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GROWTH HORMONE: NORMAL PHYSIOLOGY AND CHANGES DURING AGING

Michael J. McPhaul, M.D.
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The normal pituitary gland is quite small, usually approximately 0.6 grams, yet
effectively functions as the master controller of endocrine function in the body. lIts six
major hormone products are secreted by five distinct cell types and act to regulate the
synthesis of release of hormones from the adrenal glands, thyroid gland, and the gonads.
The hormones produced by the pituitary are also crucial to normal lactation and to the
normal growth and development of the adult phenotype.

Growth hormone is a single polypeptide hormone, 191 amino acids long, that is
produced by the somatotropes, which comprise the largest hormone-producing cell type
in the pituitary (~50% of the total). Although several distinct forms of this hormone have
been described in humans, no distinctive functions have been ascribed to the different
'variants.! This hormone bears a significant relatedness to two other hormones, prolactin
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and placental lactogen, and thus comprise a family of hormones believed derived from a

common ancestral gene.

TABLE I

Cell Type Hormone (properties) Size
Corticotropes Adrenocorticotropin (ACTH) 39 amino acids
Somatotropes Growth Hormone (GH) 191 amino acids
Mammotropes Prolactin (PRL) 198 amino acids
Thyrotropes i’h rotropin (TSH) a subunit: 89
J P + Rin g subunit: 112
Gonadotropes Luteinizing Hormone (LH) a subunit: 89
B subunit: 115

subunit: 89
subunit: 115

Follicle-stimulating
Hormone (FSH)

Comments

(Al1so synthesize a MSH, 8
1ipotropin and B endorphin
from a single precursor)

- TSH, FSH, & LH share
a common a subunit

- LH and FSH are produced
by the same cells

- LH and FSH are produced
by the same cells

The growth hormone axis is among the most complicated and confusing systems
in human endocrinology. An understanding of the subjects to be reviewed later requires
a brief review of several crucial aspects of growth hormone physiology.

The Regulation of Growth Hormone Secretion by the Pituitary: Control by the
Hypothalamus

Multiple signals control the level of growth hormone secreted by the pituitary
somatotrophs. A vast amount of experimental work can be distilled down to the information
contained in Fig. 2 and reviewed in Ref. 4. A principal control is the secretion of the
peptide GHRH by the GHRH expressing cells within the hypothalamus. GHRH released
by these cells travels to the pituitary via the long portal vessels. The release of GHRH is
pulsatile, and it is believed that periods of elevated release of GHRH are coordinated with
a decrease in tonic negative influences exerted by somatostatinergic neurons. A final
additional subtlety pertains to cholinergic interneuron or interneurons that have been
inferred from experimental studies demonstrating the effects of cholinesterase inhibitors
that profoundly stimulate growth hormone release, presumably by inhibiting somatostatin
release and stimulating GHRH release. Many tests of growth hormone secretion,
particularly in children, employ cholinesterase inhibitors, such as pyridostigmine to
stimulate maximal growth hormone secretion hinge upon this realization.
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A very interesting and somewhat underappreciated aspect of the hormonal control
of growth hormone secretion is contained in the literature pertaining to a substance termed
Growth Hormone Releasing Peptide or GHRP-6. This search apparently grew out of
studies that examined the effects of peptide enkephalin analogues on pituitary hormone
secretion (97). A large amount of investigation has resulted in the following conclusions.
First, this compound appears to act at both the hypothalamus and pituitary levels of
stimulate growth hormone secretion. Second, it appears to act via a receptor distinct from
that which binds GHRH. Third, it appears to act within the cell via mechanisms distinct
from those implicated in GHRH action. Finally, it appears to have the ability to amplify the
effects of other growth hormone secretagogues. For example, a large synergism is
observed when GHRH and GHRP are administered, compared to the levels observed
when either is administered individually. It is postulated that GHRP is a synthetic
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analogue of a substance that is a normal hormonal modulator of growth hormone

secretion.

Comparative GH respopses in
individual subjects. GH responses to var-
ious doses of GHRP, GHRP plus
GHRH, and 1.0 ug/kg GHRH in two
normal men.
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Human Growth Hormone - Transport in Blood

Although hGH is a soluble molecule, a substantial proportion of the hormone
circulates in blood complexed to a binding protein derived from the same gene as the
growth hormone receptor (see below). Although is has been demonstrated that the half-
life and clearance rates of the complexed and uncomplexed forms of growth hormone
differ, different biological activities have not been demonstrated (84).
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Figure 4 - Left side, Schematic representation of the GH receptor (GH-R), the GH-binding
protein (GH-BP), and the GH-receptor gene. The transmembrane domain is shown in black
and the numbers refer to amino acids of the mature protein. The numbered rectangles
represent the exons for the receptor, and the black rectangles represent the introns (not to
scale). Right side, Various receptor mutations identified in Laron type dwarfism, A =
deletion of extracellular domain corresponding to exons 3,5,6; B and C = nonsense
mutations with stop codons; and D = point mutation that leads to changing the phenylalanine
in position 96 for a serine. (Adapted from Kelly PA, Djiane J, Postel-Vinay M-C: The
prolactin)/grov\nh hormone receptor family. Endocrine Rev 12:235, 1991; © The Endocrine
Society.



