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Human Growth Hormone

Le N. Dao, Barbara Lippe, and Michael Laird

INTRODUCTION

Human growth hormone (hGH) is a protein hormone
essential for normal growth and development in
humans. hGH affects many aspects of human metabo-
lism, including lipolysis, the stimulation of protein syn-
thesis, and the inhibition of glucose metabolism. Human
growth hormone was first isolated and identified in the
late 1950s from extracts of pituitary glands obtained
from cadavers and from patients undergoing hypophy-
sectomy. The first clinical use of these pituitary-extracted
hGHs for stimulation of growth in hypopituitary chil-
dren occurred in 1957 and 1958 (Raben 1958). From 1958
to 1985 the primary material used for clinical studies
was pituitary-derived growth hormone (pit-hGH).
Human growth hormone was first cloned in 1979
(Goeddel et al. 1979; Martial et al. 1979). The first use in
humans of recombinant human growth hormone
(rhGH) was reported in the literature in 1982 (Hintz
et al. 1982). The introduction of rhGH coincided with
reports of a number of cases of Creutzfeldt-Jakob dis-
ease, a fatal degenerative neurological disorder, in
patients receiving pituitary-derived hGH. Concern over
possible contamination of the pituitary-derived hGH
preparations by the prion responsible for Creutzfeldt-
Jakob disease led to the removal of pit-hGH products
from the market in the US in 1985 followed by the FDA
approval of rhGH later in the year. The initial thGH
preparations were produced in bacteria (E. coli) but,
unlike endogenous hGH, contained an N-terminal
methionine group (met-thGH). Natural sequence
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recombinant hGH products have subsequently been
produced in bacteria, yeast, and mammalian cells.

HGH STRUCTURE AND ISOHORMONES

The major, circulating form of hGH is a non-glycosylated,
22 kDa protein composed of 191 amino acid residues
linked by disulfide bridges in two peptide loops
(Fig. 14.1). The three dimensional structure of hGH
includes four antiparallel alpha-helical regions (Fig. 14.2)
and three mini-helices. Helix 4 and Helix 1 have been
determined to contain the primary sites for binding to the
growth hormone receptor. In addition, two of the three
mini-helices located within the connecting link between
Helix 1 and 2 have been shown to play an important role
in the binding of growth hormone to its receptor (Root
et al. 2002; Wells et al. 1993). Endogenous growth hor-
mone contains a variety of other isoforms including a
20 kDa monomer, disulfide-linked dimers, oligomers,
proteolytic fragments, and other modified forms
(Boguszewski 2003; Lewis et al. 2000). The 20 kDa mono-
mer, dimers, oligomers, and other modified forms occur
as a result of different gene products, different splicing of
hGH mRNA, and posttranslational modifications. These
isoforms are generally expressed at lower amounts com-
pared to the 22 kDa protein (Baumann 2009).

There are two hGH genes in humans, the “nor-
mal” hGH-N gene and the “variant” hGH-V gene. The
hGH-N gene is expressed in the pituitary gland. The
hGH-V gene is expressed in the placenta and is respon-
sible for the production of several variant forms of
hGH found in pregnant women. Non-glycosylated and
glycosylated isoforms of hGH-V have been identified
(Ray et al. 1989; Baumann 1991).

PHARMACOLOGY

m Growth Hormone Secretion and Regulation

Growth hormone is secreted in a pulsatile manner from
somatotrophs in the anterior pituitary. Multiple feed-
back loops are present in normal regulation of hGH
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Figure 14.2 m Schematic 3-D structure of hGH showing four
antiparallel o-helices and receptor binding sites 1 and 2.
Approximate positions of the two disulfide bridges (S-S) are also
indicated (Modified from Wells et al. (1993)).

secretion (Casanueva 1992; Giustina and Veldhuis
1998) (Fig. 14.3). Growth hormone release from the
pituitary is regulated by a “short loop” of two-coupled
hypothalamic peptides — a stimulatory peptide, growth
hormone releasing hormone (GHRH), and an inhibi-
tory peptide, somatostatin (also known as somatotro-
pin release-inhibitory factor (SRIF)). GHRH and
somatostatin are, in turn, regulated by neuronal input

Figure 14.1 W Primary
structure  of  recombinant

110 human growth hormone.

to the hypothalamus and the GH secretagogue, ghrelin
(Kojima et al. 2001). There is possibly also an “ultra-
short loop” in which hGH release is feedback regulated
by growth hormone receptors present on the somato-
trophs of the pituitary themselves. Growth hormone
secretion is also regulated by a “long loop” of indirect
peripheral signals including negative feedback via
insulin-like growth factor (IGF-1) and positive feed-
back via ghrelin. Growth hormone-induced peripheral
IGF-1 inhibits somatotroph release of hGH and stimu-
lates somatostatin release.

