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Growth hormone (GH)' was isolated approximately 30 years
ago and since then, major advances have been made in our
understanding of the regulation and pattern of GH secretion
and its actions. However, despite these achievements, our
knowledge of this hormone remains in its infancy. GH is nec-
essary for normal linear growth, but it also affects many
aspects of metabolism, so that it has been described as being
anabolic, lipolytic, and diabetogenic. Information on the met-
abolic effects of GH has been obtained from in vivo and in
vitro studies of such isolated tissues as muscle and adipocytes.
The recent production of human GH by recombinant DNA
techniques (1), the discovery of the hypothalamic GH-stimu-
lating hormone, growth hormone-releasing hormone (GHRH)
(2-4), and the cloning of the GH receptor (5) will have a
major impact on the continued study of the physiology of
human GH.

The molecular biological approach to the study of GH
resulted in purification, cloning, and expression of the human
GH receptor and binding protein (5). Based on cloning studies,
the complete amino acid sequences encoding the putative
human and rabbit GH receptors have been identified. The
molecular mass of these receptors is 130,000 D and they are
presumably heavily glycosylated. These proteins are unique
and have no similarity with other known proteins. Despite
84% identity in the amino acid sequence between the human
and rabbit receptors, they are immunologically quite dissimi-
lar (6). The GH receptor consists of three components, an
extracellular portion that presumably binds GH, a transmem-
brane portion, and a cytoplasmic portion. The receptor does
not appear to be a tyrosine kinase or to act via G proteins. It
has been known for several years that cells from the IM-9
lymphocyte cell line shed a soluble GH-binding protein. It is
therefore interesting that cells transfected with human GH
receptor cDNA not only express a membrane-associated GH-
binding protein, but also secrete a soluble GH-binding protein.
This binding protein has the characteristics of the human GH
receptor, in that it binds human but not bovine GH or ovine
prolactin. The characteristics of rabbit GH receptor cDNA-
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transfected cells have the characteristics of the rabbit GH re-
ceptor, in that they bind human and bovine GH. GH-binding
proteins are present in normal human blood and absent in
patients who have Laron dwarfism (7, 8). These patients are
believed to be deficient in the GH receptor. It is likely that
these binding proteins represent the shed extracellular compo-
nent of the GH receptor. An alternative possibility is that the
binding protein is a separate secretory product of the cell.

GH acts both directly and via its stimulation of insulin-like
growth factor I (IGF I) production to promote linear growth.
However, GH continues to be secreted during adult life after
growth has ceased. GH thus presumably has other important
physiologic functions. In this Perspective, we will review some
aspects of GH secretion and actions in man and consider im-
portant areas for further study.

GH is secreted episodically, as demonstrated by studies in
which frequent blood samples are obtained. Hormone con-
centrations are usually below the level of assay detectability
between these observed bursts. Relatively few studies have de-
fined clearly the normal profile of GH release during develop-
ment and adult life, but GH secretion apparently is low during
infancy and increases but remains stable at fairly low levels
during early childhood, until just before puberty (9). At pu-
berty, GH secretion is greatly enhanced, decreases in late ado-
lescence, and remains stable until ~ 30 yr, when a progressive
decline, which endures through old age, begins (10). The rea-
sons for the decrease in GH secretion in adults are unknown,
but possible factors that influence GH secretion include caloric
intake, lean body mass, and the gonadal steroid milieu. A
cross-sectional study was carried out to characterize GH re-
lease in adults of different age groups. GH levels were mea-
sured every 20 min over 24 h and integrated concentrations
among the groups were compared. Additionally, gonadal ste-
roid levels, testosterone, estradiol. and free estradiol were
measured. Integrated GH concentrations were lower in the
older men and women (> 55 yr) than in the younger men and
women (18-33 yr). Women in both age groups had more GH
release than the men. The lower GH concentrations in the
older subjects most strongly correlated with decreased circu-
lating estradiol and free estradiol levels. Stepwise regression
analysis was used to determine the effects of age, gender, and
body mass index, independent of the effect of estradiol, on GH
concentrations. When the effect of estradiol was removed,
there was no significant correlation of GH secretion with age,
gender, serum testosterone, or body mass index (11). It thus is
likely that circulating estradiol plays either a stimulatory or
permissive role in somatotrope secretion. Note that GH secre-
tion is greatest in young women and that GH secretion is
enhanced in postmenopausal women during estrogen admin-
istration (12). The effect of gonadal steroids on GH secretion is
different in other species, such as the rat. GH secretion is
greater in the male than in the female rat and is thought to
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result from the higher testosterone concentrations in the male.
Male rats have higher bursts of GH secretion and lower inter-
peak concentrations than do females (13). The role of andro-
gens versus estrogens in influencing GH secretion in man thus
apparently differs from that of the rat.