Human Growth Hormone Receptor

Growth hormone exerts its effects by binding to specific receptors present on the
surface of target cells. Two aspects of this receptor deserve comment. First, following the
elucidation of the structure of the growth hormone receptor, it became clear that the
circulating growth hormone binding protein is derived from the same gene as the growth
hormone receptor itself. Second is the mechanism by which intracellular signalling is
effected by the receptor following ligand binding. The intracellular segment did not contain
prototypical kinase domains, although it was well known that receptor activation resulted
in increased tyrosine kinase activity. Recent studies have demonstrated that the signalling
mechanism is distinct and resides in a family of kinases, termed JAK kinases, that
associate with the intracellular segment of the growth hormone receptor and are activated
following binding of ligand (5). It appears that these kinases activated in individual cell
types may represent a level at which substantial diversity in response to a single hormonal
signal may be effected.

Growth Hormone - Effects on Cells and Tissues

Table I
SOMATOMEDIN HYPOTHESIS

1 Hypophysectomized rats demonstrate defective
incorporation of [*°S] sulfate into cartilage matrix
proteins.

2. When studied in vitro, this defect could not be repaired
by the addition of growth hormone to the culture
medium.

3. Rapid reversal of the defect was observed following the
addition of serum from normal but not hypophy-
sectomized rats.

The term paracrine is used to describe those biological effects that are induced by
a hormonal signal which is not itself the final mediator. The actions of growth hormone
represent one of the clearest examples of this type of physiology. A summary of the
experiments that have led to the promulgation of the ‘somatomedin hypothesis' are shown
in Table ll. These experiments suggested that normal serum would stimulate the growth
of cartilage in culture, that serum from growth hormone deficient animals would not
produce this effect, and that the addition of growth hormone would not replace the effect
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of serum from growth hormone deficient animals treated with growth hormone. A large
body of work now supports the concept that growth hormone acts to stimulate the
production of IGF-I (somatomedin C) in many tissues (1). It is believed that in this way,
IGF-I is directly responsible for many of the actions regulated by growth hormone. It
should be pointed out, however, that many tissues contain growth hormone receptors. For
this reason it is quite likely that growth hormone exerts its actions via a combination of
endocrine and paracrine effects.

Somatomedin-C (IGF-|) as a Marker of Growth Hormone Status

Numerous studies have demonstrated the utility of plasma IGF-l measurements as
an indicator of growth hormone secretion. These levels show a good correlation with
estimates of integrated 24-h growth secretion (48). It is important to realize that IGF-I, its
binding proteins, and their assays represents a complex area where much is still
incompletely understood. The most important point to appreciate is that the level of IGF-I
detected in the blood of patients varies widely depending on the age and sex of the
individual. Thus, the normal range for age and sex must be used to interpret the results
of any IGF-I assay. In addition to the differences due to age and sex, major differences
are possible depending on the assay method employed. For this reason, extreme caution
must be used when interpreting the significance of any IGF-I assay results.

Alterations in Growth Hormone Secretory Pattern in Aging Humans

By 1972, two groups had independently demonstrated that the normal nocturnal
surges of growth hormone and the cumulative 24-h secretion of growth hormone declined
as a function of age (47, 17). These observations were confirmed and extended in 1981
when Daniel Rudman and coworkers examined the levels of growth hormone, a serum
marker of growth hormone action (somatomedin-C), and the responsiveness of the
subjects to exogenous growth hormone in 94 healthy individuals spanning seven decades
(122) (Fig. 5). The observations made by these authors can be summarized as follows:
1) Serum growth hormone levels were substantial in both waking and sleep. Exogenous
(purified native) growth hormone administration in these individuals had no discernible
effect on elemental balances or on plasma somatomedin-C levels. 2) Levels of
somatomedin-C declined as a function of age. In the most carefully studied groups (20-29
and 60-79 year old age groups) these levels paralleled the quantities of nocturnal growth
hormone released. 3) The levels of somatomedin-C in the 60-79 y/o age group
segregated into two groups: in one group, the levels of somatomedin-C was higher and
approached that observed for the younger aged individuals. In these patients, little
response was observed (elemental balances or somatomedin-C) in response to
exogenous growth hormone. The second group, however, characterized by low
somatomedin-C levels and low nocturnal secretion of growth hormone, were seen to
respond appreciably (using both parameters) to exogenous growth hormone. 4) Within
each age group, the level of somatomedin-C was correlated, negatively, with the level of
adiposity (expressed as wt/h?).
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FIGURE Sia‘(a) Average serum GH concentration curves for six
subjects ages 20-29 in both the waking (left) and sleeping
(right) state. (b) Average serum GH concentration curves for
six subjects ages 60-79 with SmC # 0.64 U/m! in both the
waking (diurnal) and sleeping (nocturnal) state. (c) Average
serum GH concentration curves for six subjects ages 60-79
with SmC ® 0.64 U/ml in both the waking (diurnal) and
sleeping (nocturnal) state. Bars represent+SD.

