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ABSTRACT

Congenital adrenal hyperplasia (CAH) is a group of autosomal recessive disorders in which various errors in adrenal biosynthesis pathways
lead to impaired cortisol secretion, possible impairment of mineralocorticoid production and androgen excess. Glucocorticoid replacement
therapy is the primary treatment for CAH; however, the combination of androgen excess and high doses of glucocorticoids contributes to
shortened adult height. Novel approaches to address this problem are being developed, particularly the use of growth hormone (GH) and
gonadotropin releasing hormone analogs (GnRHa). In this review, we document and compare the effectiveness of these novel therapies in
ameliorating the decreased adult height observed in patients with CAH. Available data indicate effectiveness of these novel treatment
strategies, suggesting widespread implementation of these treatment strategies should be tested with the expectation of being recommended
as the standard of care.

Abbreviations: Congenital adrenal hyperplasia (CAH); Salt wasting (SW-CAH); Non-salt wasting (NSW-CAH); Growth hormone (GH);
Gonadotropin releasing hormone analogs (GnRHa); Luteinizing hormone releasing hormone analog (LHRHa); 21-hydroxylase gene (CYP21);
21-hydroxylase pseudogene (CYP21p); Hypothalamic-pituitary-adrenal (HPA); Corticotropin-releasing hormone (CRH); Adrenocorticotropic
hormone (ACTH); Bone mineral density (BMD); Standard score (SDS).
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INTRODUCTION

The current treatment for congenital adrenal hyperplasia
(CAH) is glucocorticoid replacement therapy. However, if
treatment is insufficient, high therapeutic doses of
glucocorticoids and androgen excess resulting from
hyperplastic adrenal glands invariably results in decreased
final adult height. Novel approaches to address adult short
stature due to CAH have included the use of growth hormone
(GH) and gonadotropin releasing hormone analogs (GnRHa).
Limited data indicate that these treatments increased final adult
height compared to CAH patients receiving glucocorticoids
alone. Final adult height of GH and GnRHa treated patients
are within centimeters of their mean parental predicted
height.2* The combination therapy of GH and GnRHa has a
two-pronged strategy: GnRHa prevents early epiphyseal
advancement and suppresses precocious puberty due to
androgen excess in CAH, whereas GH counteracts the growth-
suppressive effects of GnRH and supraphysiologic doses of
glucocorticoids.>* In this review, we discuss the rationale of
administering GH, GnRHa and other therapies. We consider
the effectiveness of the therapies and suggest future
approaches.
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CONGENITAL ADRENAL HYPERPLASIA:
PATHOLOGY

Congenital adrenal hyperplasia (CAH) is a group of autosomal
recessive disorders affecting the adrenal cortex.>® The most
common form of CAH is due to deficiency in the enzyme
21-hydroxylase (CYP21), having an incidence of 1:15,000 live
births.” ° This deficiency results from intergenic recombination
between CYP21 and a closely linked pseudogene (CYP21p);
responsible for more than 90% of cases due to pseudogene
derived DNA sequences.®” Diminished expression of functional
21-hydroxylase prevents the adrenal cortex from producing
sufficient cortisol.>89 Severely decreased or absent secretion
of cortisol results in decreased negative feedback on the
hypothalamic-pituitary-adrenal (HPA) axis, leading to increased
corticotropin-releasing hormone (CRH) and increased
adrenocorticotropic hormone (ACTH).%%8 Increased
stimulation due to elevated ACTH levels induces adrenal cortex
hyperplasia leading to precursors that are shunted into the
androgen synthetic pathway (Fig. 1).>° Increased glucocorticoid
precursors thus lead secondarily to androgen excess
(androstenedione), which may be converted to testosterone and
virilize the external genitalia of female fetuses affected with
CAH.67:9.10

Clinical Presentation

21-hydroxylase deficiency exists in classical and non-classical
forms. The molecular basis underlying this difference is
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discussed in detail elsewhere.®1 Briefly, classical CAH is
more severe and is further stratified into salt wasting (SW-CAH)
and non-salt wasting (NSW-CAH) forms.>"® In SW-CAH,
excess secretion of 17-hydroxyprogesterone and progesterone
results in a salt-wasting tendency®® (see Fig. 1) with the zona
glomerulosa being unable to produce aldosterone; then,
salt-wasting crises arise.”® With more moderate deficiency in
21-hydroxylase, the adrenal cortex can produce sufficient
aldosterone to compensate, and hence maintain a relatively
normal sodium balance (NSW-CAH).”8 The non-classical form
of CAH is even less severe, usually only presenting as
precocious pubarche and advanced bone age in children.>"°

