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H OUSSAY ~ in 1936 was the first to describe effects of 
growth hormone (GH) on metabolism when he 

observed hypersensitivity to insulin in hypophysectomized 
animals and thus-- indirect ly--documented a genuine meta- 
bolic effect of GH. Although since that time numerous 
scientists have tried to clarify the role of GH in carbohy- 
drate and lipid metabolism, a coherent picture could not be 
established. 2 

The growth-promoting and metabolic effects of GH are 
mediated by interaction of the molecule with a specific 
receptor, 3 whose extracellular domain after proteolytic 
cleavage specifically binds GH in plasma (GH-binding 
protein). GH-binding protein, like membrane GH receptor, 
is regulated through a complex multihormonal control 4 and 
influences the binding of GH to the cellular receptor. 5 In 
this way, GH produces a direct metabolic effect in sensitive 
cells (eg, adipocytes). On the other hand, GH is the most 
important regulator for the synthesis of insulin-like growth 
factors (IGFs), 6 not only in liver cells but also in many other 
tissues. 7 IGF-I  has a short-term metabolic (insulin-like) 
effect and a long-term effect by mediating the growth- 
promoting effect of GH, both effects being mediated 
through the IGF-I  receptor, s In this way, via IGFs, GH 
produces indirect metabolic effects, which may well be - -a s  
in the case of short-term effects on glucose metabol ism--  
antagonistic to the direct effects of GH. 

CARBOHYDRATE METABOLISM 

Insulin-Antagonistic Effects 

In vitro, there are three general insulin-antagonistic 
effects of GH: pathways of glucose utilization are de- 
creased, tissues are unresponsive to the insulin-like effect of 
GH, and lipolysis increases, a 

In vivo (physiologic, basal), GH levels play an important 
role in glucose homeostasis. In hypophysectomized animals 
and in patients with GH deficiency (GHD), decreased 
fasting glucose concentrations are accompanied by im- 
paired glucose tolerance, decreased insulin secretion, and 
increased insulin sensitivity) GHD is associated with a 
decreased hepatic glucose synthesis. An increase in glucose 
utilization and a blunting of the increase in hepatic glucose 
production in response to hypoglycemia are responsible for 
the enhanced insulin sensitivity. GH treatment reverses 
these effects. 

Differentiation between a direct and an IGF-I - -medi -  
ated, indirect GH effect is difficult. By the euglycemic, 
hyperinsulinemic clamp technique, Hussain et al 1° con- 
firmed that IGF-I  has a direct, inhibitory effect on insulin 
secretion ~ and reverses the insulin resistance induced by 
GH treatment by directly increasing insulin sensitivity of 
tissues. This effect of IGF-I  on insulin sensitivity is not 
caused by feedback inhibition of GH secretion. Normaliza- 
tion of basal glucose concentrations, on the other hand, is 
mostly caused by a direct effect of GH12; addition of IGF-I  

during GH treatment does not significantly alter basal 
glucose levels as compared with the effect of GH treatment 
alone m (Table 1). 

Clinically, GH-deficient adults are at risk to develop 
hypoglycemia during prolonged fasting53 In children with 
isolated GHD or multiple anterior pituitary deficiencies, up 
to 34% have symptomatic or asymptomatic hypoglycemia.14 

Treatment with GH in GH-deficient children normalizes 
these changes with an increase in fasting glucose levels, 
insulin secretion, and hepatic glucose synthesis) In addi- 
tion, in this situation there is a transitory decrease in 
sensitivity to injected insulin, which is no longer present 
after 6 months of treatment. 15 

Insulin-Like Effects 

In tissues not exposed to GH, an insulin-like activity of 
GH can be seen soon after exposure to GH, with an 
increased glucose utilization and antilipolysis. Tissues from 
intact animals did not show this insulin-like effect. I6 

In GH-deficient children, GH injection induces a rapid 
(within 1 hour) decrease in glucose concentration without 
hypoglycemia57 This is a mild effect lasting approximately 1 
hour. It is still unclear whether this observation TM has any 
physiologic relevance in man, since according to animal 
experiments a preceding GH pulse causes a refractory state 
to its insulin-like effect. Possibly, pulsatile GH secretion 
during physical activity or after the onset of sleep causes a 
refractory state of the tissue to the insulin-like effect of GH. 

Taken together, the insulin-antagonistic effect of GH 
itself is predominant. On the other hand, GH secretion of 
the pituitary regulates synthesis of IGF-I  in liver and many 
other tissues. 19 Thus, the direct insulin-antagonistic effect 
of GH is opposed by the indirect insulin-like effect of 
IGF-I. 

In principle, actions of GH on glucose metabolism in 
adults and children are the same. Children seem to be more 
dependent on the glycemic effect of GH. Insulin resistance 
and increased insulin secretion is clinically not relevant 
during childhood. 