Data of Phase A: Comparison of Plasma SmC, Diurnal and Nocturnal Release of Endogenous GH,
and Response to Exogenous hGH in Subjects of Third, Seventh, and Eighth Decades

Age group (yr)

20-29 (n = 6)1 60-79* (n = 12)
(n =6) (n =6)
SmC < 0.64 SmC = 0.64

SmC, U/ml 1.38 (0.42) 0.27 (0.04) 0.98 (0.15)
GH release§

Peak day, ng/ml 7.27 (1.48) 3.25 (0.57)" 5.39 (1.09)

Peak night, ng/ml 20.38 (5.51) 3.18 (0.47) 14.10 (3.31)

Ave area’h day, ng/ml 2.84 (0.37) 1.55 (0.13)" 2.49 (0.35)

Ave area/h night, ng/ml 8.64 (1.48) 1.57 (0.11) 6.45 (1.00)
Elemental balances

AN, glkg BW?** x 10~'/d 0.13 (0.21) 1.31 (0.21) 0.10 (0.12)

AP, g/kg BW** x 10~'/d 0.060 (0.078) 1.15 (0.17) 0.066 (0.080)

AK, meq/kg BW* x 10-'/d 1.90 (1.06) 4.68 (2.45)" 1.03 (1.58)
' ASmC, U/ml 0.100 (0.153) 0.642 (0.112)" 0.096 (0.085)

* For the 60-79-yr group, average (xSD) SmC was 0.62 (£0.39) U/ml. This group was subdivided on
the basis of SmC level above or below 0.64 units/ml because this value represents the lower 2.5% limit
for SmC in the 20-29 yr group.
{ Phase A; combined SmC for phases A + B (n = 10)averaged 1.43 U/ml (0.34)in the 20-29-yr group.
1P < 0.001 when compared with age 20-29.
§GH concentration by time curves were quantitated by (i) measuring the peak serum GH value, and
(ii) calculating the area under the serum GH concentration curve and dividing it by the length of
the time interval to obtain the ave/hr.

Fig. 5B
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The nature and cause of these changes in growth hormone secretory patterns have
been the subject of a great deal of investigation. The data pertaining to even the
observations themselves are confusing and at times even contradictory. In most
investigations (47, 17, 122, 48) normal elderly subjects have been found to have
decreased total and pulsatile growth hormone secretion, although this observation has not
been uniform. A possible explanation for such discrepancies is that the analyses, focused
on age groups, neglected one or more variables (e.g., obesity, nutrition) that affected
growth hormone levels independent of age. This possibility was assessed in studies by
Iranmanesh et al, who used deconvolution analysis to examine the effects of age and
adiposity (separately and together) on rates of growth hormone secretion and clearance
(77). The results of this study can be summarized as shown in Table Ill. Most important
was the finding that daily growth hormone secretion was negatively correlated,
independently, with age and BMI. Notably, the combination of these two variables
produced had a dramatic effect. Both of these variables also had a significant,
independent effect on growth hormone half-life. Of note, these investigators also noted
significant correlations between free and total serum testosterone and all aspects of
growth hormone secretion and half-life.

Multiple linear regression analysis of the effects of age

and/or body mass index on specific parameters of GH secretion and

sis of variance and Duncan’s multiple range.
4P > 0.05. Table IIla

Clinical features of healthy aging men clearance in healthy men
Clinical Age tertiles Parameter Age  BMI Age and BMI
1N1C
parameters Young  Middle-aged Older GH secretory burst frequency 0.00056 NS 0.0003
(n=8) (n = 5) (n=28) (no./24 h) (—0.80)
95+ 1.5° 47 +38° 66 3.8° Secretory burst half-duration NS NS NS
. ’ ’ y . (min)
Somatomedin-C (U/ml) 0.94 + 0.15¢ 0.73 & 0.06 0.57 =+ 0.22 . .
Mean serum GH conc. 1.4+ 0.3° 0.59  0.22° 0.38  0.10° GEL half-Jifesfmat] B D (_g'gg;‘s
(ng/L) )
Body mass index (kg/m?) 23+ 0.61° 29+ 15° 26 1.2% M‘(’::/"If)GH seoxetad/burst NS NS (_g'g‘;;
S""“a;‘*:lt/";;m“e oone: Daily GH secretion rate 00031 0.027 0.00056
a b 19290 + 110 (ﬂg/L'24 h) (—0.78)
2:(2)3 i 52,310. 1638 z 3(2)? 74 + 4.6° GH secretory burst amplitude NS 0.031 0.026
s d +17 (ug/L-min) (—0.61)
Semzn estir/t;‘d)lol cane; b £ 190 &k 128 Interburst interval (min) 0.01 NS 0.0197
pmo (~0.62)
Data are the mean + SEM. n, Number of subjects per group. Somatomedin-C/IGF-I (U/mL)  0:03 0.01 <0.01
< Means without common superscripts differ significantly by analy- (—0.68)

BMI, Body mass index (kilograms per m?).P values are given for the
null hypothesis of no relationship. Correlation coefficients are given in

parentheses. Age and BMI were not significantly correlated in this

subject group. NS = P < 0.05. Table IIIb

The mechanisms that underlie the alterations in growth hormone secretion in aging
adults remains incompletely characterized. Numerous investigators have examined the
levels of growth hormone secretion in young and aged individuals in basal conditions and
in response to a variety of provocative stimuli. In most instances, low basal growth
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hormone levels have been reported. In most instances, it has been demonstrated that
responsiveness to each of the provocative stimuli is detectable but is often diminished in
elderly subjects. The overall impression that one is left with is not one of global
hyporesponsiveness, but instead, a picture of altered responsiveness to most stimuli
emerges. As a result of these studies, it has been hypothesized that as the result of aging
that a state of increased 'somatostanergic tone' evolves, dampening the release of
endogenous GHRH and the response to exogenous GHRH. In addition to their importance
as far as mechanisms are concerned, these studies point to possible methods by which
these trends might be reversed: 1) interference with the presumed increased levels of
somatostatinergic tone (e.g., as has been observed following treatment with anticholinergic
agents); 2) alternatively, administration of growth hormones secretagogue, such as GHRH,
might be employed to counteract the observed decline in growth hormone secretion in
aged individuals.