GH secretion is regulated by several factors including the
hypothalamic hormones GHRH, which is stimulatory, and
somatostatin (SRIF), which is inhibitory, and by IGF I. The
hypothalamic-pituitary-peripheral axis is a closed-loop system
in which episodic GH release is a result of concomitant reduc-
tion in hypothalamic SRIF secretion and an increase in
GHRH secretion (14). GH stimulates the liver and other pe-
ripheral tissues to produce IGF I, which in turn feeds back on
the hypothalamus and pituitary and exerts a negative influ-
ence on further GH release. Circulating IGF peptides are
tightly bound to proteins. There are at least two circulating
macromolecular complexes of bound IGF I that have a longer
half-life than the free form and modified biological actions
(15). The physiologic role of the different IGF forms remains
to be determined. Since IGF is present in multiple peripheral
tissues and serum, it may act as a paracrine factor and a hor-
mone (16, 17). Circulating IGF I levels may be relatively un-
important and the tissue levels thus may be of greater physio-
logic and biochemical significance.

Nutritional state and caloric intake influence GH secre-
tion. Chronic malnutrition, such as kwashiorkor, is associated
with elevated GH levels, subnormal IGF I levels, and growth
retardation (18, 19). Similarly, patients with anorexia nervosa
may have increased GH levels (20). The role of nutrition on
GH secretion is currently the subject of intensive study. To
characterize the effect of nutrition on GH secretion, normal
adult male volunteers were studied before, during, and at the
end of a 5-d fast by measuring GH levels every 20 min for 24 h
(21). During the first 36 h of fasting, there was a threefold
increase in integrated GH concentration and an increase in the
number and amplitude of the GH pulses. These increases were
further enhanced on the fifth day of the fast. Serum IGF I
levels were unchanged during the first day, but declined by the
fifth day (21). Similar results were obtained in another study in
which GH levels were measured every 5 min before and on the
fifth day of fasting. The hormone concentration profiles were
also subjected to analysis using a computer model that calcu-
lates both secretion and clearance functions from the mea-
sured peripheral values, which reflect both secretion and clear-
ance. Using this deconvolution method (22), the increase in
integrated GH concentrations was a result of increased hor-
mone production and that the rate of GH clearance was un-
changed. Serum IGF I levels declined progressively over the
5 d of fasting, all subjects developed ketonemia, and there was
no detectable change in serum total or free estradiol levels (23).
Whereas the physiologic importance of these experiments may
be questioned, the results indicate that caloric deprivation has
profound effects on GH secretion.

GH has been administered to domestic animals, including
pigs and cattle, and resulted in increased nitrogen retention
(pigs and cattle), improvement in feed efficiency (pigs), and
more efficient galactopoeisis (cows) (24). GH has a marked
effect on the composition of the carcass, such that the amount
of fat is reduced and the protein content is increased (25). This
partitioning effect may also occur in man, but the effects of
GH on metabolism may only be demonstrable during times of
nutritional deprivation. Since most human studies of GH ef-
fects are carried out under more than adequate nutritional
conditions, the metabolic functions of this hormone may not
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be evident. Compared with Western man, the majority of the
world’s population is not overnourished and is fortunate to
have one meal a day. GH may be of vital importance in opti-
mizing use of stored fat while minimizing muscle catabolism
during food deprivation. Poorly controlled diabetes mellitus is
a clinical situation that may mimic this phenomenon. Hy-
perglycemic diabetics also have increased GH secretion, which
may reflect relative intracellular starvation (glucopenia) sec-
ondary to insulin deficiency. Exercise is another potent stimu-
lus for GH release. In general, well-trained athletes have little
fat and increased muscle mass (26). Whereas precise studies of
GH secretion in these subjects have not been performed, it is
intriguing to speculate that the body composition of athletes
may be influenced by enhanced GH secretion that results from
intensive training. The current misuse of GH by some athletes
with the intent of increasing muscle mass emphasizes the need
to determine the metabolic role of GH.