Growth hormone secretion changes during
human development, with the highest production
rates observed during gestation and puberty (Giustina
and Veldhuis 1998; Brook and Hindmarsh 1992).
Growth hormone production declines approximately
10-15 % each decade from age 20 to 70. Endogenous
hGH secretion also varies with sex, age, nutritional sta-
tus, obesity, physical activity, and in a variety of dis-
ease states. Endogenous hGH is secreted in periodic
bursts over a 24-h period with great variability in burst
frequency, amplitude, and duration. There is little
detectable hGH released from the pituitary between
bursts. The highest endogenous hGH serum concentra-
tions of 10-30 ng/mL usually occur at night when the
secretory bursts are largest and most frequent.

m Growth Hormone Biologic Actions
hGH has well-defined growth-promoting and meta-
bolic actions. hGH stimulates the growth of cartilage
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and bone directly, through hGH receptors in those tis-
sues, and indirectly, via local increases in IGF-1
(Isaksson et al. 2000; Bouillon 1991). Metabolic actions,
which may be directly controlled by hGH, include the
elevation of circulating glucose levels (diabetogenic
effect) and acute increases in circulating concentra-
tions of free fatty acids (lipolytic effect). Other hGH
anabolic and metabolic actions believed to be medi-
ated through increases in local or systemic IGF-1 con-
centrations include the following: increases in net
muscle protein synthesis (anabolic effect), skeletal
muscle growth, chondroblasts and osteoblasts prolif-
eration, and linear growth; modulation of reproduc-
tion in both males and females; maintenance, control,
and modulation of lymphocyte functions; increases in
glomerular filtration rate and renal plasma flow rate
(osmoregulation); influences on the release and
metabolism of insulin, glucagon, and thyroid hor-
mones (13, T4); and possible direct effects on pituitary
function and neural tissue development (Casanueva
1992; Strobl and Thomas 1994; Le Roith et al. 1991).

m hGH Receptor and Binding Proteins

The hGH receptor (GHR) is a member of the hema-
topoietic cytokine receptor family. It has an extra-
cellular domain consisting of 246 amino acids, a
single 24-amino-acid transmembrane domain, and
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Figure 14.3 m Schematic
representation of hGH regulation
and biologic actions in man.
“Short loop” regulation of hGH
secretion occurs between the
hypothalamus and pituitary. GHRH
stimulates GH release. Somato-
statin inhibits GH release. “Long
loop” regulation of hGH secretion
occurs through peripheral feed-
back signals, primarily negative
feedback from insulin-like growth
factor 1 (IGF-1). hGH acts directly
on muscle, bone, and adipose
tissue. Other anabolic actions
are generally mediated through
IGF-1.

T Anabolism

a 350-amino-acid intracellular domain (Fisker 2006).
The extracellular domain has at least six potential
N-glycosylation sites and is usually extensively glyco-
sylated. GHRs are found in most tissues in humans.
However, the greatest concentration of receptors
in humans and other mammals occurs in the liver
(Mertani et al. 1995).

As much as 4045 % of monomeric hGH circulat-
ing in plasma is bound to one of two binding proteins
(GHBP) (Fisker 2006). Binding proteins decrease the
clearance of hGH from the circulation (Baumann 1991)
and may also serve to dampen the biological effects of
hGH by competing with cell receptors for circulating
free hGH. The major form of GHBP in humans is a
high-affinity (Ka=10" to 10® M), low-capacity form
which preferentially binds the 22 kDa form of hGH
(Baumann 1991; Herington et al. 1986). Another low-
affinity (Ka=10" M), high-capacity GHBP is also pres-
ent which binds the 20 kDa form with equal or slightly
greater affinity than the 22 kDa form. In humans, the
high-affinity GHBP is identical to the extracellular
domain of the hGH receptor and arises by proteolytic
cleavage of hGH receptors by a process called ecto-
domain shedding. Since the high-affinity binding pro-
tein is derived from hGH receptors, circulating levels
of GHBP generally reflect hGH receptor status in many
tissues (Fisker 2006; Hansen 2002).
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Figure 14.4 m Growth hormone secreted isoforms, binding proteins, and receptor interactions. Both 22 and 20 kDa forms are
secreted by the pituitary. Pituitary hGH is stored bound to zinc (Zn?*) which is released upon secretion from the pituitary. Secreted
hGH is free or bound to either the low- or high-affinity GHBP in plasma. Receptor activation involves dimerization of two receptor
molecules with 1 molecule of hGH (Modified from Wells et al. (1993)).