LIPID METABOLISM 

Similar to the situation of carbohydrate metabolism, the 
effects of GH on lipid metabolism are divergent. There is a 
short-term insulin-like effect followed by a longer-lasting 
insulin-antagonistic effect. When mature adipocytes are 
exposed to GH, there is a short-term increase in glucose 
transport and lipogenesis and an inhibition of lipolysis 
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Table 1, Interaction of GH and IGF-I in Glucose Homeostasis and 
Insulin Action 

GH [GF-I 

IGF-I ? GH 
IGFBP-3 1' IGFBP-3 - /$ 
Insulin 1' Insulin 
Insulin sensitivity $ Insulin sensitivity 1' 
Glucose 1' Glucose 
Glucose tolerance $ 
Lipolysis I" Lipolysis 1' 

Abbreviation: IGFBP-3, IGF-binding protein-3. 

(insulin-like effect). However, chronic exposure to GH 
induces a decrease in glucose transport and lipogenesis and 
an increase in lipolysis, and makes the cells refractory to the 
acute insulin-like effects, z° The lipolytic effect is signifi- 
cantly different between intraabdominal and subcutaneous 
fat cells, 21 with a more pronounced influence on abdominal 
fat mass. 22 The lipolytic effect is most probably a direct 
effect of GH and not mediated through IGF-I,  23 since 
adipocytes lack functional IGF-I  receptors and, due to a 
100-fold difference in affinity, a cross-reaction of IGF-I  with 
the homologous insulin receptor is unlikely. However, 
IGF-I  shows an additional (indirect) lipolytic effect by 
inhibition of insulin secretion, which functions as the most 
important antilipolytic hormone. 1° 

In addition, GH specifically stimulates proliferation of 
adipocyte precursor cells via GH receptors, thus influenc- 
ing the total adipocyte number. 2° 

In healthy adults, physiologic concentrations of GH 
induce 24 a rapid decline (within 30 minutes) in free fatty 
acid (FFA) concentrations by inhibition of lipolysis, corre- 
sponding to the insulin-like effect. The mechanism of this 
acute effect is unclear. 2~ Within hours, the insulin- 
antagonistic effect prevails, which leads to an increase in 
serum F F A  concentrations caused by an increased rate of 
lipolysis and a decreased rate of reesterification of FFA.  

Adult patients with GHD have an increased body weight 
due to an increase in total body fat of up to 20%. 26 Lean 
body mass (ie, mostly muscle mass) is reduced, and the 
patients typically present with a truncal-type obesity. In 
adult life, an android (male, predominantly abdominal) 
pattern of fat distribution is associated with an increased 
risk of obesity-related morbidity. 27 Baseline cholesterol and 
triglyceride levels tend to be higher in adults with GHD. 
After 2 months of treatment with GH, there is a significant 
reduction in total cholesterol, low-density lipoprotein (LDL) 
cholesterol, and apolipoprotein B. 28 Treatment of adult 
patients suffering from a cholesterol gallstone results in a 
decrease of LDL cholesterol and an increase of hepatic 
LDL receptors. The elimination rate of radiolabeled, endog- 
enous LDL is increased during treatment. 29 

GH-deficient children usually also present with mild 
obesity of the truncal type, and an increased total body fat 
mass was described. 3° Modest elevations of cholesterol 
and/or  triglyceride concentrations were present in 46% of 
children studied. 31 However, the mean values were not 
significantly different from reported normal values. Treat- 
ment with human GH did not alter mean cholesterol and 

triglyceride concentrations in children. Additional treat- 
ment with thyroxine in a group of poor responders with 
respect to growth rate induced a significant reduction of 
serum cholesterol in this group. The investigators con- 
cluded that a subclinical hypothyroidism of some children 
may play a role in the hypercholesterolemia, as well as 
GHD itself. 31 These results differ substantially from those 
in adult patients with GHD. 32 

In GH-deficient children, there is an increase in F F A  
concentrations approximately 4 hours after GH administra- 
tion. 33 This lipolytic effect of GH is probably responsible for 
the fat atrophy observed at the sites of repeated GH 
injections in GHD 34 and for the decrease of total body fat 
mass during long-term GH treatment. A significant reduc- 
tion in body fat mass during the first weeks after onset of 
GH treatment was measured by Tanner et a135 using 
anthropometric methods. 

As adults, children with GHD typically present with an 
android distribution of body fat, 36 which changes to a 
gynoid (female, predominantly gluteal) distribution during 
therapy with GH. 37 In relation to this, Rosenbaum 38 ob- 
served that GH therapy in GH-deficient children induced a 
significant reduction in abdominal adipocyte size, with a 
reduction in basal rates of lipogenesis accompanied by a 
desensitization of abdominal subcutaneous adipose tissue 
to the antilipolytic effect of insulin. This effect could not be 
shown in gluteal adipocytes, supporting the clinical observa- 
tion of a site-specific effect of GH on regional adipose tissue 
depots, with a redistribution of fat during GH treatment 
and the basic observation 38 of an increased sensitivity of 
abdominal adipocytes to the effect of GH. 

