriate expression of other early acting transcription
factors such as Lhx1, Lhx3, or Six3 (some being involved in human disease) is also
necessary for early proper Hesx1 expression [21]: the lack of Hesx1 in mice (homo-
zygous inactivation Hesx1~~) indeed leads to a very severe phenotype with corpus
callosum aplasia and ectopic posterior pituitary. In humans, HESX1 mutations can
lead to a wide range of phenotypes: 16 HESXI mutations have been reported [17,
22-30], the homozygous anomalies (40 % cases) usually leading to a more severe
phenotype [31]. GH deficiency is constant; other pituitary deficiencies are reported
in 50 % cases. Optic nerve anomalies are the other major phenotypic sign, observed
in 30 % cases. One should not consider, however, that SOD is always due to HESX]
mutations, as only 1 % cases have actually been linked to this genotype [31-34].
Brain MRI usually reveals pituitary hypoplasia (80 % cases) and midline anomalies
such as ectopic or non-visible posterior pituitary in 50-60 % cases and corpus
callosum agenesis or hypoplasia in 25 % cases.

Sonic Hedgehog and GLI2

Sonic hedgehog (SHH) signaling pathway is involved in the early steps of pituitary
development: SHH mutations have been reported in patients with severe forms of
isolated holoprosencephaly [35]. SHH targets, GLI transcription factors, have also
been involved in CPHD: GLI2 heterozygous mutations have been reported in patients
with holoprosencephaly or with pituitary hormone deficits and less severe midline
craniofacial anomalies and pituitary hypoplasia, corpus callosum agenesis, or ectopic
posterior pituitary on brain MRI; some individuals also have polydactyly.

Pathways Known to Be Involved in Hypogonadotropic Hypogonadism
FGF8 and FGFR1

FGFRI and FGFS$ heterozygous mutations were first reported in 10 % of Kallmann
syndrome and 7 % of normosmic hypogonadism [36]. Pituitary MRI showed nor-
mal or hypoplastic anterior pituitary and inconstant ectopic posterior pituitary.
Penetrance was incomplete [37, 38]. However, the expression of Fgf8 and Fgfrl in
the ventral diencephalon is necessary for proper Rathke’s pouch formation, tempo-
rospatial pattern of pituitary cell lineages, and the development of extrapituitary
structures [39]. This explains why other anomalies were then reported such as ear
hypoplasia, dental agenesis, cleft palate, and distal limb malformations. Finally,
FGFRI and FGF8 mutations have also been reported in patients with SOD, with
about 4 % prevalence [14].
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PROK2 and PROKR2

Prokineticin pathway is known to be involved in portal angiogenesis and neuronal
development and migration [40]: this suggested its potential involvement in pituitary
stalk development. PROK2 and PROKR?2 mutations have recently been reported in a
cohort of patients with pituitary deficiencies, anterior pituitary hypoplasia or aplasia,
and PSIS [15]. Mutations in these genes were also reported thereafter in patients with
SOD, and inconstant additional brain abnormalities, such as cerebellar hypoplasia,
Dandy-Walker cyst, or focal abnormality of mesial frontal cortex [16].

Etiological Possibilities in Patients Carrying Pituitary
Deficiency and Eye Anomalies: OTX2, SOX2, PITX2, ARNT2

Whereas OTX2 mutations seem to play an important role in CPHD, the other factors
reported here have been recently described or do not seem to be involved in a large
number of patients. This explains why they are usually not screened in patients,
except in case of a specific phenotypic sign associated to CPHD.

O0TX2

Otx2 is a paired homeodomain transcription factor involved in the early steps of
brain development. In mice, Otx2 is expressed from e10.5 to el14.5 in the ventral
diencephalon, where it likely interacts with Hesx1, and from e10.5 to el12.5 in
Rathke’s pouch. Otx2 is also involved in gonadotropin-releasing hormone (GnRH)
neuronal development [41]. In mice, homozygous inactivation of Ox2 (Otx2~")
leads to a severe brain phenotype; heterozygous inactivation leads to a wide range of
phenotype, with eye anomalies, inconstant holoprosencephaly, and usually pituitary
hypoplasia. This phenotype is close to the one observed in humans: 25 heterozygous
de novo OTX2 mutations have been reported, including nine in patients with con-
genital hypopituitarism; the remaining 16 mutations were reported in patients with
ophthalmic diseases and no mention of pituitary deficiency. Individuals can either
present with isolated GH deficiency or panhypopituitarism and inconstant hypo-
plastic pituitary, ectopic posterior pituitary, and Chiari syndrome. There is no
genotype/phenotype correlation [42-46].

SOX2

Sox2 is an “HMG DNA-binding domain” (similar to SRY gene) transcription factor.
At e9.5, Sox2 expression is observed in the brain, the neural tube, the oral endoderm,
the sensorial placodes, and the branchial arcs. Atel1.5, Sox2 is expressed in Rathke’s
pouch and the future hypothalamus. Sox2 is then expressed in the periluminal
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proliferative zone where it could be involved in the maintenance and function of
pituitary progenitors [47]. At adult age, Sox2 is expressed in the periventricular zone
of the lateral ventricles and in the dentate gyrus, but its precise role (promoting the
differentiation of stem cells in injured pituitary?) is unknown. Homozygous inactiva-
tion is lethal in mice; heterozygous inactivation leads to increased perinatal death,
epilepsy, and almost complete panhypopituitarism (corticotroph axis is usually func-
tional); in contrast, eye anomalies are inconstant. The phenotype is different in
humans: heterozygous de novo SOX2 mutations have been observed in six patients
with hypogonadotropic hypogonadism, bilateral microphthalmia, corpus callosum
hypoplasia, and inconstant intellectual disability. Pituitary phenotypes included
inconstant GH, TSH, or ACTH deficiencies, and pituitary hypoplasia in 80 % cases.
Surprisingly, corpus callosum anomaly has been reported in one case [47].

PITX2

PITX2 is not the perfect example of a transcription factor to think about in patients
with CPHD. Despite its obvious roles in pituitary development, only three patients
have been reported as having GH deficiency and pituitary hypoplasia [48-50]. As
shown in mice, it is probably because of compensatory mechanisms, at least in the
pituitary, likely due to a close transcription factor, Pitx1. Pitx2 is a paired homeodomain
transcription factor expressed in Rathke’s pouch at e10.5 [51, 52] and pituitary ante-
rior and intermediate lobes at e12.5. At adult age, Pitx2 is expressed in thyrotrophs
and gonadotrophs [53]. Pitx2 expression is ubiquitous, as it has also been observed
in the adult brain, eye, kidney, lungs, testis, and tongue [51, 54]. In humans, PITX?2
mutations have been reported in patients with Axenfeld-Rieger syndrome, which is
characterized by anomalies in the ocular anterior compartment and systemic mal-
formations (craniofacial dysmorphy, dental, and umbilical anomalies) [55, 56].
PITX?2 mutations should thus be screened in patients with this phenotype, keeping
in mind that some pituitary deficiencies might be associated. It does not make sense
to routinely screen for PITX2 mutations in patients with CPHD.