Some preliminary studies of the role of GH in the parti-
tioning of fat, protein, and carbohydrate metabolism in
humans have been reported. In early studies, nonprimate GH
was used and no effect was demonstrated (27). However, the
structures of bovine and human GH differ and bovine GH
does not interact with the human GH receptor. In a more
recent study, placebo and pharmacologic doses of human GH
were administered for 1 wk to normal men given an intrave-
nous diet consisting of 50% of minimum caloric and normal
amino acid content. Significant changes associated with GH
administration compared with placebo included less weight
loss, nitrogen, potassium, and phosphorous retention, hyper-
insulinemia, an increase in fasting blood glucose, ketonuria,
and increased calciuria. When caloric intake was reduced to
30% of the minimum requirement, the metabolic rate in-
creased significantly during GH treatment. Serum FFA, but
not glycerol, were somewhat increased during GH administra-
tion (28). In another study, obese subjects were given a phar-
macologic dose of methionyl human GH every other day for 3
wk during dietary restriction. GH administration was asso-
ciated with a significant decrease in the mean daily nitrogen
deficit and a trend to greater fat loss when compared with the
placebo treatment (29). The effects on fat metabolism were less
dramatic than in the study of GH effects during more severe
caloric restriction and this may reflect dietary differences.
Studies have been proposed to determine whether GH is ben-
eficial in the treatment of patients with malabsorption, exten-
sive burn injuries, and trauma. If GH is beneficial, this may
offer a new approach to the treatment of these difficult dis-
orders.

The role of GH in the treatment of GH-deficient children
is established. However, the definition of GH deficiency re-
mains controversial for several reasons, including uncertain-
ties about whether the GH response to a pharmacologic test or
a serum IGF I concentration reflects overall GH secretion and
the precise significance of GH profiles obtained by frequent
sampling. The GH secretory profile in normal children of
varying stature is not established. As human GH produced by
recombinant DNA methodology is now widely available, the
question arises: should all children with short stature be given
a trial of GH therapy regardless of the results of testing? Corol-
lary questions include: even if acceleration of growth occurs
over the short term (6-12 mo), what is the effect of GH on
ultimate height in GH-sufficient children? What adverse effect
may arise from chronic administration of GH to GH-sufficient
children? The answers are currently unknown. These ques-
tions raise serious medical, psychological, social, ethical, and



financial issues for which answers are not readily
available.

Although it is exciting to speculate that GH may be useful
to increase muscle mass in athletes, to increase the ultimate
height of children with short stature, and to treat such diverse
conditions as burns, malabsorption, and obesity, a plea must
be made for well-designed and careful metabolic studies to
characterize the direct effects of GH and its indirect effects via
IGF I and other mediators of human metabolism. In this re-
gard, the recent description of adipsin (30, 31), a large protein
in the serine protease family that is liberated from rodent 3T3
adipocytes, offers a scientific basis for an older proposal that
adipocytes dictate their own metabolic requirements (32, 33).
Does adipsin exist in man and, if so, does it direct neuroendo-
crine function? This and many other fascinating issues await
urgent study in pursuite of answers to such important clinical
questions as the pathophysiology of obesity, anorexia nervosa,
and type II diabetes mellitus, to mention just a few.

References

1. Goeddel, D. V., H. L. Heynecker, T. Hozumi, R. Arentzen, K.
Itakura, D. G. Yansura, M. J. Ross, G. Miozzari, R. Crea, and P. H.
Seeburg. 1979. Direct expression in Escherichia coli of a DNA se-
quence coding for human growth hormone. Nature (Lond.). 281:544—
548.