Measurements of Body Composition and Metabolism

Table IVMean percentage body fat for the subject groups (M=male, F=female)
using different methods.

Subject mean percentage fat
groups

IRI BIA SF BMI KJE MODEL TBN TBW  TBK

16M* 159 16.8 178 19.5 20.7 21.9 224 224 229
SEM 14 1.6 14 0.9 1.2 1.7 21 1.6 19

17F 27.6 315 3ﬁ.3 28.2 320 35.8 360 363 323
SEM 1.0 21 1.0 0.9 14 15 19 15 22

10F° 316 433 40.0 434 62.7 44.6 496 438 40.2
SEM 2.3 2.5 08 18 4.1 20 17 21 23

a = BMI<30kgm?, b = BMI >30 kg m?, SEM = standard error of the mean

IRl is near-infrared interactance, BIA is bioelectric impedance, SF is skin-fold
anthropometry, TBN is total body nitrogen (measured using in vivo neutron
activation analysis, TBK is total body potassium measured by whole-body
counting, TBW is total body water measured by tritiated water dilution.
MODEL refers to a method for estimating body fat using a S-compartment
model. BMI and KJE refer to estimates of body fat using two prediction
equations.

Prior to a discussion of the effects of growth hormone in humans, a few comments
need to be made regarding the methods that investigators use to study body composition.
A list of commonly employed methods that can be used for such studied is listed in
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Table IV (45, 142). Grossest of the methods are measurements such as skin-fold
measurements which infer the quantity of adipose tissue by measurement of skin thickness
at specific sites on the body. Such measurements are very crude and that changes in
these values can represent alterations in other tissue compartments besides adipose
tissue. Very commonly, measurements of body composition utilize isotope dilution
techniques, such as radiolabeled water or potassium. The validity of these measurements,
however, depends on the volumes of distribution of these materials: for example, if a
compound alters the relative amount of total body water between intracellular and
extracellular compartments, if measurements are made and interpreted based on the ratios
present under basal (untreated) conditions, the changes detected may not in fact represent
the alterations that are inferred. Underwater weighing is very exact and precise but gives
little information except as it relates to total body densities. Radiographic techniques in
some instances offer greater degrees of precision (e.g., areas of muscle, thickness of
subcutaneous tissue) but are often insensitive to subtle changes in density.

For these reasons, although a variety of modalities are available to monitor body
composition, each has its drawbacks. One can only feel truly confident about reports that
employ multiple different techniques to demonstrate changes in body composition.

The Effects of Growth Hormone Administration - Children

The effects of growth hormone on the growth rates of growth hormone deficient
children have been known since 1957. Only in later reports were the effects of other body
composition described. Cheek et al (21) and Collipp et al (29) reported changes in skin-
fold thickness and in total body potassium which were interpreted as a decrease in total
body fat and an increase in lean body mass that accompanies the increase in linear growth

BODY COMPOSITION CHANGES
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resulting from growth hormone administration. These inferences have been confirmed in
several other studies (100, 101) using metabolic, dilutional, and anthropomorphic
measurements. Interestingly, in these studies of patients deficient in growth hormone,
cessation of growth hormone therapy was associated with decreased lean body mass and
increases in estimates of total body fat.

The Effect of Growth Hormone Administration in Growth Hormone Deficient Adults

Internists are often faced with the necessity of devising and implementing a
hormone replacement regimen for patients with multiple hormonal deficiencies as the
result of prior surgery or irradiation in the region of the pituitary. These regimens are
invariably focused on the administration of thyroid hormone, glucocorticoids, and gonadal
steroids. Growth hormone is ignored.
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In 1989 two very interesting reports appeared by Jorgensen et al (81) and Salomon
et al (124). These authors examined the effect of growth hormone administration to
patients with documented deficiencies of growth hormone. The studies of Salomon et al
studied 24 patients, aged 21-51 years, who had acquired the deficiency of growth hormone
as adults as a consequence of a pituitary tumor or its treatment. The effects of the
administration of rhGH or placebo was studied for a period of six months. Lean body mass
was estimated by measurements of total body potassium. Measurements of skin-fold
thickness and basal metabolic rate were made in parallel. The results can be summarized
as follows: 1) serum IGF-I levels rose from the lower limits of normal into the high normal
or slightly elevated range, compared to normal controls; 2) the body mass of patients did
not change significantly during the course of the study period; 3) the group receiving rGH
demonstrated an 11% increase in lean body mass; and 4) adipose tissue mass decreased
from 3043 kg to 2813 kg at one month and 2614 kg (a decrease of approximately 20%) at
six months. These latter changes (in lean and adipose tissue mass) were in parallel with
changes of skin-fold thickness (-24+3 mm) and decreases in the waist-to-hip ratio
(0.89+0.06 to 0.87+0.04). These changes in the growth hormone-treated group were also
reflected in a significant increase in urine creatinine excretion (+18%). These alterations
were statistically significant in the growth hormone, in contrast to insignificant changes in
the placebo treated group. 5) Basal metabolic rate increased from 1664178 Kcal to
2035486 (one month) to 1931184 (six months) Kcal/day in the growth hormone treated
group. BMR did not change significantly in the placebo group during the study period.