Bone Integrity and Glucocorticoid Treatment

Glucocorticoid treatment has been associated with various
complications. At supraphysiologic doses, glucocorticoid
replacement levels have been shown to result in diminished
bone accrual, leading to osteopenia and osteoporosis.?°
However, unlike other diseases that require glucocorticoid
replacement therapy, treated CAH patients have not
demonstrated a detrimental effect of glucocorticoid therapy on
bone mineral density (BMD).?"?6 The mechanism as to why
bone loss does not occur in CAH remains unclear, but it is
postulated that elevated androgens typical of CAH may have a
protective effect on bone integrity.>62

Height and Glucocorticoid Treatment

Most CAH patients achieve a final adult height that is shorter
than predicted from mean parental height, regardless of the age
at diagnosis or the quality of endocrine treatment.>¢1¢ The
final height of CAH patients is typically between 1 and 2
standard deviations of normal height within a control
population.?” A meta-analysis of 18 studies conducted
between 1977 and 1998 in a total of 561 CAH patients revealed
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Fig. 1: Pathways for steroid biosynthesis in the zona fasciculata of
an adrenal cortex with CYP21 deficiency

that the mean standard score (SDS) of CAH patients was in the
lower range of normal limits (- 1.37 in all, 1.57 in males and
—1.24 in studies which had at least 10 subjects with adequate
females).?"?8 In general, males with NSW-CAH have the worst
height prognosis.?’

Various explanations have been posed, but the major
contributor to short stature in CAH is believed to be deleterious
effects of androgen excess on bone age.?2%>? The primary
androgen hypersecreted in patients with CAH is andro-
stenedione.® Androstenedione does not bind to the androgen
receptor itself, but 5 to 15% can be metabolized to testosterone
and dihydrotestosterone.® These potent androgens are produced
in excess, probably even in ostensibly well-controlled cases.
This leads to virilization and accelerated growth and advanced
bone age.®” Aromatase converts testosterone to estradiol,
which exerts its effect on the epiphyses and leads to advanced
skeletal maturation and early epiphyseal fusion.® Insufficient
glucocorticoid administration in CAH patients thus leads to
advanced bone age and reduced final height.’

Glucocorticoid treatment alone at physiologic doses has a
suppressive effect on growth.2%6:17.2030-40 Thys height is
decreased. Moreover, common glucocorticoids used to treat
CAH in the United States are the synthetic glucocorticoids
prednisolone and dexamethasone, both are more growth-
suppressive compared to hydrocortisone.*>"3° Specifically,
treatment of CAH with high doses of prednisolone and
dexamethasone during infancy and pubertal development has
been shown to compromise growth later in life.11"3 The reason
is that therapeutic doses of glucocorticoids increase
hypothalamic somatostatin tone,* resulting in inhibition of GH
secretion that normally peaks during puberty. In 125 CAH cases
who presented with reduced final adult height, additional data
concerning development during infancy, childhood and puberty,
and administered glucocorticoid doses were available.’
Hydrocortisone dose at the onset of puberty correlated
negatively with final adult height.}” Surprisingly, prepubertal
undertreatment was apparently not responsible for poor pubertal
growth because bone age was within 1 year of chronological
age in more than two-thirds of the patients.” Although
glucocorticoid administration requires careful monitoring and
adjustment,>1%17 patients frequently suffer from inadvertent
hypercortisolism as result of excessive glucocorticoid
supplementation.?? For this reason, lower glucocorticoid doses
are preferred during infancy.'”° Traditionally, adjustments to
glucocorticoid doses have been solely based on growth
parameters, such as body weight or surface area.® However, it
has now been established that biochemical and growth parameter
monitoring is preferable to adjustments based solely on growth
parameters. Biochemical parameters used for evaluation of
therapy include serum analysis of steroid hormones and 17-
hydroxyprogesterone measurements.’-3%:42

METHODS OF PRESERVING HEIGHT IN CAH

Improvements in glucocorticoid dosing and monitoring have
shifted the focus of treatment in CAH from reducing morbidity
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and mortality to the prevention of physical and psychological
impairment.?? One obvious approach is simply more rigorous
monitoring, although as noted above this does not necessarily
lead to successful outcomes. One study reported on 32 CAH
patients who were provided glucocorticoid replacement therapy
with close monitoring of 17-hydroxyprogesterone levels.??
Rigorous monitoring resulted in normal to low doses of
glucocorticoids (10-15 mg/m?/day) for 11.4 + 4.5 years. These
prevented patients from developing a cushingoid response in
which excess glucocorticoid exposure leads to central obesity,
striae, glucose intolerance and other symptoms.?? However,
many of the patients still had slightly reduced height and bone
age Z-scores (a measure of the maturity of bone), despite normal
growth velocity.?? This demonstrates that androgen excess in
patients with CAH due to 21-hydroxylase deficiency is the major
reason for short final adult height, and glucocorticoids contribute
primarily when administered at high doses.