ARNT2

A recent report described a large consanguineous family with eye abnormalities,
congenital hypopituitarism, diabetes insipidus, and renal and central nervous sys-
tem (CNS) anomalies, related to a defect in the helix-loop-helix transcription factor
ARNT2. ARNT2 is known to be involved in the development of the hypothalamus,
other CNS structures, the kidneys, and the eyes. All patients presented with a thin
pituitary stalk, hypoplastic anterior pituitary, ectopic or nonvisualized posterior
pituitary, hypoplastic frontal and temporal lobes, thin corpus callosum, and delay in
brain myelination [11]. Precise roles of ARNT2 during pituitary and extrapituitary
structure development are, however, imperfectly determined, and the search for
other mutations in patients with CPHD has been negative to date.
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Etiological Possibilities in Patients Carrying Pituitary
Deficiency and Neurogenesis Anomalies: The LIM
Domain Transcription Factors

LHX4 and LHX3 are two close transcription factors belonging to a large family of
transcription factors known to be involved in the development of several structures.
Several mutations of LHX4 and LHX3 have been reported for the last 10 years in
patients with CPHD. In contrast, up to now, no mutation has been identified in
patients with a pituitary phenotype in the other LIM domain transcription factors.

LHX4

Lhx4 is involved in the early steps of pituitary ontogenesis. In mice, Lhx4 expres-
sion has been reported in Rathke’s pouch at €9.5 and in the anterior part of the
pituitary at e12.5. A low expression is still observed at adult age [57, 58]. The phe-
notype of homozygous inactivation of Lhx4 in mice is lethal due to respiratory
distress, whereas heterozygous inactivation is not symptomatic. The main differ-
ence with humans is actually the transmission mode of inheritance, as all human
LHX4 mutations are in a heterozygous state: 11 sporadic or familial LHX4 muta-
tions have been reported in 17 patients [59], with a wide intra- and interfamilial
phenotypic variability in terms of pituitary phenotype (ranging from isolated GH
deficiency to complete panhypopituitarism) [60, 61] and brain MRI (pituitary hypo-
plasia, inconstant ectopic posterior pituitary and sellar hypoplasia, corpus callosum
hypoplasia, or Chiari syndrome). Of note, one patient carrying a 1q25 microdeletion
(including LHX4 deletion) also presented with a cardiac defect (but it was likely
multifactorial).

LHX3

Lhx3 is the perfect example of how extrapolating a human phenotype from a mouse
phenotype is complex: while homozygous Lhx3 inactivation in mice is lethal, het-
erozygous inactivation does not lead to any particular phenotype. In contrast, in
humans, all described LHX3 mutations were homozygous, and even if the pheno-
type was complex, it was never lethal. This discrepancy might be explained by the
different weight of compensatory mechanisms performed by Lhx4 in both species,
but this remains highly hypothetical [57]. The role of Lhx3 during pituitary
development is crucial, as it is necessary for proper expression of several other tran-
scription factors or receptors such as Hesx1 [62], forkhead box (fox)I2, Notch2,
splicing factor (SF) 1, T-box (tbx)19 (involved in corticotroph differentiation),
GnRH receptor and FSHp [63-65], and Poulfl [66]. In addition to its role during
pituitary development, Lhx3 is involved in the development of extrapituitary struc-
tures, such as medullar motoneurons [67, 68] (which likely explains neck rotation
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anomalies in humans with LHX3 mutations) and inner ear [69, 70] (which explains
hearing trouble in humans with LHX3 mutations). In humans, 12 homozygous
LHX3 mutations have been reported [71-77]. Pituitary phenotype usually includes
GH, TSH, and LH/FSH deficiencies, while ACTH deficiency is inconstant (roughly
half of the cases). On MRI, pituitary aplasia or hypoplasia is observed in 60 %
cases, whereas hyperplasia is observed in 30 % cases. The mechanisms for hyper-
plasia are unknown but may be close to the ones reported for PROPI mutations
(detailed later in the text). As previously mentioned, extrapituitary phenotype can
include abnormal head and neck rotation (70 % cases), vertebral abnormalities
(50 % cases), and mild to severe hearing deficits (50 % cases).

Late-Acting Transcription Factors: The Pituitary
Phenotype Is Alone

If we only focus on transcription factors with anomalies reported in CPHD, then the
list is short: PROP1 and POU1F]1 are the only major actors known to be involved in
pure pituitary phenotype. It does not mean that the final differentiation of thyro-
trophs, for instance, or their function does not require other transcription factors
such as GATA2 or maybe ISL1; it only means that no mutation of these genes has
been reported so far in humans. Patients with PROPI or POUIF1 mutations thus
present anterior pituitary hormone deficiencies (progressive or not), normal
hypothalamo-pituitary morphology at MRI (regardless of the size of the pituitary
gland), and no extrapituitary malformations. In such a context, PROPI mutations
remain the most frequently reported genetic defect.

PROPI1

Propl is a pituitary-specific paired domain transcription factor. In mice, its expression
is observed from el0 to el5.5, with a peak around el12 [78]. Propl is necessary for
proper Poulfl expression, leading to somato-lactotroph and thyrotroph cell differen-
tiation [55, 79]. In mice, the phenotype is close to the one reported in humans, except
for the lack of ACTH deficiency. The reason why humans might have corticotroph
deficiency (seen in about 50 % of cases) remains a mystery, and the large period of
appearance (from young age to 40 years old) is another intriguing fact. In humans, at
least 25 PROP1 mutations have been reported [80—101]. Homozygous or compound
heterozygous PROPI mutations, transmitted in an autosomal recessive manner, cur-
rently represent the most frequently identified etiologies of CPHD [1, 102, 103].
Pituitary phenotype includes GH, TSH, LH/FSH, ACTH, and PRL deficiencies,
diagnosed from childhood to adulthood [104]. Pituitary MRI can show transient
pituitary hyperplasia and normal or hypoplastic pituitary; pituitary hyperplasia
sometimes precedes spontaneous hypoplasia [82, 105-109]. A hypothesis that may
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account for this phenomenon is that pituitary progenitors might not differentiate in
the absence of Propl, thus accumulating in the intermediate lobe causing hyperplasia,
with apoptosis then resulting in final hypoplasia [110].

PIT-1/POUIF 1

Pit-1 was the first pituitary-specific transcription factor identified in Snell mice and
then in humans (POU1F1, human ortholog of Pit-1) [111]. Poulf1 expression is first
observed at e13.5 during pituitary development. Poulfl is necessary for thyrotroph,
somatotroph, and lactotroph differentiation and remains expressed in these cell
lineages at adult age. In humans, POUIF1 mutations can be transmitted as an auto-
somal recessive or dominant trait. Complete TSH and GH deficiencies are usually
observed during childhood, whereas gonadotroph and corticotroph axes remain
functional. Brain MRI can be normal or show pituitary hypoplasia.

Conclusions and Perspectives

The identification of almost all genes identified to date in CPHD was based on
the murine model. Even if it is clear that having a close animal model is crucial,
the discrepancy between mice and humans might explain why only 10 % of the
etiologies of CPHD have been identified today. This is an issue, as identifying the
etiologies of congenital hypopituitarism is of major importance to better diagnose
and treat the patients, in particular in the differential diagnosis of a pituitary mass
on MRI, or to identify the patients at risk of developing delayed corticotroph defi-
ciency and as a prenatal diagnosis to decrease the risk of early death (undiagnosed
corticotroph deficiency, for instance).