m Molecular Endocrinology and Signal Transduction

X-ray crystallographic studies and functional studies
of the extracellular domain of the hGH receptor sug-
gest that two receptor molecules form a dimer with a
single growth hormone molecule by sequentially bind-
ing to Site 1 on Helix 4 of hGH and then to Site 2
on Helix 3 (Fig. 14.4) (Wells et al. 1993). Signal trans-
duction may occur by activation/phosphorylation of
JAK-2 tyrosine kinase followed by activation/phos-
phorylation of multiple signaling cascades (Herrington

and Carter-Su 2001; Piwien-Pilipuk et al. 2002; Brooks
and Waters 2010).

m Dosing Schedules and Routes

The dosing levels and routes for exogenously adminis-
tered growth hormone were first established for pit-
hGH in growth hormone deficient (GHD) patients
(Laursen 2004; Jorgensen 1991). The initial pit-hGH
regimen, three times weekly by intramuscular (IM)
injection, was based on a number of factors including



patient compliance and limited availability of hGH
derived from cadaver pituitaries and the assumption
that intramuscular injections would be less immuno-
genic. Subsequent clinical evaluations found a very
strong patient preference for subcutaneous (SC) admin-
istration and data supporting no increased immunoge-
nicity. Furthermore, increased growth rates were
observed with daily SC injections compared to the
three times weekly injection schedules (MacGillivray
et al. 1996). The abdomen, deltoid area, and thigh are
commonly used subcutaneous injection sites. Current
dosing schedules are usually daily SC injections, often
self-administered with a variety of injection devices.

m Pharmacokinetics and Metabolism

The earliest pharmacokinetic studies were conducted
with pituitary-derived hGH (pit-hGH). The pharmaco-
kinetic profiles of pit-hGH, met-rhGH, and thGH have
been compared (Hansen 2002; Laursen 2004) and
shown to be very similar. The pharmacokinetics of
hGH have been studied in normal, healthy children
and adults and a variety of patient populations (Hansen
2002; Laursen 2004; Jorgensen 1991).

Exogenously administered pit-hGH, met-rhGH,
and rhGH are rapidly cleared following intravenous
(IV) injection with terminal half-lives of approximately
15-20 min (Hansen 2002; Laursen 2004). Distribution
volumes usually approximate the plasma volume.
hGH clearance in normal subjects ranges from 2.2 to
3.0mL/kg/min. hGH clearance decreases with increas-
ing serum GH concentrations, most likely due to satu-
ration of hGH receptors at concentrations >10-15 pg/L
(Hansen 2002). Comparative analyses of total hGH
clearance have not shown consistent population differ-
ences based on age, sex, or body composition. However,
hGH clearance is controlled by a complex interaction
between free hGH, GHBP-bound hGH, and GH recep-
tor status (Hansen 2002). Individual subject variations
in GHBP or GH receptor levels may result in substan-
tial differences in hGH clearance.

Human growth hormone is slowly, but relatively
completely, absorbed after either IM or SC injection.
Time to peak concentration ranges from 2 to 4 h follow-
ing IM bolus administration and 4 to 6 h following SC
bolus administration (Laursen 2004; Jorgensen 1991).
Subcutaneously administered rhGH is approximately
50-80 % bioavailable (Laursen 2004). The rate of
absorption of hGH is slightly faster after injection in
the abdomen compared with the thigh (Laursen 2004),
but the extent of absorption is comparable. Elimination
half-lives following extravascular administration
(2-5 h) are usually longer than the IV terminal half-
lives indicating absorption rate-limited kinetics.

hGH pharmacokinetics in the presence of growth
hormone deficiency, diabetes, obesity, and critical ill-
ness or diseases of the thyroid, liver, and kidney have
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been evaluated. Results suggest disposition is not sig-
nificantly altered compared with normal subjects
except in severe liver or kidney dysfunction (Hansen
2002; Haffner et al. 1994; Owens et al. 1973; Cameron
et al. 1972). The reduction in clearance observed in
severe liver (30 %) or kidney dysfunction (40-75 %) is
consistent with the role of the liver and kidney as major
organs of hGH elimination.