These results suggest that the growth hormone deficiency documented in these
individuals has demonstrable effects (subnormal lean body mass, increased adipose
tissue mass) on body composition.

Although conducted on a much different patient population, the study of Jogensen
et al (81) was conducted using a similar design. Patients were growth hormone deficient
adults who had previously received growth hormone therapy. In this study the effects of
four months of growth hormone administration on muscle and adipose tissue volume,
isometric muscle strength, exercise capacity, and renal function were assessed.
Interestingly, these investigators employed CT of the thighs to assess muscle and adipose
area, a method quite different from the preceding study. The results, tabulated in Table V,
demonstrate significant changes in muscle and adipose volume, while the overall thigh
volume itself did not change. These investigators also demonstrated concordant changes
in skin-fold thickness. Interestingly, they also noted a significant increase in exercise
capacity and a slight, but insignificant increase in isometric strength. Similar effects were
observed in a study conducted by Moller et al (96).

Taken together, these studies clearly suggest that growth hormone administration
to growth hormone deficient adults results in substantial changes in body composition, with
increases in lean body mass and decreases in adipose tissue mass. While many caveats
should be applied to individual indirect measurements of body composition, the concordant
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TABLE V—EFFECT OF GH ON PHYSIOLOGICAL FEATURES

Mean (SEM)
—_ GH Placebo p

Thigh volume*

Muscle 700(37)| 663(31)| <001

Adipose tissue 365 (47)| 39347 | <005

Total 105-2 (6-4) | 104-7 (6-3) NS
Subscapular siinfold thickness (mm) | 14-1(67)| 16-4(7-1)| <0011
Isometric strength (Nm) 868 (7-2)| 80-3(5:9) | NS (0:08)
Exercise capacity (kJ) 60-8 (7-2) | 542(6:6)| <005
Blood pressure (nvm Hg) at rest

Systolic 108 (3) (102 (2) NS

Diastolic 71 (2) 69 (2) NS
Blood pressure (mm Hg) on exercise

Systolic 161 (2) (160 (5) NS

Diastolic 70 (2) 74 (2) NS
Ventricular wall mass (g) 203 (15) | 200 (15) NS

*Mean of right and left thigh, ml /0-8 cm cross-sectional slice. Three volumes
(muscle, adipose, total) measured independently by scanner. .
tAfter correction for period effect, skinfold being thicker after first period
(p <0-05).

results observed using dilutional techniques, anthropomorphic techniques, biochemical
measurements, and radiographic methods suggest that these changes are in fact real and
not simply complicated artifacts. An additional intriguing aspect of this latter study is the
suggestion that these changes can have discernible functional consequences.

Growth Hormone Administration to Elderly Subjects

While the possibility that growth hormone administration to selected patients with
specific deficiencies of growth hormone due to pituitary disease is of potential significance
to those patients, it does not necessarily have broad implications for the larger group of
aging humans.

In 1990 Daniel Rudman and his associates published a paper that stimulated an
enormous amount of interest (121). In this study, Rudman identified 21 men aged 61-81
and randomized them to treatment with growth hormone or no treatment. The
characteristics of these two groups of patients are summarized in Table VI. These groups
were well matched for age and body composition, as well as somatomedin-C levels less
than 350 U/L. As shown in Table VII, treatment with growth hormone resulted in a rise to
a mean of 830 U/L and remained at this level throughout the course of the treatment
period. No change was observed in the control group.
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Effect of the Administration of Human Growth Hormone on Weight, Lean Body
Mass, Adipose-Tissue Mass, Skin Thickness, and Bone Density in Healthy

Older Men.*
END OF END OF
oy S . BASE-LINE TREATMENT
Table VIClinical Characteristics of the StUdy SUbJeCt& VARIABLE Group PerioD PERrIOD P VaLUEt DIFFERENCE IN CHANGES}
P—— T FE— Weight (kg) 1 77.2%114 782%121 026 +1.0 (~l4to+3.4)
(N =12 (N=09) 2 83.3x11.1 83.3%9.7 0.97
i Lean body mass (kg) 1 53.0£7.4 57.7%9.1 0.0005 +3.7 (+0.7 to +6.6)
Median age (range) 67 (61-73) 68 (65-81) 2 54.2+7.1 55.2%7.3 0.17
Percent of ideal body weight — 103 (94-120) 105 (99-117) Adipose-tissue mass (kg) 1 24.1£5.0 20.6x5.6 0.05 —2.4 (-5.710 +0.8)
median (range) 2 29.0x6.4 28.0x4.0 0.43
Medical conditions (no. of subjects) Sum of skin thickness at 1 99+1.2 10.6x1.5 0.07 +0.8 (—0.1t0 +1.7)
Degenerative joint disease 5 2 four sites (mm) 2 9.320.9 9.23x0.80  0.69
Benign prostatic hypertrophy 3 1 Bone density (g/cm?)
Glaucoma 1 1 Mid-shaft radius 1 0.74+0.10 0.74%=0.12 0.85 +0.04 (—0.02 to +0.10)
Cataract 2 1 2 0.76+0.10 0.71x0.07 0.09
Arteriosclerotic heart disease* 3 ) 1 Distal radius 1 0.37+£0.07 0.36+0.08 0.12 —0.004 (—0.03 to +0.02)
Gallstones 0 1 2 0.34x0.04 0.33%0.05 0.26
K!dney stonf: 1 1 Average, lumbar 1 1.23%0.12 1.25*0.13 0.04 +0.006 (—0.04 to +0.05)
Hiatus hemia 0 1 vertebrae 1-4 2 1.29+£0.25 1.29%£0.26 0.64
Medications (no. of subjects) Ward's triangle 1 0.70+0.14 0.69x0.13 0.15 —0.018 (—0.08 to +0.05)
Nonsteroidal antiinflammatory drug 3 1 2 0.70£0.17 0.70%0.17  0.69
Pl.locayp_mc eyedrops 1 ) 1 Greater trochanter 1 0.85+0.13 0.85+0.13 0.72 +0.007 (—0.05 to +0.03)
Cimetidine 0 1 2 0.81%+0.15 0.81+0.13 0.55
- - - i - Femoral neck 1 0.92+0.15 0.91%0.14 0.53 —0.029 (—0.08 to +0.03)
*Defined as a history of my or d hic abnormality ascribed g 2 0.89+0.14 0.85+0.14 0.14
antery disease. 7 ; g ’ ’
Soiconpnay; Bene Mandibular-height ratio 1 0.45x0.15 046%0.11  0.87 ~0.003 (—0.07 to +0.06)
2 0.47x0.12 0.47%0.12 0.98