Another possibility to explain this poor rate of identification is the limits in the
detection techniques that we have: classical Sanger sequencing has, for instance,
inherent limits with the impossibility to identify large deletions or insertions or
intronic alterations leading to splicing anomalies. The development of new tech-
niques in the recent years should dramatically improve the rate of identification of
etiologies of congenital hypopituitarism: array comparative genomic hybridization
(aCGH) has been created for identifying segmental genomic copy number variations
(gain or loss) such as structural rearrangements (deletions, duplications, insertions,
translocations) or complex chromosomal aneuploidies; it can be designed in a whole
genome approach, where the array targets are equally spaced with coverage of 100
to 1000 kb. Another promising approach is whole-exome sequencing, which is
based on the assumption that 85 % of mutations are located in coding regions of the
genome. This technique should be of great interest in highly penetrant Mendelian
diseases. However, reporting new variants in a single patient does not mean patho-
genicity and requires confirmation by a similar finding in other persons presenting
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with similar phenotypes. Moreover, confirmatory steps by bioinformatics analysis
after a usually large dataset of results can be highly challenging.

To summarize, in one sentence, huge progress has been made over the last 20
years, but we are only at the beginning of the path. Thinking differently might likely
help explaining the majority of yet unknown causes of CPHD.
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Chapter13
Cranial Radiation and Growth Hormone
Deficiency

Wassim Chemaitilly

Introduction

Endocrine complications affect between 20 and 50 % of childhood cancer survivors
and often occur as therapy-related late effects [1, 2]. Individuals with central nervous
system (CNS) tumors and those whose hypothalamus and/or pituitary were exposed
to surgery or radiotherapy are at risk of hypothalamic/pituitary deficits, including
growth hormone deficiency (GHD) [3]. When caused by tumoral expansion in close
proximity to the sellar region and/or by surgical treatments involving this area, GHD
tends to be associated from the outset with other hypothalamic/pituitary deficits and
to become clinically evident fairly quickly following the primary diagnosis or sur-
gery. In contrast, GHD following the exposure of the hypothalamus/pituitary to
direct or scatter radiation may not become evident for many years; it may not be
associated with other hormonal deficiencies from the outset as the radiation thresh-
old dose and the time course of hormone dysfunctions vary for the different anterior
pituitary hormones [4, 5]. Nevertheless, GHD is the most common, and often the
only, pituitary deficiency observed in survivors of childhood brain tumors and those
with a history of exposure to cranial radiotherapy (CRT) or total body irradiation
(TBI) [4, 6-9]. The present chapter aims at summarizing current knowledge regard-
ing the occurrence of GHD as a complication of radiotherapy with a focus on the
diagnostic and management challenges that are specific to survivors of childhood
neoplasia with a history of hypothalamic/pituitary radiation exposure.
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Pathophysiology

The site and precise mechanism through which radiotherapy causes neuro-
endocrinopathies (purely neuronal vs. neurovascular, hypothalamic vs. pituitary)
are unknown [10]. In a study using single-photon emission computed tomogra-
phy (CT) imaging, hypothalamic blood flow was significantly lower in a group of
34 individuals (aged 30—65 years) treated with radiotherapy (46-56 Gy to the
hypothalamic/pituitary area via a fractionated regimen) for nasopharyngeal car-
cinoma when compared to a group of four healthy controls [11]. There were no
significant differences among patients treated with radiotherapy when they were
grouped according to follow-up duration (6 months vs. 1 year vs. 5 years) [11].
The apparent contradiction between this finding and the well-described trend of
time and dose-dependent worsening of hypothalamic pituitary dysfunctions after
exposure to radiotherapy [12] led the authors to favor direct insult to the neurons
(vs. vascular injury) as the primary mechanism of hypothalamic damage without
completely ruling out a possible role for chronic ischemic changes [11]. The
most likely site of radiation-induced GHD seems to be the hypothalamus rather
than the pituitary given the observation of better preserved GH response to exog-
enous GH-releasing hormone (GHRH) in comparison to other GH secretagogues
in individuals exposed to CRT [13].

Prevalence and Risk Factors

Radiation-induced GHD occurs in a time- and dose-dependent fashion
(Fig. 13.1) [12]. The risk increases at higher doses of radiation and with longer
durations of follow-up [12, 14]. Growth hormone deficiency can be observed
within 5 years when the dose exceeds 30 Gy [9]. Following lower doses, such as
18-24 Gy, GHD may not become evident for 10 or more years [15]. In a recent
study of 748 adult survivors (mean age 34.2 years) of childhood cancers and
brain tumors treated with CRT and followed for a mean 27.3 years, GHD was
shown to continue to appear during adulthood and middle age; a trend that was
significantly more pronounced but not unique to GHD among anterior pituitary
hormone deficiencies (Fig. 13.2) [4]. In this study, the point prevalence of GHD,
diagnosed using plasma insulin-like growth factor-1 (IGF-I) levels <-2 z-score
for age and sex in lieu of dynamic testing, was estimated at 46.5 % (95% CI
42.9-50.2 %) overall, 47.5 % (95% CI 43.8-51.3 %) at doses of CRT >18 Gy,
and 30.2 % (95% CI 17.2-46.1 %) at doses <18 Gy (p=0.03) [4]. Up to 60.9 %
of suspected cases of GHD appeared during adulthood and were detected
through the risk-based assessments offered through participation in the St. Jude
Lifetime cohort study [4]. The occurrence of GHD in a both dose- and time-
dependent fashion was further demonstrated in this study as comparable risks
were found among individuals treated with doses <22 Gy, most likely to
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Fig. 13.1 Growth hormone secretion after irradiation of the hypothalamus/pituitary. Reproduced
with permission from [12]. © 2011 by American Society of Clinical Oncology
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Fig. 13.2 Relative proportions and overlap among anterior pituitary hormone deficiencies follow-
ing cranial radiotherapy. Reproduced with permission from [4]. © 2015 by American Society of
Clinical Oncology
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represent an older group of acute lymphoblastic leukemia survivors treated with
prophylactic CRT in past decades, and individuals exposed to doses >30 Gy and
who are by majority a much younger group of survivors of childhood brain
tumors followed for a significantly shorter period of time [4]. Young age at
exposure to CRT has been described as an additional risk factor for GHD by
some, but not all, authors [16, 17].

Diagnosis

The diagnosis of radiation-induced GHD follows the same process and relies on
the same diagnostic criteria as in patients not treated with radiotherapy [1]. There
are, however, several factors that deserve special attention in individuals with a
history of past exposure to direct or scatter radiotherapy to the hypothalamus
and/or pituitary. Endocrine and non-endocrine treatment-related factors could
affect linear growth in children independently of GH and need to be recognized
and identified in advance for both diagnostic and prognostic considerations.
Patients with a history of spinal exposure to radiotherapy may incur direct dam-
age to the vertebral growth plates leading to a form of skeletal dysplasia where
the growth of the spine is more affected than that of the legs [18—21]. This can be
identified by measuring the patient’s sitting height, plotting the value on a spe-
cific growth chart and comparing the sitting height, expressed in standard devia-
tion (SD) for age and sex, to the standing height SD. A discrepancy between
these values would be suggestive of radiation-induced skeletal dysplasia.
Individuals with severe obesity can continue to grow despite having GHD; insu-
lin resistance and/or hypersecretion has been cited as possible mechanisms of
this poorly understood phenomenon [22, 23]. Central precocious puberty, which
is fairly common in individuals with tumors near the hypothalamus or optic path-
ways and those treated with CRT, is an additional confounding factor [8]. Owing
to the effect of sex steroids, patients may experience a relatively accelerated
linear growth rate that can mask concurrent GHD with seemingly normal, prepu-
bertal, growth velocity. This is unfortunately occurring at the expense of rapidly
advancing bone maturation and may lead to an irreversible loss in growth pros-
pects if the association of GHD and precocious puberty is not quickly identified
[8]. Conversely, rising levels of sex steroids during puberty are necessary for the
generation of a pubertal growth spurt and for sustaining adequate growth rates
during teenage years because of their effect on GH secretion and on local growth
factors in the growth plates [24]. These observations further emphasize the need
for a close monitoring of pubertal status in children assessed for growth disor-
ders. It is also important to note that testicular volume should not be used in
assessing pubertal onset and progress in males exposed to direct testicular radio-
therapy and/or gonadotoxic chemotherapy regimens (such as alkylating agents)
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given the effect of these treatments on testicular size [1]. Other markers such as
pubarche, penile size, and scrotal thinning should be carefully assessed, and
practitioners should not hesitate to obtain confirmatory plasma testosterone level
measurements when pubertal changes are suspected [1].