GH and GnRHa

Given that glucocorticoid supplementation is obligatory for the
treatment of CAH, novel approaches are being developed to
mitigate the complication of short final adult height in CAH.**
GH or GnRHa are utilized, based on two underlying strategies:
First, GnRHa [luteinizing hormone releasing hormone analog
(LHRHa)] is administered to delay early onset of puberty that
otherwise would be induced in CAH due to excess androgen.
Thus, the decreased growth velocity should prevent premature
epiphyseal closure.2*20:3043 Second, GH enhances final adult
height by counteracting the growth suppressing effects of
glucocorticoids.?®3° It has been reported that growth velocity
increased in children with CAH treated with GH for
1to 4 years.® A test cohort of seven subjects received treatment
for 4 years, resulting in a 1.1 standard deviation gain in height.®

A study of 20 patients with CAH documented by
clinical and hormonal parameters also demonstrated the
beneficial effects of GH therapy (Table 1).* Inclusion criteria
were: (1) age more than 4 years, (2) bone age more than 2.0 SD
advanced for their chronological age or (3) height prediction
using Bayley-Pinneau tables at least 2.0 SD below their target
height. Subjects were provided either GH (n = 12) or GH and
GnRHa (n = 8) concomitant with glucocorticoid replacement
therapy.* Each subject in the treatment group was matched at
the start of GH treatment according to age, sex, bone age and
type of CAH to control group of CAH patients treated only
with glucocorticoid replacement.* Treatment with GH or the
combination of GH and GnRHa resulted in increased growth
rate and height and reduced height deficit for bone age.* After
1 year of GH or combination of GH and GnRHa therapy,
the mean growth rate for the treatment group increased by
2.8 cm/year from baseline, while the group not receiving GH
had no significant change in growth rate (p < 0.0001).* During
the second year of treatment, the mean growth rate in the
treatment group was 1.8 cm/year greater than in the control
group not receiving GH or GnRHa (p < 0.001).* Height SD

score for chronological age in the treatment group at the end of
1 and 2 years of treatment improved significantly more than
the non-treatment group (p < 0.01 after both one and two years
of treatment).* The mean predicted adult height improved from
159 £ 11 (baseline) to 170 + 7.5 cm after 2 years of therapy,
closely approximating mean parental target height (173 + 8 cm).*

Another study supporting the use of GH in ameliorating
short stature in patients with CAH reported on 14 CAH patients
(Table 2).2 The 14 patients were provided with GH and LHRHa
while on glucocorticoid replacement therapy and compared to
a control group matched for CAH type, age and sex. The
treatment group had significantly increased final adult height
standard scores (SDS) compared with baseline height
predictions (- 0.4 £ 0.8 vs — 1.5 £ 0.9, p < 0.0001); the final
height discrepancy compared with baseline height discrepancy
was significantly reduced (- 2.8 £ 4.3 cm vs — 10.3 + 4.4 cm,
p < 0.0001).2 Among patients in the treatment group, IGF-I
and IGF binding protein-3 levels did not exceed the normal
range for bone age; HbA, and thyroid function remained
normal with no adverse events reported.?

A case study involving a 4.83-year-old male who presented
with advanced secondary sexual characteristics and advanced
bone age (13 years) with a predicted final adult height 147 cm
has been reported in which the patient was treated with GH.®
A diagnosis of 11B-hydroxylase deficiency was suggested
because of an initial 11-deoxycortisol level of 13,770 ng/dl and
associated hypertension.® 11B-hydroxylase deficiency was
confirmed by dexamethasone suppression test and genotyping.®
Treatment with GH and leuprolide, a GnRHa, resulted in a final
height at age 12 years, which was 25.4 cm greater than the
predicted final adult height; bone density was above average.®

Another case of 113-hydroxylase deficiency was reported
in which a 2.5-year-old Indian male was diagnosed on the basis
of precocious puberty, accelerated growth (height SD + 4.4),
and advanced skeletal maturation (bone age 8.4 years).!
Glucocorticoid therapy normalized the patient’s hypertension,
but led to progression of central precocious puberty and an
increased bone age.! Estimated final adult height before GH
and GnRHa treatment was only 133.7 cm (mean parental
predicted height = 163 cm).! However, treatment with GnRHa
improved the predicted final adult height by 3.1 cm over
15 months.! GH regiment was subsequently initiated, and in
conjunction with GnRHa over 3.6 years, led to a final adult
height of 151 ¢cm, an improvement of 17.3 cm from the initial
predicted final adult height.*