Both the kidney and the liver have been shown to
be important in the clearance of hGH in humans
(Hansen 2002). The relative contribution of each organ
has not been rigorously quantitated in humans, but the
preponderance of studies in laboratory animals and in
isolated perfused organ systems suggests a dominant
role for the kidney at pharmacologic levels of hGH.
Receptor-mediated uptake of hGH by the liver is the
major extrarenal clearance mechanism (Harvey 1995).

PROTEIN MANUFACTURE, FORMULATION,
AND STABILITY

Commercially available hGH preparations are summa-
rized in Table 14.1. All recombinant growth hormones
except Serostim®/Saizen®/Zorbtive® are produced in
bacteria (E. coli) or yeast (S. cerevisiae). Serostim®/
Saizen®/Zorbtive® are produced in mammalian cells
(C127 mouse cells). Growth hormone produced in the
cytoplasm of E. coli may contain an N-terminal methio-
nine residue. Natural sequence rthGH is produced
either by enzymatic cleavage of the methionine residue
during the purification process or by secreting the
rhGH into the periplasmic space where the signal pep-
tide is removed by the cell and the native N-terminus
of thGH is revealed. thGH can be produced in the peri-
plasm in a soluble, properly folded form (Chang et al.
1989) or as refractile/inclusion bodies which require
the insoluble thGH to be extracted, denatured, and
refolded (Shin et al. 1998) (cf. Chap. 3). The rhGH is
released from the cells by osmotic shock (periplasm) or
mechanical lysis (cytoplasm & periplasm), and the pro-
tein is recovered and purified. rhGH synthesized in
yeast and mammalian cells is transported across the
endoplasmic reticulum and secreted directly into the
culture medium from which it is recovered and puri-
fied (Catzel et al. 2003).

Historically, the potency of hGH products was
expressed in International Units per mg (IU/mg). The
initial standard, established in 1982 for pit-hGH prepa-
rations, was 2 I[U/mg. The standard for thGH products
was 2.6 IU/mg until September 1994. The current
WHO standard, established in September 1994, is
3.0 IU/mg. Dosages are usually expressed as IU/kg or
IU/m? in Europe and Japan and as mg/kg in the USA.
However, the use of IU dosages is no longer necessary
due to the high level of purity and consistent potency
of recombinant hGH products.
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All current rhGH products are available as lyoph-
ilized or liquid preparations. Lyophilized formulations
usually include 5 or 10 mg of protein in a glycine and
mannitol or sucrose-containing phosphate buffer
excipient. The materials are usually reconstituted with
sterile water for injection for single use or with bacte-
riostatic water or bacteriostatic saline for multiple
injection use. Liquid formulations of rhGH (Nutropin
AQ®, Omnitrope ®, Norditropin® SimpleXx®) contain
excipients such as mannitol or sodium chloride, histi-
dine or citrate buffer, poloxamer 188 or polysorbate 20,
and phenol or benzyl alcohol. Product stability has
been very good with shelf lives of approximately 2
years at 2-8 °C. Omnitrope® (US/EU) and Valtropin
(EU only), lyophilized rhGH preparations, were
approved for marketing as the first “biosimilar” rhGH
products in 2006. Two strengths of Omnitrope® (5 and
10 mg cartridges) were approved for marketing in 2008
for use in two pen devices [Omnitrope Pen® 5 and
Omnitrope Pen® 10 (US/EU)].

CLINICAL USAGE

Clinical usage of thGH has been reviewed for pediatric
and adult indications (Franklin and Geffner 2011).
Investigations of clinical usage of hGH have focused,
generally, on two major areas of hGH biologic action:
(1) linear growth promotion and (2) modulation of
metabolism. Growth-promoting indications in chil-
dren which have been approved for the market include
growth hormone deficiency, idiopathic short stature,
growth failure associated with chronic renal insuffi-
ciency, growth failure in children born small for gesta-
tional age, and short stature in Prader-Willi syndrome,
Turner’s syndrome, Noonan syndrome, and short stat-
ure homeobox-containing gene deficiency on the X
chromosome (SHOX). Modulation of metabolism is the
primary biologic action in long-term replacement ther-
apy in adults with GH deficiency of either childhood or
adult onset or for GH supplementation in AIDS wast-
ing or cachexia and in short bowel syndrome.
Contraindications to rhGH use include use in patients
with active malignancy, active proliferative or severe
nonproliferative retinopathy, acute critical illness, chil-
dren with Prader-Willi syndrome (PWS) who are
severely obese or have severe respiratory impairment,
children with closed epiphyses, and hypersensitivity
to somatropin or excipients.