There are special considerations regarding the choice and interpretation of
laboratory tests used for the assessment of individuals for radiation-induced
GHD. While failing two dynamic tests using different secretagogues is necessary
for the diagnosis of GHD in the general population, the consensus guidelines of
the GH Research Society have deemed that in individuals with a history of a
CNS insult affecting the hypothalamic/pituitary axis such as tumors and CRT,
one test is generally sufficient for the diagnosis [25]. The contribution of radia-
tion-induced GHD to poor growth and short stature should also be weighed
against the contribution of other factors such as a history of exposure to aggres-
sive multi-agent chemotherapy or medications directly affecting the growth
plates (such as cis-retinoic acid and imatinib) in the context of severe or relaps-
ing malignancy, as in patients with neuroblastoma [26, 27]. Given the likely
hypothalamic origin of GHD, the combination of GHRH and arginine (GHRH-
Arg), which is the most widely used test in adults assessed for GHD, should be
avoided in individuals with a history of hypothalamic/pituitary exposure to
radiotherapy; [28, 29]. Additionally, GHRH is presently not available for use in
the United States. The gold standard test in adults remains the insulin tolerance
test (ITT), but because of the risks associated with the hypoglycemia induced by
insulin, dynamic testing using glucagon has been suggested as an alternative
[30]. Priming with sex steroids prior to GH testing in children with pubertal
delay and adjustment of the GH peak to body mass index (BMI) have been sug-
gested as untreated hypogonadism and obesity are known to blunt the GH
response in non-GH-deficient individuals [31, 32]. Surrogate markers for GH
secretion, such as plasma IGF-I and IGF-binding protein-3 (IGFBP-3) levels,
may not be reliable in individuals with a history of exposure to CRT and may
result in the underdiagnosis of GHD [33, 34]. Hence, GH dynamic tests should
still be offered when clinical suspicion is present.

Treatment

Adult height prospects can be significantly improved in children with radiation-
induced GHD by the use of human recombinant GH (hGH) replacement therapy
[35-44]. Better height outcomes were described when treatment with hGH was
initiated at a younger age and higher doses [35]. Children treated with spinal radio-
therapy and those exposed to TBI may not completely recover the loss in their
growth potential, but it is possible that their height outcomes would be even worse
without replacement with hGH [37-44].

Given the pro-mitogenic and proliferative effects of GH and IGF-I in vitro, the
safety of hGH in individuals with a history of malignancy or neoplasia has been a
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source of concern for patients, families, and prescribing physicians for many years
[45]. Large-scale studies conducted in long-term survivors of childhood cancers
have not demonstrated higher risks of disease recurrence of death in individuals
treated with hGH during childhood when compared to those who did not receive
replacement therapy [46—48]. However, there are data to suggest a small increase
in the risk of a secondary solid tumor [48, 49]. In a report on a cohort of 13,222
participants, including 361 patients treated with hGH from the Childhood Cancer
Survivor Study (CCSS), 15 patients with a history of treatment with hGH devel-
oped second neoplasms [48]. Exposure to hGH was significantly associated with
the development of second neoplasms (RR 3.21, 95 % CI 1.88-5.46, p<0.0001)
even after adjustment for age at diagnosis, sex, and cancer treatment modalities
[48]. A second CCSS report, specifically dedicated to the study of the association
between hGH and second neoplasms, confirmed this association (RR 2.15, 95 %
CI 1.3-3.5) using data from an additional 3 years of follow-up [49]. The 20 cases
of reported second neoplasms in individuals treated with hGH included a majority
with a subsequent diagnosis of meningioma (n=9), all of whom had been exposed
to CRT, which is a known risk factor for this type of neoplasia [49, 50]. Neither the
dose of hGH nor the duration of therapy were significant factors in this association
[49]. In a third report from the CCSS dedicated to the study of the risk of second
CNS neoplasms following treatment with hGH and allowing for an even longer
duration of follow-up, individuals treated with hGH during childhood were not
found to be at a higher risk of developing second CNS neoplasms when compared
to others [51]. These findings were consistent with those of a previous study com-
paring 110 survivors of childhood and adult cancers treated with hGH to 110
matched non-hGH-treated controls followed for a median of 14.5 years [52]. In
summary, treatment with hGH can be offered to GH-deficient children who achieve
remission (for at least 1 year per expert opinion) after completing therapy for a
malignancy or brain tumor if they are cleared to receive hGH after the critical,
individualized, and multidisciplinary assessment of their predisposition to recur-
rence and/or complications and provided they can be closely monitored for these
risks during therapy [53].

Over the past two decades, the use of hGH has been extended to adults with
hypopituitarism given potential beneficial effects on body composition, plasma
lipids, bone mass, and quality of life [40, 54-57]. In the report on anterior hypo-
pituitarism from the St. Jude Lifetime cohort, untreated radiation-induced GHD
was associated with increased waist-to-height ratio, low muscle mass, low energy
expenditure, low handgrip strength, and poor exercise tolerance, which are all
components of frailty, a phenotype that has been shown to be associated with
early mortality [4]. There are, however, no studies specifically assessing the
effects of hGH in adult survivors of childhood cancers or brain tumors with radi-
ation-induced GHD. Whether hGH is safe and whether it provides sustainable
improvements in overall states of health are questions that need to be specifically
addressed in this population given the patients’ complex medical history, possi-
ble exposure to several other cancer treatment modalities and drug toxicities, and
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markedly increased risk of developing life-threatening chronic health conditions
[4,55, 58-60].

Conclusions

Growth hormone deficiency is the most common, and often only, anterior pituitary
dysfunction in individuals with a history of direct or scatter radiotherapy to the
hypothalamus and/or pituitary. Radiation-induced GHD poises specific challenges
when compared to other forms of GHD because of its dose- and time-dependent
relationship with radiation exposure; its frequent association with other, endocrine
and non-endocrine, comorbidities; and its continued appearance through childhood,
adulthood, and middle age. Individuals with a history of hypothalamic/pituitary
exposure to radiotherapy should be offered lifelong follow-up for potential endo-
crine dysfunctions, including GHD. The amplitude and sustainability of improve-
ments on overall health brought about by hGH in adult survivors of childhood
cancers and brain tumors deserve further investigation.
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Chapter 14
Traumatic Brain Injury and Growth Hormone
Deficiency

Erick Richmond and Alan D. Rogol

Introduction

Traumatic brain injury (TBI) is a common cause of death and disability in young
adults with consequences ranging from physical disabilities to long-term cognitive,
behavioral, psychological, and social deficits. It is considered a significant public
health problem worldwide. The most common causes of TBI are falls, child abuse,
violence, and sports injuries.