GH directly influences the number of adipocytes by 
stimulating differentiation of preadipocytes into mature 
adipocytes. 22 Due to the lack of GH stimulation in congeni- 
tal GHD, the total number of adipocytes in these children is 
reduced. With regard to the obesity in these children, 
Bonnet et aP 9 showed that the adipocytes were significantly 
larger than those from chronologically or bone a g e - -  
matched controls, and that treatment of these children with 
GH induced an increase in the number of adipocytes. On 
the other hand, GH treatment is associated with a reduc- 
tion of adipocyte size and total body lipid content. 4° 

Taken together, childhood GHD is associated with an 
increased total body lipid content and a reduced number of 
fat cells, which are significantly enlarged. Administration of 
exogenous GH normalizes these changes. 

With respect to the influence of GH on lipid metabolism, 
the situation in children with congenital GHD is different, 
since during the first year of life adipose tissue is growing 
faster than other organs of the body 41 and there are 
marked, age-dependent changes in adrenoceptor-mediated 
inhibition of lipolysis. 42 

The catabolic effect of GH on adipose tissue is accompa- 
nied by an anabolic effect on protein metabolism in adults 
and children with GHD during GH treatment. 36 Both 
effects can be observed within the first 2 months of 
treatment. Interestingly, additional treatment of these pa- 
tients with IGF-I  results in an additive anticatabolic effect 
with respect to protein oxidation. 43 This effect of IGF-I  is 



METABOLIC EFFECTS OF GH IN CHILDREN 99 

independent of the actual GH status and is probably 
mediated by directly enhancing insulin sensitivity and 
inhibiting insulin secretion. 

SALT AND WATER BALANCE 

It has long been known 44 that treatment of healthy 
volunteers and GH-deficient patients is associated with 
fluid retention and weight gain. Sodium retention, reduced 
urinary sodium excretion, increased plasma renin activity 
and plasma aldosterone concentration, 45 and increased 
extracellular fluid volume with edema and hypertension 
were observed. 46 This water retention is seen especially 
during the first weeks after onset of therapy 47,48 and is 
accompanied by a significant decrease in atrial natriuretic 
peptide. 46 Possibly, suppression of atrial natriuretic peptide 
secretion contributes to sodium retention during GH treat- 
ment. On the other hand, renal plasma flow (RPF) and 
glomerular filtration rate (GFR) are known to be influ- 
enced by GH status: RPF and GFR are reduced after 
hypophysectomy and are increased in acromegaly. Trials 
with recombinant human iGF- I  have shown 49 that there is 
an increase in endogenous creatinine clearance and a 
proportional increase in GFR and RPF without any change 
in sodium excretion and body weight. This suggests that GH 
itself causes antinatriuretic effects, whereas the effects on 
renal function are mediated by IGF-I.  

In childhood GHD, edema of the hands and feet have 
been observed in single cases during GH substitution, but 
usually only as a transient and mild phenomenon. 

Parrs  et al so investigated a group of GH-deficient chil- 
dren before and during GH therapy. In the basal state, total 
body water, lean body mass, extracellular water, and intra- 
cellular water were less than normal for chronological age. 
Muscle mass was reduced for age and individual height. GH 
therapy resulted in an increased growth rate accompanied 
by a corresponding increase in total body water, lean body 
mass, extracellular water, and intracellular water. However, 
muscle mass increased during the first 6 months at a faster 
rate than expected from the height gain. This illustrates 
that in childhood GHD muscle is the tissue reflecting best 
the lack of GH and the benefit of therapy. However, one 
has to realize that the methods used in the study reported 
by Parra et al so include a number of approximations and 
simplifications that reduce validity of the results. 

In contrast, in healthy children with idiopathic short 
stature treated with GH for 1 year, 51 no significant changes 
indicating sodium or water retention could be seen. This is 
probably due to the design of the study, with the first 
measurement after 3 months of therapy, when changes in 
body composition have already normalized. In a group of 
children with short stature treated with high-dose GH, a 
transient increase in blood pressure and a modest, transient 
increase in body weight occurred, but plasma renin activity 
did not change, s2 

Perspiration is reduced in adult and childhood GHD s3 
an d increased in acromegaly, 54 probably by a direct effect of 
GH. Treatment with GH for 4 months normalizes sweat 
secretion. Therefore, thermoregulation may be disturbed in 
patients with severe GHD, particularly in children. In 

conclusion, significant changes in salt-water balance are 
present in GHD and happen after the onset of GH 
treatment. In adult patients, these effects are clinically 
relevant at the onset of GH treatment and possibly have 
long-term consequences. In childhood, these effects are less 
pronounced. 

BONE METABOLISM 

OH is the most important stimulus of longitudinal bone 
growth, either directly through its specific receptor 3 or via 
IGF-I.  55 Additionaly, there is a potent indirect effect via 
other target organs, s6 GH increases muscle mass, stimulates 
secretion of gonadal steroids, influences enteral and renal 
calcium and phosphate turnover, and (in animal experi- 
ments) influences mechanical properties and biochemical 
composition of bones. 