m Growth Hormone Deficiency (GHD)

The major indication for therapeutic use of hGH is the
long-term replacement treatment for children with
classic growth hormone deficiency in whom growth
failure is due to a lack of adequate endogenous hGH
secretion. Children with GHD fall into a variety of

etiologic categories including genetic defects in the
hypothalamic pituitary axis, developmental anomalies
of the brain with or without identifiable syndromes,
acquired events such as CNS lesions (craniopharyngi-
oma most commonly) or from the treatment of CNS
tumors (medulloblastoma, gliobastoma, etc.), trauma,
or other events requiring CNS irradiation. When diag-
nosed in otherwise healthy children, it is called idio-
pathic. In patients suspected of having GHD, the
diagnosis is usually defined based on an inadequate
response to two hGH provocation tests implying a
functional deficiency in the production or secretion of
hGH from the pituitary gland. In patients with docu-
mented organic causes, especially if panhypopituita-
rism is present, two stimulation tests may not be
required. Usual doses range from 0.24 to 0.30 mg/kg/
week administered as daily SC injections in prepuber-
tal children. Doses up to 0.7 mg/kg/week have been
approved for GHD adolescent subjects to improve final
height based on a clinical trial (Mauras et al. 2000)
showing hGH treatment results in increased growth
velocity and enhancement in final adult height. For
most GHD children the growth response is greatest in
the first year of treatment and correlates positively
with hGH dose, degree of short stature, and frequency
of injections and negatively with chronological age at
onset of treatment. hGH therapy in children is usually
continued until growth has been completed, as evi-
denced by epiphyseal fusion. rhGH treatment of idio-
pathic GH-deficient children has a positive overall
safety profile documented in long-term clinical regis-
tries (Bell et al. 2010; Darendeliler et al. 2007). However,
in those with organic causes, the safety profile may be
dependent on the underlying medical condition and its
prior treatment. In childhood cancer survivors, an
increased risk of a second neoplasm has been reported
in patients treated with somatropin after their first neo-
plasm (Sklar 2002), and this information is communi-
cated under warnings and precautions in the product
labels.

m Idiopathic Short Stature (ISS)

Idiopathic short stature (ISS) comprises a heteroge-
neous group of growth failure states for which the
proximate cause remains unknown. Postulated defects
include impaired spontaneous hGH secretion, hGH
resistance due to low levels of hGH receptors, or other
defects in either secreted hGH, hGH receptors or post-
receptor events, or other genetic defects yet to be eluci-
dated. Nevertheless, studies have documented that
many patients in the “idiopathic” group respond to
exogenous growth hormone treatment with accelera-
tion of growth and improvement in final height. As a
consequence of several long-term multicenter trials to
final height, rhGH was approved for the treatment of



ISS in the United States (Hintz et al. 1999; Leschek et al.
2004). The risk benefit assessment of improved growth
in what is generally considered to be a population of
“healthy” children continues to be debated, and while
short-term safety has been documented (Bell et al.
2010), long-term safety is still a question that is being
addressed by a multi-country study in Europe looking
at adult patients treated with thGH as children. Based
on preliminary data and published reports (Carel et al.
2012; Savendahl et al. 2012), the FDA and the EMA pre-
liminary assessments are that there should be no
change in prescribing information with emphasis on
adherence to approved dosages. Final assessments are
expected to be available in 2013.

m Turner Syndrome (TS)

Turner syndrome is a disease of females caused by par-
tial or total loss of one sex chromosome and is charac-
terized by decreased intrauterine and postnatal growth,
short final adult height, incomplete development of the
ovaries and secondary sexual characteristics, and other
physical abnormalities. Although serum levels of hGH
and IGF-1 are not consistently low in this population,
hGH treatment (0.375 mg/kg/week), alone or in com-
bination with oxandrolone, significantly improves
growth rate and final adult height in this patient group,
and its use in Turner syndrome is now an accepted
indication (Rosenfeld et al. 1998; Kappelgaard and
Laursen 2011).

m Prader-Willi Syndrome (PWS)