*Plus—minus values are means +SD.
P values are for the change from base line, by matched-pair t-test.

$The difference in changes (12-month value minus 6-month value) is the average change in group | minus the average
.ot i} \ |

change in group 2. Values in parentheses are 95 percent confid intervals, by

variance t-tests.

These treatment groups showed several significant differences. Measurements of
lean body mass increased and adipose tissue mass decreased in the growth hormone
treated group. These changes are of a similar magnitude to those observed in growth
hormone deficient children and in growth hormone deficient adults (see above). Of the
other parameters measured, trends toward increased bone density were observed in the
lumbar vertebrae and increased skin thickness.

Following this first report, the cohort of patients has been enlarged and followed
longitudinally. The most recent summary of results was published in 1993 (119) and are
depicted in Table VIII. These results are in general agreement with the results obtained
earlier in the trial, although the increase in lumbar bone density that was originally
reported (121) has not been maintained. This report also includes preliminary results from
the first time point after stopping growth hormone. These results, obtained at three months
post therapy suggest that the changes in LBM and adipose tissue mass have begun
reverting toward the pretreatment values.
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Table VIII

Nutcome Variables as Percentage of Initial Baseline Value

Month 0 6 12 18 21
Lean body mass Group I 100% 99.0% 104.8%* 105.7%* 102.7%*
Group II 100% 99.8% 99.1% 96.0%* 91.7%*
Adipose mass Group I 100% 96.8% 86.9%* 84.8%* 90.1%*
Group II 100% 98.2% 102.2% 97.8% 105.5%
Skin thickness (sum of four sites) Group I 100% 98.9% 106.4%* 104.3%*
Group II 100% 99.0% 98.0% 93.9%*
Liver size Group I 100% 99.2% 119%* 108%*
Group II 100% 98.6% 98.3% 93.3%
Spleen size Group I 100% 95.1% 116.6% 123.0%
Group II 100% 95.2% 101.9% 93.2%*
Sum of 10 muscle areas Group I 100% 101.7% 111.3%* 110.6%
Group II 100% 104.2% 96.7% 98.3%

°P <.05 for change from initial baseline value by paired t-test.

In recent years, a number of other reports have emerged using different treatment
regimens to treat a variety of subject populations, including two recent studies of the
effects in healthy elderly women (71, 131). Each has shown similar effects on lean body
weight and adipose tissue mass.

Effects of Growth Hormone Administration on Muscle Function

The observation that growth hormone administration increases indices suggesting
increased muscle mass has prompted several studies to examine the effects on muscle
strength or on exercise performance. These studies have examined either growth
hormone deficient subjects or otherwise normal elderly men.



TABLE IX Results of muscle strength and fatigue tests expressed as z-scores
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Treatment Baseline 3 mo 6 mo &

Ist dorsal interosseus rhGH 0.42+0.29 1.79+0.41 . 0.98+0.43 0.62+0.24
Placebo 0.12+0.33 0.35+0.37 0.27+£0.38 0.15+£0.19

Abductor digiti minimi rhGH 1.64+0.42 2.68+0.53 2.29+0.58 0.57+0.21
Placebo 0.91+0.35 1.18+0.27 1.08+0.27 0.1740.29

Abductor pollicus brevis rhGH —0.82+0.27 0.14+0.35 —-0.15+0.26 0.66+0.21
) Placebo -0.92+0.27 —-0.76+0.31 -0.47+0.29 0.45+0.27

Elbow flexion rhGH 0.32+0.41 0.56+0.38 0.80+0.58 0.54+0.49
Placebo -0.71+0.49 -0.57+0.40 —0.30+0.44 0.42+0.37