Children with GHD have low bone mass as measUred by 
single-photon absorptiometry, s7 There is a reduction of 
bone mineral content in children with GHD, which is still 
significant when adjusted for bone age and bone size. 5a A 
12-month treatment with GH significantly improved bone 
mineral content: in 50% of the children the values had 
normalized. 

GHD present before the end of puberty leads to a 
significant reduction in bone mineral density in young adult 
patients. 59 Treatment with GH during the time when peak 
bone mass is attained normalizes these changes. 

In young adult patients with GHD who during childhood 
were treated with GH for promotion of longitudinal 
growth, 6° bone mineral content is reduced. Bone mass, 
measured at the lumbar spine, is also reduced in adult 
patients with GHD of childhood onset. Treatment with GH 
induced an increase in blood biochemical markers of bone 
turnover. The increase was still present after 6 months of 
therapy. Bone mineral content initially declined during GH 
treatment, followed by a significant increase. These data 
indicate that GH activates bone turnover in young adults 
with GHD and suggest that substitutive treatment has a 
beneficial effect on bone mass. 6~ Possibly, treatment with 
GH in adult life will contribute to reduce the increased rate 
of osteoporotic fractures, s6 

Although disturbances of bone metabolism due to GHD 
during childhood lack clinical significance, obviously they 
represent the basis for adult disease. Therefore, normaliza- 
tion of parameters of bone turnover (biochemical and 
structural) must be one aim of GH treatment. 

GONADAL FUNCTION 

There is abundant information from animal experiments 
and human studies that the ovary is a site of GH reception 
and action. 62 Also, an intraovarian IGF-I  system with 
receptors and binding proteins and a variety of effects 
exists. 63 Incubation of granulosa cells with insulin and 
IGF-I  enhanced the stimulatory response of follicle- 
stimulating hormone (FSH). 64 In human granulosa cells, 
estradiol production stimulated by FSH increased threefold 
to fourfold when GH was co-incubated 6s by sensitizing the 
cells to the action of the gonadotropin. 66 IGF-I  is an 
important mediator of GH action on the ovary, either 
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through endocrine or autocrine mechanisms. 67 However, 
there is also evidence for a direct effect of GH, since potent 
stimulatory effects of GH on ovarian estradiol production 
have been described through mechanisms independent of 
FSH and IGF-I.  6s 

Ovar ies  of children with GHD are smaller than those of 
age-matched controls. 69 Treatment with GH induces a 
significant increase in ovarian size. On the other hand, 
ovaries of tall girls are significantly enlarged as compared 
with controls. 

As observed in ovaries, adequate function in testes is 
dependent on the action of GH and/or  IGF-I.  Although 
steroid synthesi s of Leydig ceils is mostly dependent on 
Pituitary gonadotropins, there is information that IGF-I  
acts synergistically with luteinizing hormone in testosterone 
synthesis, v° However, the detailed mechanism of action 
(endocrine, paracrine, or autocrine) is unclear. Recently, it 
was demonstrated 71 that in three Of four Patients with 
hypogonadotropic hypogonadism in whom induction of 
spermatogenesis failed during treatment with human chori- 
onic gonadotropin/human menopausal gonadotropin, co- 
treatment with GH induced an increase in testosterone 
production, and an adequat e sperm count in two, within a 
relatively short time. Possibly, by the action of GH the 
testes are sensitized to the action of gonadotropins. 

Micropenis is a frequent observation in boys with isolated 
GHD. In 1975, Tanner and Whitehouse v2 demonstrated 
that in patients with isolated GHD puberty is delayed, and 
that administration of GH normalized pubertal develop- 
ment. In young adult patients with idiopathic isolated 
GHD, the testes were significantly smaller as compared 
with controls: six of 16 patients had a testicular volume of 
less than 15 mL. 73 Semen quality in these patients was 
moderately reduced, and short-term treatment with GH did 
not result in an improvement. 

IMMUNE SYSTEM 

GH in vitro influences development, survival, and func- 
tion of immune cells. 74 GH receptors have been demon- 
strated on peripheral blood mononuclear cells. 7s Using 
sensitive techniques, synthesis and secretion of GH in 
stimulated human peripheral blood mononuclear cells was 
demonstrated, suggesting a possible role of GH as a 
paracrine/autocrine regulator of T-cell proliferation. 76 B- 
cell proliferation in serum-free medium and immunoglobu- 

Table 2. GH and Immune Function in Children 

Characteristic Study 

Transient suppression of immune function 
in GHD during GH treatment 

Depressed NK cell activity in GHD 
Lymphocyte subpopulations before and 

during GH treatment within normal ranges 
in GHD; no clinical significance 

Reduced NK cell activity in GHD; increased 
during GH treatment 

No change in T-cell number, T-cell subsets, 
NK cell activity, and response to mitogens 
during GH treatment 

Impaired phagocytic function in childhood 
GHD; increase during long-term treatment 

Rapaport et al, 198679 
Kiess et al, 198880 

Church et al, 198981 

Bozzola et al, 199082 

Spadoni etal, 199183 

Manfredi et al, 199484 

Abbreviation: NK, natural killer. 

lin synthesis by these cells is directly stimulated by GH. v7 
Chemotaxis by human peripheral blood monocytes is effec- 
tively stimulated by GH, 7s by its effect on processes of 
inflammation and wound healing. 