Prader-Willi syndrome is a genetic disease usually
caused by the functional deletion of a gene on the pater-
nal allele of chromosome 15. Clinical manifestations in
childhood include lack of satiety, obesity, hypotonia,
short stature, hypogonadism, and behavior abnormali-
ties. PWS children have especially high rates of mor-
bidity due to obesity-related illnesses. Growth hormone
treatment (0.24-0.48 mg/kg/week) has been shown to
improve height and, perhaps more importantly,
improve body composition, physical strength, and agil-
ity in PWS children (Allen and Carrel 2004). However,
growth hormone treatment is contraindicated in the
face of severe obesity or severe respiratory impairment
since sudden deaths in this group of patients, when
treated with growth hormone, have been reported.

m Small for Gestational Age (SGA)

Growth hormone is approved for use in long-term
treatment of growth failure in children born small for
gestational age who fail to manifest catch-up growth.
Children born at birth weights and birth lengths more
than two standard deviations below the mean are con-
sidered small for gestational age. Children who fail to
catch up by age two to three are at risk for growing into
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adults with substantial height deficits (Rappaport
2004). Growth hormone treatment at doses of 0.24—
0.48 mg/kg/week can induce catch-up growth, with
the potential to normalize height at an earlier age and
the potential to improve adult height.

m Chronic Renal Insufficiency (CRI)/Chronic Kidney
Disease (CKD)

Children with renal insufficiency, which is termed
chronic kidney disease (CKD) grow slowly, possibly
related to defects in metabolism, nutrition, metabolic
bone disease, and/or defects in the IGF-1/hGH axis.
Basal serum hGH concentrations may be normal or
high, and IGF-1 responses to hGH stimulation is usu-
ally normal. However, there are reported abnormalities
in the IGF-binding protein levels in CKD patients sug-
gesting possible problems with GH/IGF-1 action.
Growth hormone therapy (0.35 mg/kg/week) in chil-
dren with chronic renal insufficiency results in signifi-
cant increases in height velocity (Greenbaum et al.
2004). Increases are best during the first year of treat-
ment for younger children with stable renal disease.
Responses are less for children on dialysis. Growth
hormone has not been approved for children
posttransplant.

m Noonan Syndrome

First called male Turner syndrome due to similar phe-
notypic characteristics, Noonan syndrome, an autoso-
mal dominant disorder, was later recognized as a
separate condition. It occurs in both males and females.
Its key features are short stature (although some
patients will achieve normal adult height), congenital
heart disease, most commonly pulmonic stenosis or
hypertrophic cardiomyopathy, a short and often
webbed neck, ptosis, and chest/sternum deformities.
While the GH/IGEF axis is intact in Noonan syndrome,
and the mechanisms through which the mutations
cause short stature are unknown, clinical trials with
rhGH demonstrated significant increases in growth
rate and modest increases in final height (Osio et al.
2005), resulting in FDA approval of this indication in
2007. Pediatric patients with short stature associated
with Noonan syndrome are given up to a rhGH dose of
0.066 mg/kg/day. Safety concerns in treatment with
rhGH have been raised with respect to progression of
cardiomyopathy although data to date do not support
this clinical concern.

m Short Stature Homeobox-Containing Gene (SHOX)

The SHOX gene is located on the pseudoautosomal
region of the X chromosome and the homologous dis-
tal region on the Y chromosome. Healthy males and
females express two active copies of the SHOX gene,
one from each of the sex chromosomes. Females with
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TS missing an X chromosome or part of an X chromo-
some have one copy of the SHOX gene. A significant
percentage of the growth failure in TS females is sec-
ondary to this gene loss. The variably expressed SHOX
gene in long bones tends to be in the mesomelic seg-
ments. Mutations resulting in haploinsufficiency of
SHOX are also responsible for the short stature in some
patients with a pseudoautosomal dominant condition
of mesomelic dyschondrosteosis called Leri-Weill syn-
drome. In addition, sporadic mutations are also respon-
sible for short stature in a small percentage of patients
who would otherwise be characterized as idiopathic
short stature (Rao et al. 1997). A multicenter study of a
heterogeneous group of patients with SHOX haploin-
sufficiency demonstrated a clinically significant effect
of thGH on growth in children with SHOX mutations
compared to the untreated control group. In addition,
the efficacy of rhGH treatment was similar to that seen
in a comparable group of girls with TS, leading to
approval of the SHOX indication (Blum et al. 2007).
The FDA-approved rhGH dose for SHOX deficiency is
0.35 mg/kg/week. To date no specific safety signals
attributable to rhGH treatment have emerged in these
children.