The pathophysiology of TBI involves not only the primary mechanical event, but
also secondary insults such as hypotension, hypoxia, increased intracranial pres-
sure, and changes in cerebral blood flow and metabolism. The most common iso-
lated hormonal deficiency after TBI in both children and adults is growth hormone
deficiency (GHD), although some studies note an almost equal incidence of gonad-
otropin deficiency in adults.

Pituitary function after TBI undergoes remarkable variation over time; dissimilar
methodologies could account for marked variations in prevalence of GHD, and the
lack of a gold standard test for GHD raises questions regarding the true incidence of
GHD after TBI. Endocrine surveillance, in particular, height velocity in children, is
recommended to ensure early intervention and diminish long-term sequelae. All
patients with documented severe GHD are candidates for growth hormone (GH)
replacement therapy.
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Epidemiology

TBI is increasingly common and the leading cause of death in industrialized
countries for individuals between the ages of 1 and 45 [1]. Rates of TBI are high-
est in early childhood (0—4 years), young adults (15-24 years), and the elderly
(>65 years). The most common causes of TBI are motor vehicle accidents (includ-
ing pedestrian-car and bicycle-car encounters), falls, child abuse, violence, and
sports injuries. Younger children are more likely to have TBI due to falls, while
teenagers have more TBI than any other population from motor vehicle accidents.
Many survivors live with significant physical and psychological sequelae [2].
Despite the high prevalence of TBI in the general population, posttraumatic hypo-
pituitarism remains largely underdiagnosed. Until recently, evidence for pituitary
insufficiency secondary to TBI was limited to anecdotal case reports. The first
report of a patient with hypopituitarism after TBI was published in 1918, and
subsequent to this, autopsy series showed high rates of pituitary damage follow-
ing fatal TBI [3]. A meta-analysis including more than 1000 patients with TBI
reported a pooled prevalence of hypopituitarism of 27.5 %; pituitary evaluation
was performed in a range of 3 months to 7 years after the head trauma [4]. GHD
is the most common hormonal deficiency reported after TBI; the prevalence var-
ies widely among published studies depending on the population evaluated, the
severity of the head injury, the time interval between head injury and assessment,
and the testing methods used to evaluate the endocrine function.

Pathophysiology

The pathophysiology of TBI is not completely understood. It involves not only the
primary mechanical event, but also secondary insults such as hypotension, hypoxia,
increased intracranial pressure, and changes in cerebral blood flow and metabolism.
Skull fracture, edema, and acute hemorrhage can lead to increased intracranial pres-
sure [5]. Direct mechanical damage through axonal shearing injury can also lead to
hypothalamic-pituitary injury [6, 7].

Anterior pituitary dysfunction in survivors of TBI is more common than poste-
rior lobe dysfunction, because the blood supply to the anterior lobe is derived from
the long hypophyseal vessels and the portal capillaries in the pituitary stalk, which
are more susceptible to damage than the short hypophyseal vessels that supply the
posterior lobe. Located in the lateral regions of the anterior pituitary gland, somato-
trophic and gonadotrophic cells are more vulnerable due to their location and blood
supply. Distributed more centrally, corticotrophic and thyrotrophic cells may be
somewhat less vulnerable.

Recent research suggests a possible role of autoimmunity in the development of
hypopituitarism following TBI. Antipituitary antibodies are present in patients with
TBI-induced pituitary dysfunction and persist even 3 years after diagnosis [8].
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Predictors of poor outcome after TBI include altered systemic and cerebral
hemodynamics. Three phases of change in cerebral blood flow following TBI have
been documented: in the first 6-12 h after injury, the brain may suffer poor perfu-
sion and cerebral ischemia. A second phase includes hyperemia and increased intra-
cranial pressure. Finally, vasospasm and poor perfusion may follow [9].

Diagnosis and Clinical Presentation

In childhood and adolescence, diminished height velocity represents the hallmark
of GHD. Adults frequently report diminished exercise tolerance, develop central
body fat distribution and dyslipidemia, and complain of fatigue and difficulty initi-
ating activities.

For the somatotrophic axis evaluation after TBI, determination of IGF-I levels,
plus dynamic testing with one or more GH secretagogues (e.g., GHRH + arginine,
GHRH + GHRP-6, or glucagon), is indicated. Insulin-induced hypoglycemia (ITT)
testing can be used when not contraindicated and experienced personnel perform-
ing this test are available. The choice of one test rather than another one often
depends on the preference and familiarity with it of the endocrinology team, as well
as the availability of the individual agents, a number of which are unavailable in the
USA [10].

The time interval between TBI and pituitary function evaluation is one of the
major factors responsible for the reported variations in the prevalence of
GHD. Studies evaluating patients after TBI reported very high rates of GHD soon
after initial trauma with a diminished rate in the first year of follow-up [11]. A recent
study of 20 male patients who suffered mild combat-related TBI found a high preva-
lence (25 %) of GHD. Patients were evaluated >3 months after mild TBI, and GHD
was defined by a GH peak <3 pg/L after glucagon stimulation test [12]. A multi-
center study among 112 patients followed over 4 years, starting 1 year after a TBI,
found a 2.7 % prevalence of patients meeting severe GHD criteria. A strict method-
ology included GHRH stimulation test to replace insulin tolerance test (ITT) only
when the latter was formally contraindicated [13]. A large Danish registry illustrates
in more detail how the testing modality can influence the prevalence of GHD. Four
hundred and thirty-nine patients and 124 healthy controls underwent dynamic
assessment of GH secretion 2.5 years after TBI. The authors found significant dis-
cordance among the tests, with GHRH-arginine assigning more GHD to patients
than ITT [14]. Another study of 70 children who experienced TBI at a mean age of
8.1 years assessed pituitary function at least 1 year after head injury. Patients with
mild, moderate, and severe TBI were included. All children underwent auxological
evaluation at baseline and 6 months after the first evaluation. A GH stimulation test
was performed only in those with slow growth velocity at 12 months of follow-up.
A combined test using GHRH + arginine was used to stimulate peak GH secretion,
and GHD was defined if GH peak was <20 pg/L. Thirteen patients with slow growth
underwent GH stimulation and four (5.7 %) were diagnosed with GHD [15].
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A prospective study argued in favor of systemic hormonal assessment in children
and adolescents after severe TBI. In this study, 87 children and adolescents, median
age 6.7 years, 9.5 months after severe TBI were recruited for basal and dynamic GH
testing. The diagnosis of GHD was based on the association of two GH peaks
<5 pg/L to stimulation and low IGF-I levels. The results indicated a 6 % prevalence
of GHD [16]. In this study, the interval between the assessments was too short to
calculate growth velocity accurately, and a longer follow-up is necessary to better
analyze the GH/IGF-I axis.