Clinically, there are conflicting reports of an association 
between GH and immune modulation, and some of them 
are shown in Table 2. 

Taken together, a lot of information has been gathered 
documenting an effect of GH on immune function in vitro 
and in vivo. However, a consistent picture has not  yet 
emerged. Clinically, GHD or GH therapy are not associ- 
ated with significant disturbances of immune function with 
respect to increased susceptibility to infections. 

In conclusion, besides promotion of longitudinal growth 
during childhood, GH--which should be named somatro- 
pin---exhibits a variety of metabolic effects. Qualitatively, 
these effects are similar in children and adults; however, 
quantitatively, they differ. With respect to bone metabolism 
and salt-water balance, the physiological and clinical rel- 
evance is less pronounced during childhood. Disturbances 
of glucose metabolism with hypoglycemia are more pro- 
nounced in Childhood, particularly in newborns. As a 
consequence for the pediatrician, the effects of somatropin 
on metabolism deserve the same attention as those on 
longitudinal growth. Noninvasive methods to investigate 
these changes should be developed or adapted for child- 
hood use. 

REFERENCES 

1. Houssay BA: The hypophysis and metabolism. N Engl J Med 
214:961-968, 1936 

2. Davidson MB: Effect of growth hormone on carbohydrate 
and lipid metabolism. Endocr Rev 8:115-131, 1987 

3. Leung DW, Spencer SA, Cachianes G: Growth hormone 
receptor and serum binding protein: Purification, cloning and 
expressio n . Nature 330:537-543, 1987 

4. Postel-Vinay MC, L6ger J, Sotiropoulos A, et al: Regulation 
of growth hormone-binding protein: Clinical implications2 J Pedi- 
atr Endocrinol 6:241-244, 1993 

5. Hochberg Z, Youdim MBH, Amit T: A mathematical model 
for appraisal of the impact of GH binding protein on GH receptor 
binding. Growth Regul 4:8-13, 1994 

6. Baxter RC: The somatomedins: Insulin-like growth factors. 
Adv Clin Chem 25:49-115, 1988 

7. D'Ercole AJ, Stiles AD, Underwood LE: Tissue concentra- 
tion of somatomedin C: Further evidence for multiple sites of 
synthesis and paracrine or autocrine mechanisms of action. Proc 
Natl Acad Sci USA 81:935-939, 1984 

8. Ballard FJ, Walton PE, Dunshea FR, et al: Does IGF-I ever 
act through the insulin-receptor?, in Baxter RC, Gluckman PD, 
Rosenfeld RG (eds): The Insulin-Like Growth Factors and Their 
Regulatory Proteins. Amsterdam, The Netherlands, Elsevier Sci- 
ence, 1994, pp 131-138 

9. Bougneres PF, Artavia-Loria E, Ferre P, et al: Effects of 
hypopituitarism and growth hormone replacement therapy on the 



METABOLIC EFFECTS OF GH IN CHILDREN 101 

production and utilization of glucose in childhood. J Clin Endocri- 
nol Metab 61:1152-1157, 1985 

10. Hussain MA, Schmitz O, Mengel A, et al: Comparison of the 
effects of growth hormone and insulin-like growth factor I on 
substrate oxidation and insulin sensitivity in growth hormone- 
deficient humans. J Clin Invest 94:1126-1133, 1994 

11. Leahy JL, Vandekerkbove KM: Insulin-like growth factor at 
physiological concentrations is a potent inhibitor of insulin secre- 
tion. Endocrinology 126:1593-1598, 1990 

12. DeFronzo RA, Ferranini E: Regulation of hepatic glucose 
metabolism in humans. Diabetes Metab Rev 3:415-459, 1987 

13. Merimee TJ, Felig P, Marliss E, et al: Glucose and lipid 
homeostasis in the absence of human growth hormone. J Clin 
Invest 50:574-578, 1977 

14. Hopwood NJ, Forsman P J, Kenny FM, et al: Hypoglycemia 
in hypopituitary children. Am J Dis Child 129:918-926, 1975 

15. Lippe BM, Kaplan SA, Golden MP, et al: Carbohydrate 
tolerance and insulin receptor binding in children with hypopituita- 
rism: Responses after acute and chronic human growth hormone 
administration. J Clin Endocrinol Metab 53:507-513, 1981 