Shoulder abduction rhGH -0.6510.39 -0.29+0.44 0.08+0.40 0.73+0.26
. ) Placebo -0.78+0.30 —0.39+0.38 —-0.31£0.33 0.47+0.21
Hip flexion rhGH 0.19+0.35 1.19+0.47 1.4710.44 1.25+0.27*
. ) Placebo 0.44+0.34 0.37+0.31 0.70+0.36 0.26+0.12
Hip abduction rhGH -0.22+0.50 0.67+0.41 0.54+0.63 0.85+0.44
Placebo —0.61+0.48 —0.81+0.42 —-0.50+0.45 0.11+0.30

Knee extension rhGH 0.71+0.41 0.69+0.44 0.99+0.44 0.23+0.23
) Placebo 0.18+0.30 0.31+0.28 0.38+0.30 0.20+0.16

Neck flexion rhGH 0.26+0.44 0.24+0.34 0.36+0.39 0.25+0.16
Placebo 0.02+0.65 0.40+0.72 0.21+0.55 0.31+£0.32

Mean z-score rhGH - 0.22+0.29 0.81+0.30 0.81+0.37 0.62+0.15
Fation Placebo —0.17+0.28 0.08+0.26 0.13+0.30 0.30+0.14
atigue index rhGH —-0.97+0.47 —1.4010.52 —1.45+0.50 -0.67x0.86
Placebo -1.94+0.39 —1.81+0.23 -1.97+0.55 -0.40+0.58

o Yalues are means * S_E for all patignts tested (n = 12 in thGH data at entry and all placebo data and n = 11 for subsequent rhGH data; neck
.GXI_O_n data fat entry limited to n = 7 in both groups and thereafter n = 11 in each group). Mean z-score is an average of all muscle groups. No
Significant ditferences existed between groups hefore treatment. * > = (0.004.

TABLE X Maximal O, uptake expressed per body weight,
lean body mass, and cross-sectional area of thigh muscle

Treatment Baseline 3 mo 6 mo P
VO, ny/body wt,  rthGH 22.7+15 275+1.8 27.8+1.6 0.05
_ ml/kg Placebo 24.2+2.3 26.4+2.2 25.8+1.7
VO, pnoe/lean body  rhGH 35.9+1.7 - 40.5x1.6 0.88
. mass, ml/kg Placebo  38.9+3.0 41.7x1.8
VO, na/thigh rhGH 14.5+0.6 16.4+0.9 16.6x0.9 0.96
muscle area, Placebo 15.4+1.1 17.8+1.5 17.1%£1.0
ml/cm?

Values are means + SE. Lean body mass was measured by total body
potassium content (“K) and cross-sectional area of thigh muscle by
computerized tomography of dominant midthigh. Comparisons of dif-
ferences from baseline to 6-mo values of 2 groups (P) performed with
analysis of covariance. No significant differences existed between

groups at baseline.

The studies of Cuneo et al (37, 38) examined the effects of growth hormone
administration to 24 growth hormone deficient adults, the deficiency caused by tumor or
previous radiotherapy. These subjects were randomized into two groups and received
either placebo or growth hormone in a blended fashion. In this study, as in other studies,
lean muscle mass increased and body fat decreased. In several of the limb girdle muscles
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(shoulder abduction, hip flexion, hip abduction) a trend toward increased strength was
noted. The authors suggested that these changes did not achieve significance due to the
small number of subjects. Interestingly, when the exercise performance of these same

patients was studied, significant changes in anaerobic threshold and Vo, max were
observed.

60 4
SS o
S0 4

45

1-RM (kg)

—Q——  rhGH

40 4

35 L e e
0 2 4 6 8 10 12 14 16 18 20 22 24
Week

F1G. 8 Average muscle strength for the 10 exercises between 0-24
weeks. No difference exists at any time point between the thGH (n =
9) and PL (n = 7) groups.

A different approach was employed by Taaffe and coworkers (128). These authors
examined the hypothesis that diminished growth hormone secretion in elderly men limits
the strength gains observed during exercise testing regimens. For this reason, 18 subjects
were divided into two groups (growth hormone treated and placebo) and then examined
during the ensuing 14 weeks of treatment during which time both groups underwent
progressive weight training.

Growth Hormone Administration in Adults: Side Effects

The normal secretory pattern of growth hormone is characterized by discrete
pulses. The plasma levels of growth hormone following growth hormone administration
is decidedly not pulsatile. The regimens employed have attempted to walk a thin line
between growth hormone administration in doses adequate to effect 'replacement' and
doses that induce complications due to growth hormone excess. The complications
observed in studies of growth hormone administration to older adults in one study (27) are
depicted in Fig. 9. "
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Fig. 9a, Mean and b, peak plasma IGF-I levels (units/ml) during
hGH treatment in subgroups of group 1.

Several of the complications are predictable based on symptoms observed in
acromegalic patients. These include carpal tunnel syndrome and increases in fasting
blood glucose measurements. Fluid retention, although not a prominent feature of
acromegaly, has clearly been associated with recombinant growth hormone administration.
An unusual side effect noted in this patient population is that of gynecomastia. This side
effect has not been reported in patients with acromegaly, although increased rates of
breast cancer were noted by Nabarro et al (99) in his female patients with acromegaly.

Inspection of the data in these series suggests that the side effects observed may
be minimized by carefully controlling the range targeted by the growth hormone
administration regimen. In particular, Cohn et al (27) have suggested that the growth
hormone dose be adjusted to bring the IGH-I level to 0.5-1.0 units/ml. These same authors
have also proposed that patients be excluded from such regimens on the basis of positive
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screening for hyperglycemia and subclinical carpal tunnel syndrome. Similar types of
complications were observed in elderly female patients (47, 87).