A recent study in early childhood after structural TBI evaluated 156 children
injured when less than 5 years of age but an average of 6.5 years after injury.
Intracerebral hemorrhage, cerebral injury, and skull fracture occurred in most as an
isolated event or in combination. The diagnosis of GHD was based on an integrated
assessment of stimulated GH peak (<5 pg/L), IGF-I level, and growth pattern. In this
study, 80 % of low GH responses to stimulation tests became normal when the tests
were repeated, and the remainder had normal IGF-I levels and linear growth. The
authors found no children with GHD and concluded that invasive assessment should
be reserved for selected patients with slow growth and/or other clinical suspicion of
GHD [17]. Another study in childhood evaluated patients 4.3 years after TBI. Mean
age at injury was 9.5 years and included minor, moderate, and severe TBI. GHD was
based on a peak GH <5 pg/L after ITT or glucagon test. A total of 33 patients under-
went either ITT or glucagon test: while seven subjects (21 %) had suboptimal peak
GH responses, all had height SDS within the normal range and six had normal height
velocity; only one who had slow growth and suboptimal GH response was treated
with GH despite findings consistent with constitutional delay of growth and puberty.
It should be noted that priming with testosterone prior to the stimulation test was not
performed. The authors concluded that their findings do not justify routine GH stim-
ulation after TBI [18]. A recent study after TBI evaluated 36 children with mean age
at injury of 3.8 years and meantime interval between head trauma and endocrine
assessment of 3.3 years. All children had skull fractures or intracranial hemorrhage.
Four had low IGF-I levels and were reassessed 1 year later. They all show spontane-
ous increase of IGF-I levels and normal height velocity. In this study, no subjects
with GHD after TBI were found, and the authors argued in favor of monitoring
growth in this population and against routine stimulation tests [19].

These studies exemplify some of the most important factors that may explain the
marked variations in the prevalence of GHD reported after TBI, which include differ-
ent populations, diverse severity of head trauma, various time intervals between head
trauma and hormonal measurements, and different diagnostic testing protocols.

Effects of GH Therapy in GH-Deficient Subjects
Following TBI

Growth hormone has several targets in the central nervous system (CNS) includ-
ing the limbic structures related to well-being and hypothalamic centers associ-
ated with pituitary hormone regulation [20]. Growth hormone deficiency,
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whether caused by TBI or other mechanisms, may lead to a syndrome of mental
health-related problems including a decreased sense of well-being and loss of
memory and cognitive capabilities [21]. In fact, it is the diminished sense of
well-being that became a major factor in the approval process for GH therapy in
GH-deficient adults in the USA. Beyond the reversal of some of the metabolic
abnormalities, GH treatment of GH-deficient adults enhances energy, motiva-
tion, and sense of well-being.

There are objective findings for improved memory and cognitive capabilities fol-
lowing GH therapy [21, 22]. GH is permeable to the brain, and there are receptors
for both GH and IGF-I in areas associated with cognitive function and behavior
(reviewed in [21]). Some patients with GH deficiency following TBI experience
improvements in motor and/or cognitive difficulties in response to therapy with GH
[23, 24]. Whether the salutary effects of GH work directly through the GH receptor
or indirectly through IGF-I production and then the IGF-I receptor is at present
unknown; this issue is actively being researched.

Conclusion

How and when to evaluate the GH axis after TBI in children and adults is evolving.
Despite the inherent limitations to this field of research, available data depict the
importance of evaluating patients with TBI for GHD. GHD affects not only linear
growth, but may influence patients’ overall well-being and cognition as manifested
clinically through symptoms such as fatigue and memory problems. Growth hor-
mone is a metabolic regulator as well, and there are profound effects on body com-
position and the regional distribution of body fat in those deficient. Replacement
therapy may ameliorate these abnormalities [25, 26].

Pituitary function after TBI undergoes remarkable variation over time. Dissimilar
methodologies could account for marked variations in prevalence of GHD, and the
lack of a gold standard test for GHD raises questions regarding the true incidence of
GHD after TBI. Although somewhat controversial, most recent well-designed stud-
ies in children argue in favor of performing dynamic GH tests only in those with
slow growth after appropriate follow-up. All patients with documented severe GHD
are candidates for GH replacement.

A note of caution is appropriate when encountering patients with severe
TBI. It may very well be that prolongation of the acute stress response (see [27])
for approximately 3 months, at least in adults, is responsible for early abnor-
malities rather than brain damage itself. Early responses include increases of
some stress hormones (cortisol and prolactin) with decreased gonadal and thy-
roid function. This is considered an adaptive response. Additionally, concomi-
tant medications (e.g., antidepressants, antipsychotics, and antiemetics) may
affect the evaluation. Most of the deficits defined at 3 months resolve by 12
months [27].
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Chapter 15
Syndromes Associated with Growth Hormone
Deficiency

Sara A. DiVall

Normal pituitary development is a prerequisite for normal growth hormone (GH)
synthesis and secretion. Pituitary development involves a cascade of events that
begin at week 4 in the fetus with formation of Rathke’s pouch, culminating in a
fully differentiated adenohypophysis by week 16. Significant cerebral, heart, and
limb maturation also occurs during this developmental window. Therefore, growth
hormone deficiency (GHD) is often seen as one feature of a syndrome with multiple
defects in various organs.

This chapter will discuss some major syndromes in which GH deficiency is a
major feature. Many syndromes that feature GHD also feature other cranial defects.
Polygenetic, single-gene, or deletion syndromes will be discussed. The current level
of knowledge regarding underlying genetic and pathophysiologic mechanisms is
presented. Single-gene defects implicated in combined pituitary hormone defi-
ciency (CPHD), pituitary stalk formation, or isolated GH deficiency will not be
discussed as they are covered elsewhere in this book (Chaps. 11 and 12).

Septo-optic Dysplasia A syndrome commonly encountered in modern pediatric
endocrine practice is septo-optic dysplasia (SOD) present in 0.8—1 in 10,000 births
[1, 2]. Previously called de Morsier syndrome, it classically entails the absence of
the septum pellucidum, optic nerve hypoplasia/abnormalities, and hypopituitarism.
However, it encompasses a wide spectrum of severity and manifestations, so diag-
nosis is made clinically if two of the three features are present [3]. Absence of the
corpus callosum, whether in the absence or presence of the septum pellucidum, is
considered by some to meet diagnostic criteria [4]. In case series [2, 5], 25-30 %
of SOD cases have all three features, while 62—80 % have pituitary hormone defi-
ciencies and 60—65 % have an absent septum pellucidum. The pituitary dysfunc-
tion can range from isolated GH deficiency (11 % of SOD cases) to variable degrees
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of anterior hypopituitarism (55 %), and 18 % have additional neurohypophysis
dysfunction with diabetes insipidus [2]. Rarely, isolated neurohypophysis dysfunc-
tion is described.

Children with SOD commonly present at birth in the context of midline abnor-
malities or clinical signs/symptoms of neonatal hypopituitarism. Children can also
present later in infancy upon investigation of visual disturbances and subsequent
diagnosis of optic nerve hypoplasia or even later with growth delay [3]. Upon initial
diagnosis of optic nerve hypoplasia, up to 80 % have some pituitary dysfunction [6],
leading to recommendations that children diagnosed with optic nerve hypoplasia
have a thorough endocrine and neurological evaluation. In multiple series [5, 6], it
was observed that the degree of hypopituitarism can evolve in some children with
SOD, prompting recommendations to regularly evaluate diagnosed children for addi-
tional pituitary hormone deficiencies. There is also heterogeneity in neurological
manifestations and the degree of ophthalmological and neurological dysfunction [7].

Considering the associated brain abnormalities, it is widely accepted that SOD is
a developmental abnormality of the early forebrain. However, underlying genetic
abnormalities are found in <1 % of patients with SOD [8]. HESX] mutations have
been reported, with affected patients exhibiting variable phenotypes [8]. HESX] is
a member of the homeobox gene family. It is expressed in the ectoderm very early
in development in the area that gives rise to the ventral prosencephalon (that later
becomes Rathke’s pouch) and forebrain. Gene expression diminishes after 4-5
days. It is a transcriptional repressor; the diminution of its expression is thought to
be important for the increase in transcription of other genes important for pituitary
development such as PROP]. Thirteen separate mutations (homozygous and het-
erozygous) have been described thus far. In general, mutations result in proteins
with altered binding of HESX1 to DNA [8]. However, one described mutation in a
patient with classic SOD resulted in a HESX1 that exhibited enhanced DNA bind-
ing [9]. Theoretically, enhanced repression may also prevent subsequent expression
of pituitary development genes. The mouse model of targeted disruption of Hesx/
exhibits a phenotype that resembles SOD in humans [8].