16. Eden S, Schwartz J, Kostyo JL: Effects of preincubation on 
the ability of rat adipocytes to bind and respond to growth 
hormone. Endocrinology 111:1505-1508, 1982 

17. Frohman LA, MacGillivray MH, Aceto JT: Acute effects of 
human growth hormone on insulin secretion and glucose utiliza- 
tion in normal and growth hormone deficient subjects. J Clin 
Endocrinol 27:561-567, 1967 

18. MacGorman LR, Rizza RA, Gerich JE: Physiologic concen- 
trations of growth hormone exert insulin-like and insulin antagonis- 
tic effects on both hepatic and extrahepatic tissues in man. J Clin 
Endocrinol Metab 53:556-559, 1981 

19. Blum WF: Insulin-like growth factors and their binding 
proteins, in Ranke MB (ed): Functional Endocrinologic Diagnos- 
tics in Children and Adolescents. Mannheim, Germany, Verlag, 
1992, pp 102-118 

20. Wabitsch M, Hauner H, Heinze E, et al: In vitro effects of 
growth hormone in adipose tissue. Acta Paediatr 406:48-53, 1994 

21. Hellmer J, Marcus C, Sonnenfeld T, et al: Mechanisms for 
differences in lipolysis between human subcutaneous and omental 
fat cells. J Clin Endocrinol Metab 74:15-23, 1992 

22. Rosenbaum M, Gertner JM, Leibel RL: Effects of systemic 
growth hormone (GH) administration on regional adipose tissue 
distribution and metabolism in GH-deficient children. J Clin 
Endocrinol Metab 69:1274-1281, 1989 

23. Goodman HM: Antilipolytic effects of growth hormone. 
Metabolism 19:849-855, 1979 

24. Fineberg SE, Horland AA, Merimee TJ: Free fatty acid 
concentrations and growth hormone secretion in man. Metabolism 
2l:491-498, 1972 

25. Marcus C, Margery V, Kamel A, et al: Effects of growth 
hormone on lipolysis in humans. Acta Paediatr 406:54-58, 1994 

26. Johannsson G, Ros6n T, L6nn L, et al: Effects of recombi- 
nant human growth hormone on adipose tissue in adults with 
growth hormone deficiency. Acta Paediatr 406:60-63, 1994 

27. Lapidus L, Svarsudd K, Welin L, et al: Abdominal adipose 
tissue distribution, obesity, and risk of cardiovascular disease and 
death: 13 year follow up of participants in the study of men born in 
1913. Br Med J 288:1401-1404, 1984 

28. Russell-Jones DL, Watts GF, Weissberger A, et al: The 
effect of growth hormone replacement on serum lipids, lipopro- 
teins, apolipoproteins and cholesterol precursors in adult growth 
hormone deficient patients. Clin Endocrinol (Oxf) 41:345-350, 
1993 

29. Angelin B, Olivecrona H, Ericsson S, et al: Growth hormone 

and low-density lipoproteins. Acta Endocrinol (Copenh) 128:26- 
28, 1993 

30. Rosenbaum M, Leibl RL: Pathophysiology of childhood 
obesity. Adv Pediatr 35:73-137, 1988 

31. Winter RJ, Thompson RG, Green OC: Serum cholesterol 
and triglycerides in children with growth hormone deficiency. 
Metabolism 28:1244-1249, 1979 

32. Merimee TJ, Hollander W, Fineberg SE: Studies of hyperlip- 
idemia in the hGH-deficient state. Metabolism 21:1053-1061, 1972 

33. Grunt JA, Crigler JF, Slone D, et al: Changes in serum 
insulin, blood sugar and free fatty acid levels four hours after 
administration of human growth hormone to fasting children with 
short stature. Yale J Biol Med 40:68-72, 1967 

34. Colipp P J, Curtis V, Thomas J, et al: Body composition 
changes in children receiving human growth hormone. Metabolism 
22:589-595, 1973 

35. Tanner JM, Hughes PCR, Whitehouse RH: Comparative 
rapidity of response of height, limb muscle and limb fat to 
treatment with human growth hormone in patients with and 
without growth hormone deficiency. Acta Endocrinol Scand 84:681- 
696, 1977 

36. Zachmann M, Fernandez F, Tassinari D, et al: Anthropomet- 
ric measurements in patients with growth hormone deficiency 
before treatment with human growth hormone. Eur J Pediatr 
133:227-232, 1980 

37. Parra A, Argote RM, Garcia G, et al: Body composition in 
hypopituitary dwarfs before and during human growth hormone 
therapy. Metabolism 28:851-857, 1979 

38. Rosenbaum M: Effects of growth hormone on adipose 
tissue. J Pediatr Endocrinol 5:67-74, 1992 

39. Bonnet F, Lodeweyckx MV, Eckels R, et at: Subcutaneous 
adipose tissue and lipids in blood in growth hormone deficiency 
before and after treatment with human growth hormone. Pediatr 
Res 8:800-805, 1974 