Aromatase Inhibitors

Other novel treatments are less well-investigated to address short
final adult height in CAH patients. Aromatase inhibitors delay
bone age acceleration by preventing early epiphyseal
fusion,*-*8 directly addressing the primary contributor to the
short final adult height in CAH patients. The mechanism by
which excess androgens contribute to short final adult height
involves conversion of the androgens to estrogens, the latter
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Table 1: Growth parameter summary for a treatment group that received GH (n = 12) or GH and GnRHa (n = 8) and a control group
receiving only glucocorticoid therapy (n = 20). Conducted at Weill Medical College of Cornell University, Presbyterian Hospital, New York City,

New York, USA*

GH and GnRHa Control group p-value
treatment group (n=20)
(n =20)

Pretreatment growth rate 5.0 + 1.9 cm/year 5.4 + 1.8 cm/year NS
Growth rate after 12 months 7.8 £ 1.6 cm/year 5.0 £ 2.0 cm/year < 0.001
Growth rate after 2 years 6.0 + 1.6 cm/year 4.2 + 2.2 cm/year < 0.001
Height SD score after 12 months 1.1+£1.0 0.84 +1.2 < 0.01
Height SD score after 2 years 1.1+£13 0.7+1.6 < 0.01
Height SD for bone age after 12 months -1.4+0.9 -1.7+£0.9 < 0.0001
Height SD for bone age after 2 years —0.67 + 0.68 -17+12 < 0.0004
Predicted target height after 12 months +6.7+24cm Unchanged < 0.0001
Predicted target height after 2 years +8.8+3.3cm Unchanged < 0.0004

NS: Not significant

Table 2: Summary of 14 patients treated with GH and LHRHa compared to control group receiving only glucocorticoid therapy. Study
conducted at department of Pediatrics, Mt Sinai School of Medicine, New York, USA

Untreated (n = 14) Treated (n = 14) p-value
Final height (cm) 161.1 (7.1) 168.2 (6.4) < 0.01
Male (n = 8) 163.1 (5.6) 171.5 (6.1)
Female (n = 6) 158.4 (8.4) 163.6 (3.4)
Final height SDS -1.4(1.1) - 0.4 (-0.8) 0.01
Gain in height (cm) — 0.5 (6.6) 7.4 (4.9) 0.001
Final height discrepancy (cm) -9.6 (9.2) - 2.8 (4.3) < 0.01

being responsible for early epiphyseal fusion. Excess androgens
are converted peripherally by adipose tissue into estrogens via
the aromatase enzyme.*+ Studies are now being conducted to
determine whether inhibiting aromatase will prevent production
of excess estrogens that are the root cause for short final adult
height in CAH and other GH-related diseases.***¢ Anastrozole,
a potent aromatase inhibitor, increases the adult height potential
of patients on GH therapy while maintaining normal pubertal
progression.*® However, trials to date have primarily involved
GH-deficient patients during puberty; long-term follow-up is
needed to fully elucidate the safety and efficacy of this
approach. 46

A potential complication of aromatase inhibitors is a
deleterious effect on genital function and gametogenesis. Sperm
analysis on a small cohort of 11 patients who received either
GH therapy alone or GH therapy combined with aromatase
inhibitor therapy over 12 months was conducted to study this
potential effect.*® Sperm motility and morphology in both
groups showed to be similar to a control group of healthy males
(n=11).%

SUMMARY AND CONCLUSION

Treating CAH requires exogenous administration of
glucocorticoids, which are associated with a reduction in final
adult height. Use of synthetic glucocorticoids, e.g. prednisolone
and dexamethasone, has been associated with a greater reduction
of final adult height than hydrocortisone alone.*>"° In order
to compensate for the growth suppressive effect of
glucocorticoid administration, a treatment strategy involving
GnRHa has proven to be effective in delaying precocious

puberty and early epiphyseal advancement that inevitably results
from androgen excess in CAH; GnRH subsequently promotes
normal growth velocities through GH.'* This strategy has
increased the final adult height in CAH patients compared to
glucocorticoid treatment alone, often bringing patients near their
mean parental predicted height. Among CAH patients who
received GH and GnRHa treatments, IGF-I and IGF binding
protein-3 levels did not exceed the normal range for bone age;
HbA, and thyroid function remained normal.** Another
treatment strategy involves aromatase inhibition to reduce the
conversion of excess androgens to estrogens and, hence, prevent
estrogen-dependent epiphyseal fusion. Anastrozole
administered for 2 to 3 years increases the adult height potential
of patients on GH therapy while maintaining normal pubertal
progression.*® Randomized control trials and long-term follow-
up are needed to determine the safety and efficacy of this
approach in CAH. %45
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