Risk factors for SOD include young maternal age and primiparity [2]. It has been
suggested that antenatal smoking or alcohol use are also risk factors [2, 8]. Given
the varied presentation, risk factors, and low incidence of causal mutations, it has
been hypothesized that SOD may result from a vascular disruption sequence [10].

Ten separate SOX2 mutations have been described in patients with anophthal-
mia and various degrees of hypogonadotropic hypogonadism and anterior pituitary
hypoplasia [8]. Interestingly, in only one mutation has the phenotype included GH
deficiency [11].

Holoprosencephaly Sequence: The holoprosencephaly (HPE) sequence is also a
developmental defect in forebrain development. It occurs in approximately 1/10,000
births. The forebrain does not separate at all or to varying degrees, resulting in a
spectrum of clinical phenotypes. Complete absence of forebrain results in cyclopia,
whereas near-complete separation leads to mild signs of incomplete midline facial
development such as cleft lip and palate, hypotelorism, and single central incisor.
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Extracranial defects are also seen. HPE is thought to result from chromosomal
abnormalities, teratogenic exposure (e.g., gestational diabetes), or secondary to
genetic mutations, with mutations in 12 genes described [12].

Diabetes insipidus is common, with anterior pituitary deficiencies variably
described [12]. Mutation in either of four genes (SHH, ZIC2, SIX3, and TGIF)
underlies about 25-30 % of nonchromosomal, nonsyndromic HPE [12, 13]. The
presence of anterior hypopituitarism with accompanying GH deficiency was
reported in <5 % of patients with SHH mutation [14].

Mutations in GLI2 were found in patients with HPE associated with hypopituita-
rism [15]. However, a later study found pathogenic GLI2 mutations in persons with
congenital hypopituitarism but without HPE [16]. Later analysis of 400 persons
with HPE-like disorders or craniofacial anomalies clarified that of the 112 patients
identified with variants in GLI2, only 3 % had HPE with clear lobar abnormalities
[17]. Of the persons with GLI2 variants that could potentially lead to GLI2 malfunc-
tion (such as truncating mutations), over 80 % had reported pituitary insufficiencies
with 90 % having polydactyly [17]. For persons with truncating mutations, common
facial features included midface hypoplasia, cleft lip/palate, or hypotelorism. Thus,
pathologic GLI2 mutations may exhibit a phenotype that is distinct from HPE.

GLI2 is a zinc-finger transcription factor that is downstream from SHH signal-
ing. Global deletion of the Gli2 gene in mice is embryonically lethal with loss of the
pituitary in half of embryos [18]. Mice with targeted disruption of Gli2 in neural
ridge cells that later invaginate into Rathke’s pouch exhibit a small pituitary due to
diminished cell proliferation, but not alteration in cell patterning/fate [19]. Gli2
disrupted cells cannot express Bmp4 or Fgf8, genes involved in the proper forma-
tion and closure of Rathke’s pouch [19].

Fallister-Hall Syndrome: Minimal diagnostic criteria for Pallister-Hall syndrome
(PHS) include hypothalamic hamartoma and polydactyly with the polydactyly
seemingly inherited in an autosomal dominant manner. Affected patients may also
have variable pituitary hormone deficiencies, intracranial defects, genital abnormal-
ities, imperforate anus, or renal abnormalities. There is a range of severity; severe
cases can result in multiple organ malformation and large hypothalamic hamarto-
mas with neonatal lethality. Affected family members can have a milder phenotype
of isolated polydactyly. Persons with a severe phenotype of PHS have phenotypic
features that overlap with syndromes such as Greig cephalopolysyndactyly or
Smith-Lemli-Opitz. However, unlike Smith-Lemli-Opitz, persons with PHS do not
have evidence of a defect in cholesterol biosynthesis.

PHS is a rare disorder; molecular characterization was carried out in 52 patients
from 26 families in the USA [20] and 21 patients from 17 families in Europe [21].
Severe and mild phenotypes of PHS are correlated to heterozygous mutations in
GLI3 [20, 21]. Patients with PHS have mutations that cause a truncated form of the
GLI3 protein with the pathologic mutations occurring in the middle third of the
gene, in regions that translate into a proteolytic cleavage site, or in a transactivation
domain. The zinc-finger DNA-binding domain is not affected. Interestingly, patients
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with Greig cephalopolysyndactyly (who do not have pituitary insufficiency but
have other deformities similar to PHS) have mutations in other regions of GLI3 that
do not result in a truncated protein. Like GLI2, GLI3 is a zinc-finger protein of the
SHH pathway. It functions as a transcriptional activator in the presence of SHH and
repressor in the absence of SHH. Global G/i3 gene deletion is embryonically lethal
in mice [22], but the global knockout has normal proliferation late in pituitary devel-
opment after closure of Rathke’s pouch [19]. The combined Gli2/Gli3 disrupted
embryo, however, has no pituitary development in all embryos. This suggests over-
lapping roles for Gli2 and GIi3 in mice. Thus, the mechanism underlying the pitu-
itary malformation in persons with a truncated GLI3 protein (with presumably
normal GLI2 function) is not fully elucidated.

CHARGE Syndrome: CHARGE syndrome is comprised of coloboma, heart anom-
aly, choanal atresia, (growth) retardation, genital, and ear anomalies. It is present in
1-2/10,000 births and is clinically diagnosed according to specified four major and
seven minor criteria [23]. Up to 80 % of persons have poor postnatal growth with
height less than-2SD commonly seen. Hypogonadotropic hypogonadism is seen in
approximately 90 % of patients, often accompanied by anosmia. In case series vary-
ing from 15 to 32 patients, 5-10 % of patients clinically diagnosed with CHARGE
syndrome have GHD based upon auxologic criteria, insulin-like growth factor-I
(IGF-]) levels, and GH stimulation tests [24-26]. In all series, pituitary anatomy
was reported as normal. In at least one series, the persons with GHD were found to
be a height of -3SD [24]. Of the three patients treated in one study, the mean change
in height standard deviation score (SDS) was 1.33 with an average duration of GH
therapy of 2 years. Thus, given the high baseline incidence of postnatal growth fail-
ure, it is unclear whether patients with CHARGE syndrome and GH deficiency have
similar growth response to GH therapy as other children with GH deficiency.

Up to 90 % of patients who meet strict clinical criteria of CHARGE syndrome
have heterozygous mutations or deletions in CHD7 (chromodomain helicase DNA-
binding protein) [27]. A minority of persons who meet some, but not all, of the
clinical criteria for CHARGE syndrome have CHD7 mutations; conversely, CHD7
mutations have been found in relatives of probands with very mild ear abnormali-
ties. CHD7 is a transcriptional regulator that interacts with the gene PBAF to affect
neural crest formation [28]. It is expressed in the pituitary. Homozygous Chd7 dele-
tion in mice is embryonically lethal; hypoplasia of Rathke’s pouch and the olfactory
pit is noted [29]. Gregory et al. described two patients with CHARGE syndrome,
GHD, and ectopic posterior pituitary with CHD7 gene variations that resulted in a
splice variation that were carried by a seemingly unaffected parent [30]. Thus, the
role of CHD7 in the pituitary malformation of these patients is unclear.