m Growth Hormone Deficient Adults

Early limitations in hGH supply severely limited treat-
ment of adults with GHD. With the increased supply of
recombinant rhGH products, replacement therapy for
adults was evaluated and, ultimately, approved as a
clinical indication. Growth hormone has been approved
for two growth hormone deficient adult populations:
(a) adults with childhood-onset GHD and (b) adults
with adult-onset GHD usually due to pituitary tumors,
CNS irradiation, or head trauma. Growth hormone
treatment (starting dose of 0.006-0.025 5 mg/kg/week
in patients under 35 years old and 0.0125 mg/kg/week
in patients over 35 years old or a starting dose of 0.2—
0.4 mg/day and progressing based on IGF and clinical
symptoms) reduces body fat, increases lean body mass,
and increases exercise capacity. Increases in bone den-
sity have been observed in some bone types although
treatment duration greater than 1 year may be neces-
sary to see significant effects. hGH treatment consis-
tently elevates both serum IGF-1 and insulin levels.
Women have also been shown to require higher doses
to normalize IGF-1 levels than men, especially women
taking oral estrogens.

m Clinical Malnutrition and Wasting Syndromes

Growth hormone is approved for treatment of short
bowel syndrome (SBS) in adults, a congenital or
acquired condition in which less than ~200 cm of small
intestine is present. Short bowel syndrome patients
have severe fluid and nutrient malabsorption and are

often dependent upon intravenous parenteral nutri-
tion (IPN). Administration of growth hormone, 0.1 mg/
kg/day to a maximum of 8 mg for 4 weeks, alone or in
combination with glutamine, reduces the volume and
frequency of required IPN (Keating and Wellington
2004). Growth hormone is indicated for use in adult
patients who are also receiving specialized nutritional
support. Usage for periods >4 weeks, or in children,
has not been investigated. Usage of growth hormone
for SBS remains controversial due to potential risks
associated with IGF-1-related fibrosis and cancer
(Theiss et al. 2004).

Growth hormone is also approved for use in
wasting associated with AIDS. Growth hormone treat-
ment (~0.1 mg/kg daily, max. 6 mg/day), when used
with controlled diets, increases body weight and nitro-
gen retention. rhGH treatment is also under investiga-
tion for HIV-associated lipodystrophy, a syndrome of
fat redistribution and metabolic complications result-
ing from the highly active antiretroviral therapy com-
monly used in HIV infection (Burgess and Wanke
2005).

m Other Conditions Under Investigation

Growth hormone levels and IGF decline with age,
prompting the initiation of multiple clinical trials for
use in adults over age 60 (Di Somma et al. 2011).
However, clear long-term efficacy in muscle strength
or improvements in activities of daily life have not
been sufficiently demonstrated to gain regulatory
approval for this indication. The use of hGH therapy to
ameliorate the negative nitrogen balance seen in
patients following surgery, injury, or infections has
been investigated in a number of studies (Takala et al.
1999; Jeevanandam et al. 1995; Ponting et al. 1988;
Voerman et al. 1995). However, due to the increased
mortality found in a study of severe critical illness
(Takala et al. 1999 ) and the subsequent contraindica-
tion for use in acute critical illness, very few registra-
tion trials examining the use of hGH for these conditions
have been initiated. Studies of hGH effects in burns
have shown significant effectiveness in acceleration of
healing in skin graft donor sites and improvements in
growth in burned children (Herndon and Tompkins
2004). Growth hormone has been shown to signifi-
cantly reduce multiple disease symptoms and improve
well-being and growth in children and adults with
Crohn’s disease, a chronic inflammatory disorder of
the bowel (Theiss et al. 2004; Slonim et al. 2000; Denson
et al. 2010). Growth hormone has also shown benefit in
cardiovascular recovery and function in congestive
heart failure (Colao et al. 2004). Recent studies indicate
that growth hormone treatment improves growth, pul-
monary function, and clinical status in children with
cystic fibrosis (Stalvey et al. 2012).



m Safety Concerns

hGH has been widely used for many years and has
been proven to have a positive safety profile for most
pediatric indications (Growth Hormone Research
Society 2001). However, sudden death in some patients
with PWS and severe obesity associated with thGH
treatment resulted in a contraindication to its use in
severely obese or respiratory compromised PWS chil-
dren (Eiholzer 2005). Adverse events have been
reported in a small number of children and include
benign intracranial hypertension, glucose intolerance,
and the rare development of anti-hGH antibodies. In
most cases, the formation of anti-hGH antibodies fol-
lowing rhGH treatment has not been positively corre-
lated with a loss in efficacy.