40. Walker JM, Bond SA, Voss LD, et al: Treatment of short 
normal children with growth hormone--A cautionary tale? Lancet 
336:1331-1334, 1990 

41. Knittle J, Timmers K, Ginsberg-Fellner F, et al: The growth 
of adipose tissue in children and adolescents. J Clin hwest 
82:1793-1796, 1978 

42. Marcus C, Bolme P, Karpe B, et al: Expression of [31- and 
132-receptor genes and correlation to lipolysis in human adipose 
tissue during childhood. J Clin Endocrinol Metab 76:879-884, 1993 

43. Kupfer SR, Underwood LE, Baxter RC, et al: Enhancement 
of the anabolic effects of growth hormone and insulin-like growth 
factor I by the use of both agents simultaneously. J Clin Invest 
91:391-396, 1993 

44. Biglieri EG, Watlington, CO, Forsham PH: Sodium reten- 
tion with human growth hormone and its subfractions. J Clin 
Endocrinol Metab 21:361-370, 1961 

45. Ho KY, Weissberger AJ: The antinatriuretic action of 
biosynthetic human growth hormone in man involves activation of 
the renin-angiotensin system. Metabolism 39:133-137, 1990 

46. M611er J, J6rgensen JOL, M611er N, et al: Expansion of 
extracellular volume and suppression of atrial natriuretic peptide 
after growth hormone administration in normal man. J Clin 
Endocrinol Metab 72:768-772, 1991 

47. Salomon F, Cuneo RC, Hesp R, et al: The effects of 
treatment with recombinant human growth hormone on body 
composition and metabolism in adults with growth hormone 
deficiency. N Engl J Med 321:1797-1803, 1989 

48. Wollmann HA, Sch6nau E, Blum WF, et al: Dose- 
dependent responses in insulin-like growth factors, insulin-like 
growth factor binding protein-3 and parameters of bone metabo- 



102 WOLLMANN AND RANKE 

lism to growth hormone therapy in young adults with growth 
hormone deficiency. Horm Res 43:249-256, 1995 

49. Guler H-P, Eckardt KU, Zapf J, et al: Insulin-like growth 
factor I increases glomerular filtration rate and renal plasma flow 
in man. Acta Endocrinol (Copenh) 121:101-106, 1989 

50. Parra A, Argote RM, Garcia G, et al: Body composition in 
hypopituitary dwarfs before and during human growth hormone 
therapy. Metabolism 28:851-857, 1979 

51. DiMartino-Nardi J, Wesoly S, Schwartz L, et al: Lack of 
clinical evidence of sodium retention in children with idiopathic 
short stature treated with recombinant growth hormone. Metabo- 
lism 42:730-734, 1993 

52. Barton JS, Hindmarsh PC, Preece MA, et al: Blood pressure 
and the renin-angiotensin-aldosterone system in children receiving 
recombinant human growth hormone. Clin Endocrinol (Oxf) 
38:245-251, 1993 

53. Juul A, Main K, Nielsen B, et al: Decreased sweating in 
growth hormone deficiency: Does it play a role in thermoregula- 
tion? J Pediatr Endocrinol 6:39-44, 1993 

54. Nabarro JDN: Acromegaly. Clin Endocrinol (Oxf) 26:481- 
512, 1987 

55. Ernst M, Froesch ER: Growth hormone dependent stimula- 
tion of osteoblast-like cells in serum free cultures via local synthesis 
of insulin-like growth factor I. Biochem Biophys Res Commun 
151:142-147, 1988 

56. Wiister C: Growth hormone and bone metabolism. Acta 
Paediatr Scand 128:14-18, 1993 

57. Shore RM, Chesney RW, Mazess RB, et al: Bone mineral 
status in growth hormone deficiency. J Pediatr 96:393-396, 1980 

58. Saggese G, Baroncelli GI, Bertelloni S, et al: Effects of 
long-term treatment with growth hormone in bone and mineral 
development in children with growth hormone deficiency. J Pediatr 
122:37-45, 1993 

59. Hyer SL, Rodin DA, Tobias JH, et al: Growth hormone 
deficiency during puberty reduces adult bone mineral density. Arch 
Dis Child 67:1472-1474, 1992 

60. Degerblad M, Almquist O, Grunditz R, et al: Physical and 
psychological capabilities during substitution therapy with recombi- 
nant growth hormone in adults with growth hormone deficiency. 
Acta Endocrinol (Copenh) 123:185-193, !990 

61. Vandeweghe M, Taelman P, Kaufman JM: Short and 
long-term effects of growth hormone treatment on bone turnover 
and bone mineral content in adult growth hormone-deficient 
males. Clin Endocrinol (Oxf) 39:409-415, 1994 

62. Katz E, Ricciarelli E, Adashi EY: The potential relevance of 
growth hormone to female reproductive physiology and pathophysi- 
ology. Fertil Steri159:8-34, 1993 

63. Adashi EY, Resnick CD, D'Ercole J, et al: Insulin-like 
growth factors as intraovarian regulators of granulosa cell growth 
and function. Endocr Rev 6:400-420, 1985 