2. Rivier, J., J. Spiess, M. O. Thorner, and W. Vale. 1982. Charac-
terization of a growth hormone-releasing factor from a human pancre-
atic islet cell tumor. Nature (Lond.). 300:276-278.

3. Esch, F. S, P. Bohlen, N. C. Ling, P. E. Brazeau, W. B. Wehren-
berg, M. O. Thorner, M. J. Cronin, and R. Guillemin. 1982. Charac-
terization of a 40 residue peptide from a human pancreatic tumor with
growth hormone releasing activity. Biochem. Biophys. Res. Commun.
109:152-158.

4. Guillemin, R., P. Brazeau, P. Bohlen, F. Esch, N. Ling, and
W. B. Wehrenberg. 1982. Growth hormone-releasing factor from a
human pancreatic tumor that caused acromegaly. Science (Wash. DC).
218:585-587.

5. Leung, D. W., S. A. Spencer, G. Cachianes, R. G. Hammonds,
C. Collins, W. J. Henzel, R. Barnard, M. J. Waters, and W. 1. Wood.
1987. Growth hormone receptor and serum binding protein: purifica-
tion, cloning and expression. Nature (Lond.). 330:537-543.

6. Baumann, G., and M. A. Shaw. 1988. Immunochemical similar-
ity of the human plasma growth hormone-binding protein and rabbit
liver growth hormone receptor. Biochem. Biophys. Res. Commun.
152:573-578.

7. Daughaday, W. H., and B. Trivedi. 1987. Absence of serum
growth hormone binding protein in patients with growth hormone
receptor deficiency (Laron dwarfism). Proc. Natl. Acad. Sci. USA. 84:
4636-4640.

8. Baumann, G., M. A. Shaw, and R. J. Winter. 1987. Absence of
plasma growth hormone-binding protein in Laron-type dwarfism. J.
Clin. Endocrinol. & Metab. 65:814-816.

9. Glick, S. M., J. Roth, R. S. Yalow, and S. A. Berson. 1965. The
regulation of growth hormone secretion. Rec. Prog. Horm. Res.
21:241-283.

10. Rudman, D., M. H. Kutner, M. Rogers, M. F. Lubin, G. A.
Fleming, and R. P. Baine. 1981. Impaired growth hormone secretion
in the adult population. J. Clin. Invest. 67:1361-1369.

11. Ho, K. Y., W. S. Evans, R. M. Blizzard, J. D. Veldhuis, G. R.
Merriam, E. Samojlik, R. Furlanetto, A. D. Rogol, D. L. Kaiser, and
M. O. Thorner. 1987. Effects of sex and age on the 24-hour profile of
growth hormone secretion in man: importance of endogenous estra-
diol concentrations. J. Clin. Endocrinol. & Metab. 64:51-58.

12. Dawson-Hughes, B., D. Stern, J. Goldman, and S. Reichlin.
1986. Regulation of growth hormone and somatomedin-C secretion in
postmenopausal women: effect of physiological estrogen replacement.
J. Clin. Endocrinol. & Metab. 63:424-432.

13. Tannenbaum, G. S., and J. B. Martin. 1976. Evidence for an

endogenous ultradian rhythm governing growth hormone secretion in
the rat. Endocrinology. 98:562-570.

14. Tannenbaum, G. S., and N. Ling. 1984. The interrelationship
of growth hormone (GH)-releasing factor and somatostatin in genera-
tion of the ultradian rhythm of GH secretion. Endocrinology.
115:1952-1957.

15. Hintz, R. L. 1986. The somatomedin binding proteins. In
Human Growth Hormone. S. Raiti and R. A. Tolman, editors. Ple-
num Publishing Corp., New York. 553-561.

16. Green, H., M. Morikawa, and T. Nixon. 1985. A dual effector
theory of growth-hormone action. Differentiation. 29:195-198.

17. Zezulak, K. M,, and H. Green. 1986. The generation of insu-
lin-like growth factor-1-sensitive cells by growth hormone action.
Science (Wash. DC). 233:551-553.