Growth hormone therapy is also not associated
with increased risk of primary malignancies or tumor
recurrence (Growth Hormone Research Society 2001;
Sklar et al. 2002). However, an increase in secondary
malignancies in childhood cancer survivors, especially
those treated with CNS irradiation, has been described
(Sklar 2002).

Growth hormone inhibits 11phydroxysteroid
dehydrogenase type 1 (11HSD-1) activity in adipose/
hepatic tissue and may impact the metabolism of corti-
sol and cortisone (Gelding et al. 1998). Treatment with
rhGH could potentially unmask undiagnosed central
(secondary hypoadrenalism) or increase the require-
ment for maintenance or stress doses of replacement
corticosteroid in those already diagnosed with adrenal
insufficiency.

Growth hormone has caused significant, dose-
limiting fluid retention in adult populations resulting
in increased body weight, swollen joints and arthral-
gias, and carpal tunnel syndrome (Carroll and van den
Berghe 2001). Symptoms were usually transient and
resolved upon reduction of hGH dosage or upon dis-
continuation of the hGH treatment. Growth hormone
administration has been associated with increased
mortality in clinical trials in critically ill, intensive-care
patients with acute catabolism (Takala et al. 1999) and
is, therefore, contraindicated for use in critically ill
patients.

Growth hormone’s anabolic and lipolytic effects
have made it attractive as a performance enhance-
ment drug among athletes. Illicit hGH usage has been
anecdotally reported for the last 20 years. Detection of
rhGH abuse proximate to the time of testing is now
possible due to the development of assays which rely
on detecting changed ratios of exogenous rhGH
(22 kDa only) and endogenous hGH (22 kDa, 20 kDa
and other forms). Screening for proximate rhGH
abuse, based on the new ratio assays, was included in
the 2006 Olympic Games for the first time (McHugh
et al. 2005).
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CONCLUDING REMARKS

The abundant supply of rhGH, made possible by
recombinant DNA technology, has allowed enormous
advances to be made in understanding the basic struc-
ture, function, and physiology of hGH over the past 20
years. As a result of those advances, recombinant hGH
has been developed into a safe and efficacious therapy
for a variety of growth and metabolic disorders in chil-
dren and adults. Continuing basic research in GH and
IGF-1 biology, genomics, and GH-related diseases and
continuing clinical investigation into additional uses in
pediatric growth disorders or disorders of metabolism
may yield as yet new indications for treatment.

SELF-ASSESSMENT QUESTIONS

m Questions

1. One molecule of hGH is required to sequentially
bind to two receptor molecules for receptor activa-
tion. What consequences might the requirement for
sequential dimerization have on observed dose-
response relationships?

2. Growth hormone is known or presumed to act
directly upon which tissues?

3. You are investigating the use of hGH as an adjunct
therapy for malnutrition/wasting in a clinical popu-
lation which also has severe liver disease. What
effects would you expect the liver disease to have on
the observed plasma levels of hGH after dosing and
on possible efficacy (improvement in nitrogen reten-
tion, prevention of hypoglycemia, etc.)?

m Answers

1. Sequential dimerization will potentially result in a
“bell-shaped” dose-response curve, i.e., response is
stimulated at low concentrations and inhibited at
high concentrations. The inhibition of responses at
high concentrations is due to blocking of dimeriza-
tion caused by the excess hGH saturating all the
available receptors. Inhibition of in vitro hGH bind-
ing is observed at high hGH (mM) concentrations.
Reductions in biological responses (total IGF-1
increase and weight gain) have also been seen with
increasing hGH doses in animal studies. However,
inhibitory effects of high concentrations of hGH are
not seen in treatment of human patients since hGH
dose levels are maintained within normal physio-
logical ranges and never approach inhibitory levels.

2. Growth hormone is known to act directly on both
bone and cartilage and possibly also on muscle and
adipose tissue. Growth hormone effects on other tis-
sues appear to be mediated through the IGF-1 axis
or other effectors.

3. Severe liver disease may reduce the clearance of the
exogenously administered hGH, and observed
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plasma levels may be higher and persist longer com-
pared to patients without liver disease. However,
the increased drug exposure may not result in
increased anabolic effects. The desired anabolic
effects require the production/release of IGF-1 from
the liver. Both IGF-1 production and the number of
hGH receptors may be reduced due to the liver dis-
ease. To understand the results (or lack of results)
from the treatment, it is important to monitor effect
parameters (i.e., IGF-1 and possibly IGF-1 binding
protein levels, liver function enzymes) in addition to
hGH levels.
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