64. Veldhuis JD, Rodgers RJ, Furlanetto RW: Synergistic 
actions of estradiol and the insulin-like growth factor somatome- 
din-C on swine ovarian (granulosa) cells. Endocrinology 119:530- 
538, 1986 

65. Gi!ling-Smith C, Mason HD, Willis D, et al: The role of 
growth hormone, insulin-like growth factors and insulin-like growth 
factor binding proteins in an ovulation associated with the polycys- 
tic ovary syndrome, in Ranke MB (ed): Growth Hormone Therapy: 
New Directions. Mannheim, Germany, Verlag, (in press) 

66. Burger HG, Kovacs GT, Poison DM, et al: Ovarian sensitiza- 
tion to gonadotrophin by human growth hormone. Clin Endocrinol 
(Oxf) 35:119-122, 1991 

67. Fowler PA, Templeton A: Ovarian response to gonadotro- 

phins: Effects of growth hormone. Clin Endocrinol (Oxf) 35:117- 
118, 1991 

68. Mason HD, Martikainen H, Beard RW, et al: Direct 
gonadotrophic effects of growth hormone on estradiol production 
by human granulosa cells in vitro. J Endocrinol !26:R1-R4, 1990 

69. Bridges NA, Cooke AC, Hea!y MJR, et al: Standards for 
ovarian volume in childhood and puberty. Fertil Steril 60:456-460, 
1993 

70. Bernier M, Chatelain P, Mather JP, et al: Regulation of 
gonadotropine receptors, gonadotropine responsiveness, and cell 
multiplication by s0matomedin-C and insulin in cultured pig 
Leydig cells. J Cell Physiol 129:257-263, 1986 

71. Shoham Z: Experimental experience with growth hormone 
therapy in male infertility, in Ranke MB (ed): New Directions in 
Growth Therapy. Mannheim, Germany, Verlag, 1995, pp 123-142 

72. Tanner JM, Whitehouse RH: A note on the bone age at 
which patients with true isolated growth hormone deficiency enter 
puberty. J Clin Endocrinol Metab 41:788-790, 1975 

73. Pedersen SA, Jcrgensen JO, Christiansen JS, et al: Growth 
hormone and reproduction: Reduced semen quality in men previ- 
ously treated for growth hormone deficiency, in Frisch H, Thorner 
MO (eds): Hormonal Regulation of Growth, Serono Symposium 
Publications. New York, NY, Raven, 1989, pp 273-282 

74. Kelley KW: Growth hormone in immunobiology, in Ader R, 
Felten D, Cohen N (eds): Psychoneuroimmunology (ed 2). New 
York, NY, Academic, 1991, pp 377-396 

75. Kiess W, Butenandt O: Specific growth hormone receptors 
on human peripheral mononuclear cells. J Clin Endocrinol Metab 
60:740-746, 1985 

76. Varma S, Sabharwal P, Sheridan JF, et al: Growth hormone 
secretion by human peripheral blood mononuclear cells detected 
by an enzyme-linked immunoplaque assay. J Clin Endocrinol 
Metab 76:49-53, 1993 

77. Yoshida A, Ishioka C, Kimata H, et al: Recombinant human 
growth hormone stimulates B cell immunoglobulin synthesis and 
proliferation in serum-free medium. Acta Endocrinol (Copenh) 
126:524-529, 1992 

78. Wiedermann CJ, Reinisch N, Braunsteiner H: Stimulation 
of chemotaxis by human growth hormone and its deactivation by 
somatostatin. Blood 82:954-960, 1993 

79. Rapaport R, Oleske J, Ahdieh H, et al: Suppression of 
immune function in growth hormone-deficient children during 
treatment with human growth hormone. J Pediatr 109:434-439, 
1986 

80. Kiess W, Malozowski S, Gelato M, et al: Lymphocyte subset 
distribution and natural killer activity in growth hormone defi- 
ciency before and during short-term treatment with growth hor- 
mone releasing hormone. Clin Immunol Immunopathol 48:85-94, 
1988 

81. Church JA, Costin G, Brooks J: Immune functions in 
children treated with biosynthetic growth hormone. J Pediatr 
115:420-423, 1989 

82. Bozzola M, Valtorta A, Moretta A, et al: In vitro and in vivo 
effect of growth hormone on cytotoxic activity. J Pediatr 117:596- 
599, 1990 

83. Spadoni GL, Rossi P, Ragno W, et al: Immune function in 
growth-hormone deficient children treated with biosynthetic hu- 
man growth hormone. Acta Paediatr Scand 80:75-79, 1991 

84. Manfredi R, Tumietto F, Azzaroli L, et al: Growth hormone 
(GH) and the immune system: Impaired phagocytic function in 
children with idiopathic GH deficiency is corrected by treatment 
with biosynthetic GH. J Pediatr Endocrinol 7:245-251, 1994 