18. Soliman, A. T., A. E. H. . Hassan, M. K. Aref, R. L. Hintz,
R. G. Rosenfeld, and A. D. Rogol. 1986. Serum insulin-like growth
factors (IGF) I and II concentrations and growth hormone and insulin
responses to arginine infusion in children with protein-energy malnu-
trition before and after nutritional rehabilitation. Pediatr. Res.
20:1122-1130.

19. Van Der Westhuysen, J. M., J. J. Jones, C. H. Van Niekerd, and
P. C. Belonje. 1975. Cortisol and growth hormone in kwashiorkor and
marasmus. S. Afr. Med. J. 49:1642-1644.

20. Hurd, H. P., P. J. Palumbo, and H. Gharib. 1977. Hypotha-
lamic-endocrine dysfunction in anorexia nervosa. Mayo Clin. Proc.
52:711-716.

21.Ho, K. Y., J. D. Veldhuis, M. L. Johnson, R. Furlanetto, W. S.
Evans, K. G. M. M. Alberti, and M. O. Thorner. 1988. Fasting en-
hances growth hormone secretion and amplifies the complex rhythms
of growth hormone secretion in man. J. Clin. Invest. 81:968-975.

22. Veldhuis, J. D., M. L. Carlson, and M. L. Johnson. 1987. The
pituitary gland secretes in bursts: appraising the nature of glandular
secretory impulses by simultaneous multiple-parameter deconvolu-
tion of plasma hormone concentrations. Proc. Natl. Acad. Sci. USA.
84:7686-7690.

23. Vance, M. L., A. C. S. Faria, and M. O. Thorner. 1987. Growth
hormone during fasting: enhancement of endogenous secretion, pul-
satile release and rhythms. 69th Annual Meeting of the Endocrine
Society. 229A. (Abstr.)

24. Bauman, D. E., J. H. Eisemann, and W. B. Currie. 1982.
Hormonal effects on partitioning nutrients for tissue growth: role of
growth hormone and prolactin. Fed. Proc. 41:2538-2544.

25. Muir, L. A, S. Wien, P. F. Duquette, E. L. Rickes, and E. H.
Cordes. 1983. Effects of exogenous growth hormone and diethylstil-
bestrol on growth and carcass composition of growing lambs. Anim.
Sci. (Sofia). 56:1315-1323.

26. McArdle, W. D,, F. I. Katch, and V. L. Katch. 1986. Exercise
Physiology. 2nd ed. Lea & Febiger, Philadelphia, PA. 516.

27. Bergenstal, D. M., and M. B. Lipsett. 1960. Metabolic effects of
human growth hormone and growth hormone of other species in man.
J. Clin. Endocrinol.& Metab. 20:1427-1436.

28. Manson, J. McK., and D. W. Wilmore. 1986. Positive nitrogen
balance with human growth hormone and hypocaloric intravenous
feeding. Surgery (St. Louis). 100:188-197.

29. Clemmons, D. R, D. K. Snyder, R. Williams, and L. E. Un-
derwood. 1987. Growth hormone administration conserves lean body
mass during dietary restriction in obese subjects. J. Clin. Endocrinol. &
Metab. 64:878-883.

30. Cook, K. S., H. Y. Min, D. Johnson, R. J. Chaplinsky, J. S.
Flier, C. R. Hunt, and B. M. Spiegelman. 1987. Adipsin: a circulating
serine protease homolog secreted by adipose tissue and sciatic nerve.
Science (Wash. DC). 237:402-405.

31. Flier, J. S., K. S. Cook, P. Usher, and B. M. Spiegelman. 1987.
Severely impaired adipsin expression in genetic and acquired obesity.
Science (Wash. DC). 237:405-408.

32. Kennedy, G. C. 1953. The role of depot fat in the hypothalamic
control of food intake in the rat. Proc. R. Soc. Lond. B Biol. Sci.
140:578-592.

33. Faust, I. M., P. R. Johnson, and J. Hirsch. 1977. Adipose tissue
regeneration following lipectomy. Science (Wash. DC). 197:391-393.

Growth Hormone, 1988 747