Axenfeld-Rieger Syndrome Axenfeld-Rieger syndrome (ARS) refers to overlap-
ping conditions that all feature dysgenesis of the anterior segment of the eye includ-
ing iris hypoplasia, corneal abnormalities, and changes in the chamber angle. These
features cause glaucoma in the majority of patients. Some persons also have
hypodontia/microdontia, redundant umbilical skin, cardiac defects, anal stenosis,
hypospadias, and GHD. It is estimated to affect about 1/200,000 live births. ARS
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has been associated with deletion in the PITX2 or FOXC2 gene in 40 % of cases
[31]. In general, persons with PITX2 gene deletion have the extraocular features,
while those with FOXC2 mutations do not [32]. The incidence of GHD in ARS
syndrome has not been reported.

Given the rarity of the disorder, the relative incidence of PITX2 vs. FOXC2 muta-
tions in persons with ARS has not been determined. PITX2 encodes for the pituitary
homeobox 2 gene, while FOXC2 encodes for forkhead box C2 gene. Both are tran-
scription factors expressed early in embryonic development. In animal studies,
Pitx2 is an early transcription factor expressed in oral ectoderm from which Rathke’s
pouch emerges. It is regulated by NF1 and TCF/LEF in early ectoderm [33]. Pitx2
is both a transcriptional repressor and activator; the Wnt/Dvl/beta-catenin pathway
induces Pitx2 expression and also serves to induce the switch from transcriptional
repressor to activator [34]. In the pituitary, Pitx2 induces transcription of genes
important in pituitary development including PoulfI (Pitl), Plod-1, Lef-1, and pos-
sibly Hesx1 [32]. In other tissues, Pitx2 induces cyclin D2 activity and therefore cell
proliferation [34]. In this way, Pitx2 plays a broad role in tissue development includ-
ing dental and cardiac tissue. Homozygous null deletion of Pizx2 in mice leads to
absence of pituitary development, as well as ventral wall and heart defects.
Heterozygous null mice exhibit eye defects [35] implying a gene dosage effect.

In ARS families, the same mutation may result in different phenotypes. Height
within the normal range has been described in the majority of persons with ARS. The
phenotypic variability and mild pituitary phenotype imply redundancy to the molec-
ular actions of Pitx2 in tissues.

Prader-Willi Syndrome: Prader-Willi syndrome (PWS) features hypotonia, poor
feeding during infancy, hyperphagia after age 3 causing obesity, hypogonadotropic
hypogonadism, short stature, and cognitive delay with behavioral difficulties. The
estimated prevalence of the disease is 1/10,000 to 1/25,000. Age-specific diagnostic
criteria were developed in 1993 before the advent of diagnostic testing [36]. Some
have advocated loosening the diagnostic criteria, since an estimated 15-20 % of
persons with molecular alterations consistent with PWS do not meet the strict clini-
cal diagnostic criteria [37]. Guidelines for the care of children with PWS have been
published [38, 39] which include information on clinical diagnosis and criteria for
molecular testing as well as health maintenance.

Some features of PWS are also features in persons with untreated classic GHD
(low muscle tone, short stature despite obesity, altered body composition, low IGF-I
levels). Many children also fail GH-provocative testing, although interpretation of
GH stimulation testing in the setting of obesity is problematic (see Chap. 6). The
similarities between PWS and classic GHD led to trials testing the effectiveness of
GH in PWS. Multiple trials have shown improvement in growth velocity and body
composition in children with PWS (for review, see 40) treated with GH. This led to
a PWS-specific indication for GH therapy by the FDA in 2000. Cases of sudden
death in PWS after initiation of GH have been reported. The deaths were thought to
be due to worsening of baseline obstructive sleep apnea by GH-induced increase in
lymphoid tissue. For this reason, baseline polysomnography and treatment of sleep
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apnea is recommended prior to initiating GH in PWS patients [40]. Clinical outcome
goals and consideration for discontinuation of GH in adolescents and adults who
have reached adult height have not been firmly established. Guidelines specific to
the use of GH in PWS have been developed [40].

PWS is present when genes of the paternal allele in the chromosomal region
15q11-q13 are not expressed. Non-expression of the paternally inherited genes in
this region may be due to the deletion of the paternally inherited allele (70 % of
cases) or inheritance and thus expression of the maternal allele only (uniparental
disomy; 20 % of cases). This chromosomal region contains many genes that are
subject to imprinting, which leads to silencing of gene expression on a particular
allele. About 5 % of cases are due to altered imprinting of genes in this region, effec-
tively silencing the paternal allele. Less than 5 % of cases are due to chromosomal
translocation. The 15q11-q13 region is flanked by regions of DNA that are dupli-
cated, which predisposes the whole region to deletion events. Altered methylation
genes to silence it (imprinting defect) are a heritable trait; thus, it is important to
identify these children and counsel the parents on heritability in future offspring.

Recommendations for molecular diagnosis in individuals exhibiting features of
PWS have been published [38, 39]. It is recommended that methylation analysis
occur first to document the absence of the paternal allele, as there are methylation
patterns unique to the maternal or paternal allele. If the paternal allele is absent, then
analysis progresses to in site fluorescence hybridization (FISH) to investigate for
allelic deletions. If normal, then investigation for uniparental disomy ensues. If both
maternal and paternal alleles are present (independent of the methylation pattern),
then a methylation defect is the cause.

The genes in the 15q11-q13 region include genes that encode for polypeptides
(MKRN3, MAGEL2, NECDIN, SNURF-SNRPN) and six small nucleolar RNA
(snoRNA) genes [41]. SNURF-SNRPN regulates the expression of the snoRNA
genes. To date, there is not convincing evidence that absence of a single gene in the
region leads to the PWS phenotype. Persons with truncating mutations in MKRN3
have precocious puberty without PWS features [42]. Isolated truncating mutations
in MAGEL2 have been implicated in four persons with PWS-like features [43] and
the Magel2 null mouse has some features of PWS [44]. Yet, persons with PWS and
intact MAGEL?2 have been described [45]. Additionally, reports of individuals with
microdeletions in the snoRNA region (specifically in the region of SNORD116) also
exhibit features of PWS [46]. Mice with deletion of Snordl 16 exhibit growth retar-
dation with and deficiencies in motor learning with moderate hyperphagia [47].

Other Syndromes: Case reports or series in which GHD has been described in other
genetic syndromes are listed in Table 15.1. In many of the cases, the etiology of the
GH secretion abnormality is unclear, either because the underlying genetic defect is
not known or the gene defect described does not clearly involve GH synthesis or
secretion. In other cases, such as mitochondrial disorders, general cellular dysfunc-
tion may lead to both poor GH secretion and cellular response to GH. Table 15.1 is
divided into syndromes associated with cranial defects and those that are not associ-
ated with cranial defects, as well as mitochondrial disorders.
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Table 15.1 Other syndromes with reported Growth hormone Deficiency

Sub-category Syndrome Reference
With craniofacial abnormalities DiGeorge [48]
Robinow [49]
Craniofaciocutaneous [50]
Costello [51]
Joubert [52]
Kabuki [53]
Peters plus [54]
Without craniofacial abnormalities IMAGe [55]
Mitochondrial diseases Kearns-Sayre [56]
MELAS [57]
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