Are There Alternative Approaches That Avoid the Toxicities Associated with Injections of
rGH?

As implied in the above discussion, the complications associated with injections of
growth hormone are likely due to the dose and pattern of administration. This constitutes
an inherent weakness pertaining to treatment using injections of growth hormone. For this
reason, several alternatives have been explored to attempt to avoid a non-physiologic
pattern of growth hormone presentation and/or to maintain some level of feedback
inhibition in the growth hormone axis.

GHRH Administration
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Fi16.10 Serum GH values (mean + SD) at 20-min intervals during a 24-h period in young (A) and old (B) men at baseline and in old men during
low (C) and high (D) dose GHRH treatment. Arrowheads in C and D indicate the time of sc GHRH injections.
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The first report of this type was published in 1989 by lovino et al (76). These
authors observed that treatment with an intravenous bolus of GHRH (1-40) for a 12-day
period resulted in an increase in plasma growth hormone. These observations were
extended by Corpas et al (34) who examined the effects of injections of GHRH (1-29) to
a group of old and young men. This study demonstrated significant increases of indices
of 24-hour mean growth hormone secretion and IGF-I in the old men. This was due to
large growth hormone peaks occurring shortly following injection of GHRH. A number of
investigations have further refined this approach using continuous administration of
GHRH, using either short-term (50, 134) or long-term (35) administration. These studies
demonstrated that using this approach that pulsatility of growth hormone release was
maintained. Although some differences are apparent in the results of the different studies,
particularly during the daytime hours when growth hormone secretion is typically lowest.
Despite these differences, it is apparent that this methodology is an alternative one that
does permit growth hormone levels to be increased. This approach, however, requires
parenteral administration.

Growth Hormone Secretagogues

It is in this arena that the most interesting biology exists and where potential
therapeutic compounds may lie. Recall that investigators had originally discovered that
GHRP - a synthetic hexapeptide - could act to effect substantial growth hormone release
(97). As reviewed above, there is considerable evidence to suggest that this compound
acts through a receptor different than that of the GHRH-R, acts via distinct second
messenger pathways (22), and can act synergistically with GHRH to effect growth hormone
release.

TABLE XIJIntegrated serum GH concentrations (IGHC) and serum IGF-I before (Pre) and 24 h after (Post) administration of placebo, L, or
GHRH.

Placebo L (0.2 mg/kg) L (0.75 mg/kg) GHRH (1 ug/kg)
IGHC (min/pg-L) 124 =17 887 + 128° 1937 + 283° 487 + 83+
IGF-I (ug/L)
Pre 142 £ 12 143 £ 11 136 £ 11 146 + 13
Post 159 = 13 161 + 16 163 + 13 169 = 16

Values are the mean =+ SE. Significance was determined by analysis of variance with Duncan'’s multiple comparison test.

* P < 0.05 vs. placebo.
* P < 0.05 vs. L (0.75 mg/kg).

Table XIIpeak or integrated (AUC) serum cortisol and PRL concentrations

- Placebo L (0.2 mg/kg) L (0.75 mg/kg) GHRH (1 ug/kg)
Cortisol
Peak (ug/dL) ' 9.9 + 0.98 13.0 £ 1.0* 15.4 + 1.3* 8.9 + 0.96
AUC (min/ug-dL) 854 + 38 1167 + 40° 1387 + 50 860 + 45
PRL .
Peak (ug/L) 4.5 £ 047 10.2 + 0.76** 171+ 1.7* 5.8 + 0.96
AUC (min/ug-L) 553 + 26 894 + 32° 1375 + 65 685 + 38

Values are the mean = SE. Significance was determined by analysis of variance with Duncan’s multiple comparison test.
¢ P < 0.05 vs. saline.
* p < 0.05 vs. GHRH.
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These observations have been exploited by a number of groups, particularly that
of Smith and co-workers at Merck Sharp & Dohme Research Laboratories. These
investigators used the chemical structure of GHRP to devise non-peptidyl analogues that
have similar activity to GHRP-6 (67, 125, 126). The most interesting features of this
compound are 1) that it is active in a variety of species including man and 2) it, like GHRP,
acts through sites distinct from that of the GHRH-R. Recently the first studies of the lead
Merck compound (L-692,429) was reported by Aloi et al (1). These studies demonstrated
that intravenous administration of L resulted in large amount of growth hormone, in fact,
in many cases larger than the amounts released in response to GHRH. This was a highly
selective response, with only small changes in cortisol or prolactin being discernible. The
compound was well tolerated and was without significant side effects. This compound is
orally active and is already the subject of a large number of clinical investigations. Of
note, this approach leaves intact many of the normal feedback regulatory loops.

Summary

A large body of work has been published in the last five years relating to the
changes that occur in the growth hormone axis in normal aging humans. At this juncture,
it seems clear that reduced levels of growth hormone are secreted as age advances and
that this decline is due to central mechanisms and due to increased levels of adipose
tissue in older men and women. It is evident as well that growth hormone administration
to growth hormone deficient children, growth hormone deficient adults, or elderly subjects
results in increased lean body mass and decrease in adipose tissue. A few reports have
suggested that these changes have resulted in increased muscle strength or exercise
tolerance. It is not at all certain that these changes will be observed when studies are
conducted in larger groups of the general population.
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